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Abstract
Faster Algorithms and Graph Structure via Gaussian Elimination
by
Aaron Victor Schild
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Satish Rao, Chair

Graph partitioning has played an important role in theoretical computer science, particularly
in the design of approximation algorithms and metric embeddings. In some of these applica-
tions, fundamental tradeoffs in graph partitioning prevented further progress. To overcome
these barriers, we consider partitions of certain derived graphs of an undirected graph G ob-
tained by applying Gaussian elimination to the Laplacian matrix of G to eliminate vertices
from G. We use this technique and others to obtain new results on the following fronts:

Cheeger’s Inequality: Cheeger’s inequality shows that any undirected graph G with min-
imum nonzero normalized Laplacian eigenvalue Ay has a cut with conductance at most
O(Vg). Qualitatively, Cheeger’s inequality says that if the relaxation time of a graph is
high, there is a cut that certifies this. However, there is a gap in this relationship, as cuts
can have conductance as low as O(\g).

To better approximate the relaxation time of a graph, we consider a more general object.
Specifically, instead of bounding the mixing time with cuts, we bound it with cuts in graphs
obtained via Gaussian elimination from G. Combinatorially, random walks in these graphs
are equivalent in distribution to random walks in G restricted to a subset of its vertices. As
a result, all Schur complement cuts have conductance at least (Ag). We show that unlike
with cuts, this inequality is tight up to a constant factor. Specifically, there is a derived
graph containing a cut with conductance at most O(\g).

Oblivious Routing: We show that in any graph, the average length of a flow path in an
electrical flow between the endpoints of a random edge is O(log?n). This is a consequence of
a more general result which shows that the spectral norm of the entrywise absolute value of
the transfer impedance matrix of a graph is O(log®n). This result implies a simple oblivious
routing scheme based on electrical flows in the case of transitive graphs.

Random Spanning Tree Sampling: We give an m!'*°(M) 3°U_time algorithm for generat-
ing uniformly random spanning trees in weighted graphs with max-to-min weight ratio 8. In



the process, we illustrate how fundamental tradeoffs in graph partitioning can be overcome
by eliminating vertices from a graph using Schur complements of the associated Laplacian
matrix.

Our starting point is the Aldous-Broder algorithm, which samples a random spanning tree
using a random walk. As in prior work, we use fast Laplacian linear system solvers to shortcut
the random walk from a vertex v to the boundary of a set of vertices assigned to v called a
“shortcutter.” We depart from prior work by introducing a new way of employing Laplacian
solvers to shortcut the walk. To bound the amount of shortcutting work, we show that most
random walk steps occur far away from an unvisited vertex. We apply this observation by
charging uses of a shortcutter S to random walk steps in the Schur complement obtained by
eliminating all vertices in .S that are not assigned to it.

Spectral Sparsification: We introduce a new approach to spectral sparsification that
approximates the quadratic form of the pseudoinverse of a graph Laplacian restricted to a
subspace. We show that sparsifiers with a near-linear number of edges in the dimension
of the subspace exist. Our setting generalizes that of Schur complement sparsifiers. Our
approach produces sparsifiers by sampling a uniformly random spanning tree of the input
graph and using that tree to guide an edge elimination procedure that contracts, deletes,
and reweights edges. In the context of Schur complement sparsifiers, our approach has two
benefits over prior work. First, it produces a sparsifier in almost-linear time with no runtime
dependence on the desired error. We directly exploit this to compute approximate effective
resistances for a small set of vertex pairs in faster time than prior work [33]. Secondly,
it yields sparsifiers that are reweighted minors of the input graph. As a result, we give a
near-optimal answer to a variant of the Steiner point removal problem.

A key ingredient of our algorithm is a subroutine of independent interest: a near-linear
time algorithm that, given a chosen set of vertices, builds a data structure from which we
can query a multiplicative approximation to the decrease in the effective resistance between
two vertices after identifying all vertices in the chosen set to a single vertex with inverse
polynomial additional additive error in near-constant time.
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Chapter 1

Introduction

Over the past century, computer science as a field has been interested in obtaining fast
algorithms for a myriad of problems and applications. One particularly central area of
work has been the study of fast algorithms for graph problems. Graph problems are an
important area of study not just due to their immediate applications. Problems on graphs,
like the maximum flow problem, are often very general subcases of harder tasks, like linear
programming. As a result, better techniques for graph problems have and will continue to
be instructive for obtaining better algorithms in general.

In the past decade, many fundamental problems in graph algorithms, like the maximum
flow problem [64], have seen dramatically faster algorithms. These improvements began with
a near-linear time algorithm for solving special linear systems associated with graphs called
Laplacian linear systems [91]. This tool — used as a black box — led to improved algorithms
for several problems [30, 64, 72, 23, 46]. For many of these problems, we do not yet have
near-linear time algorithms. In this thesis, we investigate the graph-theoretic structure of
Laplacian systems in order to obtain better algorithms for some of these problems.

Chapter 2 A Schur Complement Cheeger Inequality

In this chapter, we prove a structural result about graphs which philosophically motivates
some of the work of this thesis. Cheeger’s Inequality, a classic result in spectral graph theory,
links the conductance of cuts that one can find in a graph to the second eigenvalue \g of
the graph G’s normalized Laplacian matrix. It says that all cuts have conductance at least
A¢/2 and that there exists a cut with conductance at most v/2\g. Notice that there is a gap
between the upper and lower bounds in this result.

We close this gap by minimizing over a more general set of partitions. Cheeger’s In-
equality considers the minimum conductance of a cut 95 defined by a set of vertices S. We
instead minimize over pairs of disjoint sets of vertices (S, S2) and consider the conductance
of the 57-55 cut in a certain graph H defined using the graph G, which we call the Schur
complement of G onto Sy U Sy. H has vertex set S; U Sy. The edges in GG are defined by
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computing the Schur complement of the Laplacian matrix of G' onto the rows and columns
defined by the vertices S; U S3. H has the combinatorial property that the list of vertices
visited by a random walk in H is equivalent in distribution to the list of vertices visited by
a random walk in G with vertices outside of S; U Sy omitted. We call the cut of S; in H the
Schur complement cut of (S1,S2) in G. In this section, we show that all Schur complement
cuts have conductance at least 2(Ag) and that there exists a Schur complement cut with
conductance at most O(\g).

While we do not directly use this result in the rest of this thesis, we do make extensive use
of Schur complement cuts in Chapter [4] Intuitively, these cuts are useful in this algorithm
due to the fact that they enable lower conductance partitions of graphs.

No coauthor for the result in this chapter, which presents the result originally in [84).
The constant factors in our result were improved in a follow-up work by Miller, Walkington,
and Wang |78).

Chapter [3: Oblivious Routing using Electrical Flow

Here, we prove a structural result about electrical flow. We show that in any n-vertex
graph, the average length of a flow path in the electrical flow between the endpoints of a
random edge is O(log®n). This follows from a more general result about the spectral norm
of the entrywise absolute value of the transfer-impedance matrix BLTBT of an undirected
unweighted graph, where B and L are the incidence and Laplacian matrices of the graph.
The spectral norm of this matrix is always at most O(log®n).

This result has a few applications. In edge-transitive unweighted graphs, it implies that
electrical flows are O(log” n)-competitive oblivious routers. It also implies that in general
graphs, electrical flows are O(log® n)-competitive fy-oblivious routers. It is also used in
Chapters [ and o] The context in which it is used is to accelerate a certain algorithm that
iteratively (a) computes an electrical flow and then (b) changes the resistance of some edge
by a constant factor, where the edge is chosen using the result of part (a). Our result allows
batches of edges to be updated in part (b) instead of just one edge at a time, substantially
reducing the runtime of the algorithm. For a more detailed overview of how the result is
used, see the introduction of Chapter 5]

This chapter is based on joint work [86] with Satish Rao and Nikhil Srivastava.

Chapter 4 Random Spanning Tree Sampling

We give an m!T°W (M time algorithm for sampling uniformly random spanning trees in
weighted graphs with max-to-min weight ratio 5. In the process, we illustrate how funda-
mental tradeoffs in graph partitioning can be overcome by eliminating vertices from a graph
using Schur complements of the associated Laplacian matrix.
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Our starting point is the Aldous-Broder algorithm, which samples a random spanning tree
using a random walk. As in prior work, we use fast Laplacian linear system solvers to shortcut
the random walk from a vertex v to the boundary of a set of vertices assigned to v called a
“shortcutter.” We depart from prior work by introducing a new way of employing Laplacian
solvers to shortcut the walk. To bound the amount of shortcutting work, we show that most
random walk steps occur far away from an unvisited vertex. We apply this observation by
charging uses of a shortcutter S to random walk steps in the Schur complement obtained by
eliminating all vertices in S that are not assigned to it. This charging is possible due to the
combinatorial interpretation of Schur complements discussed in the overview to Chapter [2|

No coauthor for the result in this chapter, which presents the result given in [85].

Chapter B Spectral Subspace Sparsification

We introduce a new approach to spectral sparsification that approximates the quadratic
form of the pseudoinverse of a graph Laplacian restricted to a subspace. We show that
sparsifiers with a near-linear number of edges in the dimension of the subspace exist. Our
setting generalizes that of Schur complement sparsifiers. Our approach produces sparsifiers
by sampling a uniformly random spanning tree of the input graph and using that tree to
guide an edge elimination procedure that contracts, deletes, and reweights edges. In the
context of Schur complement sparsifiers, our approach has two benefits over prior work.
First, it produces a sparsifier in m!*°() time in an m-edge graph. We directly exploit this
to compute approximate effective resistances for a small set of vertex pairs in faster time
than prior work [33], which produced a (1 + €)-approximate sparsifier in O(m +n/e*) time.
Secondly, it yields sparsifiers that are reweighted minors of the input graph. As a result, we
give a near-optimal answer to a variant of the Steiner point removal problem.

A key ingredient of our algorithm is a subroutine of independent interest: a near-linear
time algorithm that, given a chosen set of vertices, builds a data structure from which we
can query a multiplicative approximation to the decrease in the effective resistance between
two vertices after identifying all vertices in the chosen set to a single vertex with inverse
polynomial additional additive error in near-constant time.

This chapter is based on joint work [08] with Huan Li.



Chapter 2

A Schur Complement Cheeger
Inequality

2.1 Introduction

For a set of vertices S, let ¢g denote the total weight of edges leaving S divided by the
total degree of the vertices in S. Throughout the literature, this quantity is often called
the conductance of S. To avoid confusion with electrical conductance, we call this quantity
the fractional conductance of S. Let ¢¢ denote the minimum fractional conductance of any
set S with at most half of the volume (total vertex degree). Let A\g denote the minimum
nonzero eigenvalue of the normalized Laplacian matrix of G. Cheeger’s inequality for graphs
[5, 4] is as follows:

Theorem 2.1.1 (Cheeger’s Inequality). For any weighted graph G, A\g/2 < ¢g < v/2Xq.

Cheeger’s inequality was originally introduced in the context of manifolds [21]. It is a
fundamental primitive in graph partitioning [91} 70| and for upper bounding the mixing time
E] of Markov chains [89]. Motivated by spectral partitioning, much work has been done on
higher-order generalizations of Cheeger’s inequality [61, [69]. The myriad of applications for
Cheeger’s inequality and generalizations of it |16} [92], along with the ©(v/Ag) gap between
the upper and lower bounds, have led to a long line of work that seeks to improve the quality
of the partition found when the spectrum has certain properties (for example, bounded
eigenvalue gap |56] or when the graph has special structure [49].)

Here, we get rid of the ©(v/Ag) gap by taking a different approach. Instead of assuming
special combinatorial or spectral structure of the input graph to obtain a tighter relationship

'Every reversible Markov chain is a random walk on some weighted undirected graph G with vertex
set equal to the state space of the Markov chain. The relaxation time of a reversible Markov chain with
transition graph G is defined to be 1/Ag. This quantity is within a ©(log(mmin)) factor of the mixing time
of the chain, where my;, is the minimum nonzero entry in the stationary distribution (Theorems 12.3 and
12.4 of [67]).
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between fractional conductance and A\g, we introduce a more general object than graph cuts
that enables a tighter approximation to A\g. Instead of just considering cuts in the given
graph G, we consider cuts in certain derived graphs of the input graph obtained by Schur
complementing the Laplacian matrix of the graph G onto rows and columns corresponding to
a subset of G’s vertices. Specifically, pick two disjoint sets of vertices S; and S;, compute the
Schur complement of G onto S; U Ss, and look at the cut consisting of all edges between S
and S5 in that Schur complement. Let pg be the minimum fractional conductance of any such
cut (defined formally in Section [2.2)). We show that the minimum fractional conductance of
any such cut is a constant factor approximation to Ag:

Theorem 2.1.2. Let G be a weighted graph. Then

Ac/2 < pg < 25600\

2.1.1 Effective Resistance Clustering

Our result directly implies a clustering result that relates 1/\g to effective resistances be-
tween sets of vertices in the graph GG. Think of the weighted graph G as an electrical network,
where each edge represents a conductor with electrical conductance equal to its weight. For
two sets of vertices S; and Sy, obtain a graph H by contracting all vertices in S; to a single
vertex s; and all vertices in Sy to a single vertex sy. Let Reffg(Sh, S2) denote the effective
resistance between the vertices s; and sy in the graph H. The following is a consequence of
our main result:

Theorem 2.1.3. In any weighted graph G, there are two sets of vertices S1 and Sy for
which Reff(S1,S2) > 1/(25600A¢ min(volg(S1), vola(Ss))). Furthermore, for any pair of
sets 51,55, Reffa(51,93) < 2/(Agmin(volg(S57), vola(S3)).

[19] proved the upper bound present in this result when |S7| = |S5| = 1. We prove
Theorem in Appendix [A]

2.1.2 Graph Partitioning

Effective resistance in spectral graph theory has been used several times recently (for example
[73,[3]) to obtain improved graph partitioning results. 1/Ag may not yield a good approxima-
tion to the effective resistance between pairs of vertices [19]. For example, on an n-vertex grid
graph G, all effective resistances are between (1) and O(logn), but A\¢ = ©(1/n). Theorem
closes this gap by considering pairs of sets of vertices, not just pairs of vertices.
Cheeger’s inequality is the starting point for analysis of spectral partitioning. In some
partitioning tasks, cutting the graph does not make sense. For example, spectral partitioning
is an important tool in image segmentation [88, [76]. Graph partitioning makes the most sense
in image segmentation when one wants to find an object with a sharp boundary. However,
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Figure 2.1: Spectral partitioning finds the S-S5 cut in the left image, but may not in the
right due to the presence of many equal weight cuts. The minimum fractional conductance
Schur complement cut is displayed in both images.

in many images, like the one in Figure 2.1] on the right, objects may have fuzzy boundaries.
In these cases, it is not clear which cut an image segmentation algorithm should return.

Considering cuts in Schur complements circumvents this ambiguity. Think of an image
as a graph by making a vertex for each pixel and making an edge between adjacent pixels,
where the weight on an edge is inversely related to the disparity between the colors of the
endpoint pixels for the edge. An optimal segmentation in our setting would consist of the
two sets S; and S5 corresponding to pixels on either side of the fuzzy boundary. Computing
the Schur complement of the graph onto S; U Sy eliminates all vertices corresponding to
pixels in the boundary.

Some examples in which Cheeger’s inequality is not tight illustrate a similar phenomenon
in which there are many equally good cuts. For example, let G be an unweighted n-vertex
cycle. This is a tight example for the upper bound in Cheeger’s inequality, as no cut has
fractional conductance smaller than O(1/n) despite the fact that A\¢ = ©(1/n?). Instead,
divide the cycle into four equal-sized quarters and let S; and S5 be two opposing quarters.
The Schur complement cut between S; and Sy has fractional conductance at most O(1/n?),
which matches Ag up to a constant factor.

2.2 Preliminaries

Graph theory: Consider an undirected, connected graph H with edge weights {c }eepim),
m edges, and n vertices. Let V(H) and E(H) denote the vertex and edge sets of H re-
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Figure 2.2: A tight example for the upper bound in Cheeger’s inequality. The minimum
fractional conductance of any cut in this graph is 1/8, while the fractional conductance of
the illustrated Schur complement cut on the right is 2(1/4)/(2(1/4) +8(1)) = 1/17 < 1/8.

spectively. For two sets of vertices A, B C V(H), let Ey(A, B) denote the set of edges in
H incident with one vertex in A and one vertex in B and let ¢ (A, B) := 3" . ap ct
For a set of edges ' C E(H), let ¢#(F) := > __,cH. For a set of vertices A C V(H),

ecF ~e

let OyA = Ey(A,V(H) \ A). For a vertex v ee V(H), let Ogv = Oy{v} denote the
edges incident with v in H and let ¢l :== 37 ., . For a set of vertices A C V(H), let
voly(A) :== > caclf. When A and B are disjoint, let H/(A, B) denote the graph with all
vertices in A identified to one vertex a and all vertices in B identified to one vertex b. For-
mally, let H/(A, B) be the graph with V(H/(A, B)) = (V(H)\ (AUB))U{a, b}, embedding
f:V(H) - V(H/(A B)) with f(u) :=aifu e A, f(u) :=bif u € B, and f(u) == u
otherwise, and edges {f(u), f(v)} for all {u,v} € E(H). Let H/A := H/(A,0).

Laplacians: Let Dy be the n xn diagonal matrix with rows and columns indexed by vertices
in H and Dg(v,v) = ¢ for all v € V(H). Let Ay be the adjacency matrix of H; that is
the matrix with Ag(u,v) = ¢ for all u,v € V(H). Let Ly := Dy — Ay be the Laplacian
matrix of H. Let Ny = D;/ °L HD;/ % denote the normalized Laplacian matrix of H. For
a matrix M, let MT denote the Moore-Penrose pseudoinverse of M. For subsets A and B
of rows and columns of M respectively, let M[A, B] denote the |A| x |B| submatrix of M
restricted to those rows and columns. For a set of vertices S € V(H), let 15 denote the
indicator vector for the set S. For two vertices u,v € R", let xy, := 1{,) — 1. When the
graph is clear from context, we omit H from all of the subscripts and superscripts of H. For
a vector z € R”, let xg € R denote the restriction of x to the coordinates in S.
Let Ay denote the smallest nonzero eigenvalue of Ny. Equivalently,

. $TNH£C
Ay = min

T
.Z’GR":Q:TD}_I/21‘/(H):O -z
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For any set of vertices X C V(H), let
Lscnur(r,x) = Lu[X, X] — Ly[X, V(H)\ X]|Ly[V(H)\ X,V (H) \ X] ' Ly[V(H)\ X, X]

where brackets denote submatrices with the indexed rows and columns. The following fact
applies specifically to Laplacian matrices:

Remark 1 (Fact 2.3.6 of [57]). For any graph H and any X C V(H), Lschur(r,x) s the
Laplacian matriz of an undirected graph.

Let Schur(H, X) denote the graph referred to in Remark . Schur complementation
commutes with edge contraction and deletion and is associative:

Theorem 2.2.1 (Lemma 4.1 of [27], statement from [57]). Given H, S C V(H), and any
edge e with both endpoints in S,

Schur(H \ e, S) = Schur(H,S) \ e
and, for any pair of vertices x,y € S,
Schur(H/{x,y},S) = Schur(H,S)/{x,y}

Theorem 2.2.2. Given H and two sets of vertices X CY C V(H), Schur(Schur(H,Y), X) =
Schur(H, X).

The following property follows from the definition of Schur complements:

Remark 2. Let H be a graph and S C V(H). Let I := Schur(H,S). For any x € RV
that is supported on S with :L‘T1v(H) =0,

Z‘TLLZ‘ = ng}xs

The weight of edges in this graph can be computed using the following folklore fact,
which we prove for completeness:

Theorem 2.2.3. For two disjoint sets C,D C V(H), let I :== Schur(H,C' U D). Then
1

I
¢ (C,D) =
XZ:iLL/(C,D)XCd

Proof. By definition, ¢!(C, D) = ¢!/(¢P)({c},{d}). By Theorem [2.2.1]
I/(Cv D) = SChur(H/(Ca D)7 {C7 d}) By Remark7 cSebur(H/(G.D), C7d})({c}7 {d}) = +

XZdLH/(C,D)XCd .
t.

Combining these equalities gives the desired resu

We also use the following folklore fact about electrical flows, which we prove for the sake
of completeness:
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Theorem 2.2.4. For two vertices s,t € V(H),
1

; T
I, e RV (H) :p, <0,p>1 P Lyp

XZ;L}—IXSt =

Proof. We first show that
1

3 T
MIN,cRV(H) p,=0,p, =1 P LHp

XGLixst =

Taking the gradient of the objective p? Lyp shows that that the optimal p are the potentials
for an electrical flow with flow conservation at all vertices besides s and t. Therefore, p is
proportional to LTHXst + ~1 for some v € R. The constant of proportionality is XZ;LLXst
since the s-t potential drop in p is 1. Therefore,

T
. L Xs L] Xst
min p" Lup = TH—Tt Ly THT t
peRVH):p,=0,p1=1 Xt L Xst XatLprXst
1
XL Xt

The desired result follows from the fact that in the optimal p, all potentials are between
0 and 1 inclusive. O

Notions of fractional conductance: For a set of vertices A C V(H), let

c"(0n(A))
min(voly (A), voly(V(H) \ A))

o =

be the fractional conductance of A. Let

. H
= min
i ACV (H):A#0 &

be the fractional conductance of H.
For two disjoint sets of vertices A, B C V(H), let I := Schur(H, AU B) and

= c'(A, B)
PAaB = —
min(vol;(A), vol;(B))

be the Schur complement fractional conductance of the pair of sets (A, B). Define the Schur
complement fractional conductance of the graph H to be

. H
= min
PH A,BCV(H):ANB=0,A#0,B#) Pas
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It will be helpful to deal with the quantities

i c'(A, B)
’ min(volg(A), voly(B))

and

H
ag = mln
0 BOV(H)ARB=0,A%0 B0 B

as well, which we call the mized fractional conductances of (A, B) and H respectively.

The following will be useful in relating pf{ 5 to off 5:

Proposition 2.2.5. For any two sets X CY CV(H), let I := Schur(H,Y).

volr(X) < woly (X)

10

Proof. Tt suffices to show this result when |X| = 1 because vol is a sum of volumes (degrees)
of vertices in the set. Furthermore, by Theorem [2.2.2] it suffices to show the result when
Y| = |V(H)| — 1. Let v be the unique vertex in H outside of Y and let u be the unique

vertex in X. Then, by definition of the Schur complement,

vol (X) = ¢!

I
= Cuw
weV (1)
H
— ng 4 Cuvcvw)
we (I
H
= C uw Z Cow
we (I weV (1)
< Cuw
weV (I)
_ H
:VOIH(X)

as desired.

]

To prove the upper bound, we given an algorithm for constructing a low fractional con-
ductance Schur complement cut. The following result is helpful for making this algorithm

take near-linear time:
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Theorem 2.2.6 (Theorem 8.2 of [95]). Given a graph H, there is a O(m)-time algorithm
that produces a vector x <+ ApzFiedler(H) € RVH) with xTD}I/QlV(H) = 0 for which

' Nyx < 2 gzlx

2.3 Lower bound

We now show the first inequality in Theorem [2.1.2] which follows from the following lemma
by Proposition [2.2.5] which implies that o < pg.

Lemma 2.3.1.
Ag < 20¢

Proof. We lower bound the Schur complement fractional conductance of any pair of disjoint
sets A, B C V(G). Let I := Schur(G, AUB). Let P be the (AUB) x (AU B) diagonal matrix
with P(u,u) = ¢ for each u € AU B. We start by lower bounding the minimum nonzero
eigenvalue A of the matrix P~Y/2L; P72, Let Apax (M) denote the maximum eigenvalue of
a symmetric matrix M. By definition of the Moore-Penrose pseudoinverse,

1/A = Amax(PY2L1 PY/2)

By Remark [,
A PP LIPY2) < A (V) = 1/

Therefore, A > A\g. We now plug in a test vector. Let

1 1
= pl/? 4 B
: (Volg(A) volg(B)

2T(PY21y(p) =0, so

Ae <A
, T (P7V2L P
= min
z€RAVE 2T P1/21,(1)=0 xTx
ZI(PY2L P72,
- 2Tz

_ (A B) ((1/vol(4)) + (1/vole(B)))”
(volg(A)/vola(A)?) + (volg(B)/vola(B)?)

_ (A, B)volg(AU B)

~ volg(A)volg(B)

< 20‘3’3
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2.4 Upper bound

We now show the second inequality in Theorem [2.1.2}

Lemma 2.4.1.

To prove this lemma, we need to find a pair of sets A and B with low Schur complement
fractional conductance:

Lemma 2.4.2. There is a near-linear time algorithm SweepCut(G) that takes in a graph
G with \g < 1/25600 and outputs a pair of nonempty sets A and B with the following
properties:

o (Low Schur complement fractional conductance) agB < 640\
o (Large interior) ¢§ < 1/4 and ¢% < 1/4
We now prove Lemma given Lemma [2.4.2}

Proof of Lemma giwen Lemma[2.4.9. Let I := Schur(G, AU B). For any two Vertices
u,v € AUB, ¢l > c%. Therefore, VOl[(A) > 23 e Ca w and vol;(B) > 23, 5o, By
the “Large interior” guarantee of Lemma 202 uvea % > (3/4)volg(A)and 2", veB & >
(3/4)volg(B). Therefore,

s < 4/305 5 < 12800

by the “Low Schur complement fractional conductance” guarantee when Ag < 1/25600, as
desired. When A\g > 1/25600, the lemma is trivially true, as desired. O

Now, we implement SweepCut. The standard Cheeger sweep examines all thresholds ¢ €
R and for each threshold, computes the fractional conductance of the cut dS<, of edges from
vertices with eigenvector coordinate at most ¢ to ones greater than ¢. Instead, the algorithm
SweepCut examines all thresholds q € R and computes an upper bound (a proxy) for the
§< ,/2.5, tor each positive ¢ and O'S< sz for each negative ¢. Let I, := Schur(G, S5, U
S<qs2) for ¢ > 0 and I, == Schur(G, S<,U S>4/2). Let x,(y) := min(q, max(g/2,y)) for ¢ > 0
and k,(y) = min(q/2, max(q,y)) for ¢ < 0. The proxy is the following quantity, which is
defined for a specific shift of the Rayleigh quotient minimizer y € RV(%)

4
/C\Iq<52qv S<q/2) = ? Z CS(Kq(yu) - ’iq(yv>)2

e=w€E(G)

for ¢ > 0 and

4
¢*(S<q, S>q/2) = ? Z Cg(“q(yu) — tig(Yo))’

e=uwweE(Q)

for ¢ < 0. We now show that this is indeed an upper bound:
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Proposition 2.4.3. For all ¢ > 0,

c'1(S<q/2, S24) < T*(S<q/2, S24)
For all ¢ <0,
cla (SScN SZq/2> < Gl (SSq7 SZq/2>

Proof. We focus on the g > 0, as the reasoning for the ¢ < 0 case is the same. By Theorems

0.2.3 and P.2.4]

'1(S<y/a, S5q) = min p  Lap
peRV(S) :pa<OVa€S<y/2,pa>1VaES>,

The vector p with p, := %nq(ya) — 1 for all vertices a € V(@) is a feasible solution to the

above optimization problem with objective value ¢’7(S<,/2, S>4). This is the desired result.
[l

This proxy allows us to relate Schur complement fractional conductances together across
different thresholds ¢ in a similar proof to the proof of the upper bound of Cheeger’s in-
equality given in [93]. One complication in our case is that Schur complements for different
values of ¢ overlap in their eliminated vertices. Our choice of < ¢/2, > ¢ plays a key role
here (as opposed to < 0, > ¢, for example) in ensuring that the overlap is small. We now
give the algorithm SweepCut:
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Algorithm 1: SweepCut(G)

W

© 0w N & Uk

10
11
12
13
14

15
16
17

Input: A graph G with A\g < 1/25600

Output: Two sets of vertices A and B satisfying the guarantees of Lemma [2.4.2
2 + vector with 2" Ngz < 2\g2’2 and zT(DlG/zlv(G)) =0

x 4 D&lﬂz

y < x — aly ) for a value a such that volg({v : y, < 0}) > volg(V(G))/2 and
volg({v : y, > 0}) > volg(V(G))/2

foreach ¢ € R do

S>4 < vertices with y, > ¢

S<q < vertices with y, < ¢

end

oreach ¢ > 0 do

if (1) €'1(S<qj2, S>4) < 640Ag min(vole(S<qs2), vola(S=q))), (2)

¢ (085q2) < 1/400l(S5,), and (3) ¢g., < 1/4 then

—h

return (S<,/2,5>¢)
end
end
foreach ¢ < 0 do
if (1) ©'1(S5q2, S<q) < 640Ag min(vole(S>q/2), vola(S<y))), (2)
¢ (085q/2) < 1/4v0le(S<y), and (3) ¢s_, < 1/4 then
return (S<,, S>4/2) )
end
end

Our analysis relies on the following key technical result, which we prove in Appendix [A.2}

Proposition 2.4.4. For any a,b € R,

[ O gy

Proof of Lemma[2.4.3. Algorithm well-definedness. We start by showing that SweepCut
returns a pair of sets. Assume, for the sake of contradiction, that SweepCut does not return
a pair of sets. Let I, := Schur(G, S>qU S<q/2) for ¢ > 0 and I, := Schur(G, S<, U S>4/2) for
q < 0. By the contradiction assumption, for all ¢ > 0,

/C\IQ(S> S< 2)
1 < >q> P <q/
vola(524) < G103,

+4c%(0S54) + 4 (0S<y2)

and for all ¢ < 0,

< /C\IQ(Squ SZq/Q)

volg(S<q) < 64000 + 4¢9(0S<q) + 4% (9S54)2)
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Since Y-, cv () Sz, =0,

Z cfng Z c

veV (G veV(Q)

Now, we bound the positive y, and negatlve Y, parts of this sum separately. Negating y
shows that it suffices to bound the positive part. Order the vertices in S>¢ in decreasing
order by y, value. Let v; be the ith vertex in this ordering, let k := |S>ol, Yk+1 := 0, i := Yu,,
c = cg, and S; := {vy1, vg,...,v;} for each integer i € [k]. Then

k

Z CUG?/g = Zczyf

UESZO =1

= Z(Volg(sl) — V01G<Si—1))yi2

= Z VOIG y7,+1)

= 2/ volg(S>4)qdq
0

By our volume upper bound from above,

o0 0 /C\Iq S 75 o) o)
2/0 volg(S>4)qdg < 2/0 (62(6)\;(1/2 /0 8S>q qdq+8/0 “ (0S<q/2)qdq
©¢la(Ss,, S o0 o
— 2/ (6:6)\5‘1/2 8/ 8S>q qdq + 8/ 85>q/2 qdq
0 0 0
OO/C\I‘I(S> S< 2 &
=2 20 0=a) +40 / G (9Ssy)qd
/0 640 ; 2a)4d4

Substitution and Proposition show that

e=uwv€E(Q)

<8 e} L — )2 + 5l — o2
<8 ). )Ce (640/\G(y yo)” + 5|y, — v,

e=weE(G

K yu - (yv))2 )
2 [ volg(Ss)adg <8 /(q +51Lgely, ) ) d
/0 G( >q)q q 640)\G’q qE[y 7y}q q
10

By Cauchy-Schwarz,
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10
] G W — )2+ Bly? — o2
> (640)\G(?J Yo)” + 5lyu — yyl

e=uwveE(G)
1
< D Z cg(yu - yv)2
G e=uweE(G)
+ 40 Z & (Yu — Z S (Yu + Yu)?
e=wveE(QG) e=weE(G
Z c
UEV
+80v/ ¢ Z a2 Z Sy?
veV(Q) veV(G)

But since Zvev(g) cgxy <30 cvie ¢ Ys and Ag < 1/25600,

Z Sz + 80/ A\ Z a2 Z cGyv<— Z o

veV (G) veV (G veV (G veV (@)

Negating y shows that »_ ¢ ¢ Gy2 < 1/2 D vev(@) cSy? as well. But these statements can-
not both hold; a contradiction. Therefore, SweepCut must output a pair of sets.

Runtime. Computing z takes O(m) time by Theorem m Therefore, it suffices to show
that the foreach loops can each be implemented in O(m) time. This implementation is
similar to the O(m)-time implementation of the Cheeger sweep.

We focus on the first foreach loop, as the second is the same with ¢ negated. First,
note that the functions ¢g, , ¢“(9Ss4/2), and volg(Ss,) of ¢ are piecewise constant, with
breakpoints at ¢ = v, and ¢ = 2y, for each u € V(G). Furthermore, these functions can be
computed for all values in O(m) time using an O(m)-time Cheeger sweep for each function.

Therefore, it suffices to compute the value of ¢¥(S<,/2, S5,) for all ¢ > 0 that are local
minima in O(m) time. Let h(g) := ¢(S<y/2, S>4). Notice that the functions h(g) and h/(q)
are piecewise quadratic and linear functions of ¢ respectively, with breakpoints at ¢ = ¥, and
q = 2y,. Using five O(m)-time Cheeger sweeps, one can compute the ¢%, ¢ and 1 coefficients
of h(q) and the g and 1 coefficients of h'(q) between all pairs of consecutive breakpoints.
After computing these coefficents, one can compute the value of each function at a point ¢ in
O(1) time. Furthermore, given two consecutive breakpoints a and b, one can find all points

€ (a,b) with A'(¢) = 0 in O(1) time. Each local minimum for A is either a breakpoint
or a point with A'(¢) = 0. Since h and A’ have O(n) breakpoints, all local minima can be
computed in O(n) time. h can be evaluated at all of these points in O(n) time. Therefore,
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all local minima of h can be computed in O(m) time. Since the algorithm does return a ¢,
some local minimum for h also suffices, so this implementation produces the desired result
in O(m) time.

Low Schur complement fractional conductance. By Proposition [2.4.3]
cla (S>¢5 S<q/2) < ¢l (5245 S<q/2)

Therefore, ¢'7(S54, S<q/2) < 640X min(volg(Ss,), volg(S<y/2)) for ¢ > 0 by the foreach loop
if condition. Repeating this reasoning for ¢ < 0 yields the desired result.

Large interior. By definition of a, volg(Ss,) < volg(S<y/2) for ¢ > 0. Since ¢%(9S<,) <
1/4volg(S>,), ¢s.,,, < 1/4, as desired.

]
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Chapter 3

Oblivious Routing using Electrical
Flow

3.1 Introduction

Electrical Flows have have played an important role in several recent advances in graph al-
gorithms — for instance, in the context of exact and approximate maximum flow/minimum
cut 23} 63} |72], multicommodity flow [47], oblivious routing [42, 60, 50|, graph sparsification
[90], and random spanning tree generation [46, 73]. This is due to the emergence of nearly
linear time Laplacian solvers for computing them, beginning with the work of Spielman and
Teng [91], and also to their well-known connections with random walks. Using them to solve
combinatorial problems is not typically immediate, and may be likened to putting a square
peg into a round hole: at a high level, many of the traditional problems of computer science
are concerned with finding flows in graphs with controlled ¢; and /., norms (corresponding
to distance and congestion, respectively), whereas electrical flows minimize the /5 norm (en-
ergy). Reducing one to the other often requires some sort of iterative method for combining
many electrical flows with varying demands and graphs.

In this work, we ask the following basic structural question about electrical flows in
arbitrary unweighted graphs:

What is the typical £; norm of the unit current electrical flow between two neigh-
boring vertices u, v in a graph?

Recall that the /1 norm of a unit circulation-free flow is the average distance traveled by the
flow, since any such flow f,, : £ — R may be decomposed as a convex combination of paths
which all have the same direction of flow on every edge:

fuv = Z aifi?

/I’GP’U/U
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where P,, is the set of simple paths from u to v, and we have

fuolls = D cillfillh = D ailength(f;).

1€ Puv 1€ Puv

Thus, this question asks when/whether electrical flows in a graph travel a greater distance
than shortest paths, and by how much.

3.1.1 Three Examples

To get a feel for this problem, and to set the context for our result and its proof, we begin by
presenting three instructive examples. We will use the notation b, for the indicator vector
of a vertex, b,, = b, — b, for the signed incidence vector of an edge uv, B for the m x n
signed edge-vertex incidence matrix of a graph (where the edges are oriented arbitrarily),
and L = BT B for the Laplacian matrix. For any pair of vertices u, v, we will use the notation
A(u,v) = || fuo|l1/dist(u, v), where f,, is the unit electrical flow between u and v and dist
is the shortest path distance in the graph.

The first example shows that in general A(u, v) can be quite large for the worst-case edge
in a graph.

Example 3.1.1 (Parallel Paths). Consider the graph consisting of a single edge between
vertices u and v and \/m disjoint parallel paths of length \/m with endpoints u and v. Since
the effective resistance of the parallel paths taken together is 1, half of the unit flow between
u and v will use the paths, assigning a flow of 1/2\/m to each path, and the other half will
traverse the ege uv. Thus, we have A(u,v) = (y/m+1)/2. However, notice that for most of
the other edges in the graph, A is tiny. For instance, for any edge ab near the middle of one
of the parallel paths, a 1 — O(1/y/m) fraction of the flow will traverse the single edge, so we
will have A(a,b) = O(1).

On the other hand, A(u,v) is uniformly bounded for every edge in an expander.

Example 3.1.2 (Expander Graphs). Let G be a constant degree d—regular expander graph
with transition matriz P satisfying |P — J/n|| < X for some constant X, where J is the all
ones matriz. Letting Q := P — J/n and E = I — J/n, we have the power series expansion
orthogonal to the all ones vector:

(L/d)r =(E-Q)" =E+) Q"

k>1

Now for every edge uv we calculate the electrical flow across its endpoints:

IBL bulls < 1Bl [IL s 1bus 1,
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where || - |11 s the 1—=1 operator norm, i.e., maximum column sum of the matriz. Let
T = O(logn) be the mizing time of G, after which ||PT — J/n|i-1 = ||QT]i=1 < 1/n.
Noting that ||Blj1-1 < d and Q* = P* — J/n and applying the triangle inequality, we obtain:

T
2d
IBL buslly < = D (P lioss + 1/mlhosn) + 12 1 - Q7 1o
k=0

Since P* is a doubly stochastic matriz we have |P*||,_1 = 1 for all k. Moreover, |[L*||11 <
VRl LT|| < v/n/X. Combining these facts, we get a final bound of A(u,v) = O(logn), for
every edge uv € G.

We remark that bounds similar to (and somewhat more general than) the above were
shown in the papers [60, 50| using different techniques.

Finally, we note that there are highly non-expanding graphs for which A(u,v) is also
uniformly bounded, which means that expansion does not tell the whole story.

Example 3.1.3 (The Grid). Let G be the n X n two dimensional torus (i.e., grid with sides
identified). Then it is shown in [60] that for every edge uwv € G we have A(u,v) = O(logn),
even though G s clearly not an expander. We briefly sketch an argument explaining where
this bound comes from. Let uv be any horizontal edge in G, and let w be a vertex in G at
vertical distance k from u and v. We will show that the potential at w in the unit current
uv-electrical flow is small, in particular that

d(w) := bl LTb,, = O(1/k?).

First we recall (see, e.g., [17] Chapter IX) that the potential at a vertex w when u,v are fized
to potentials —1,1 is: 2(Py(t, < t,) — Py (t, < t,)), where P, is the law of the random walk
started at w and t, is the first time at which the walk hits w. By Ohm’s law, this means that:

olw) < Reff (u, v)

(Py(t, < ty) —Pulty < ty))],
where Reff (u, v) := b LTb,, is the effective resistance of the edge uv. Since the resistance of
every edge in the grid is equal to 1/2, we find that |p(w)| = O(|Py(ty < tw) — Pyt < ty)])-
We now analyze these probabilities. Roughly speaking, the random walk from w will take
time QU(k?) to reach the horizontal line H containing uv, at which point its horizontal distance
(along H) from w will be distributed as a k*-step random horizontal random walk centered at
w (since about half of the steps of the random walk up to that point will be horizontal). The
difference in probabilities between any two neighboring points in H will therefore be at most
O(1/k?), which implies the bound on |¢(x)|. Consequently, the potential difference across
any edge wz at distance k is at most O(1/k?); since there are O(k) edges at distance k,
the total contribution from such edges is O(1/k), and summing over all distances k (and
repeating the argument for vertical edges) yields a bound of O(logn).
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3.1.2 Our Results

Our first theorem is the following.

Theorem 3.1.4. If G = (V, E) is an unweighted graph with m edges, then

Z A(u,v) < O(mlog®n).

uwelE

This theorem formalizes the intuition in the parallel paths example that there cannot be
too many edges in a graph for which the electrical flow uses very long paths. A corollary
for edge-transitive graphs is that the above bound holds for every edge, by symmetry. This
generalizes our analysis on the grid (which used very specific properties) to a much broader
category which includes all Cayley graphs.

Theorem is a consequence of a more general result concerning the weighted transfer
impedance matrix of a graph. Given a weighted graph G = (V, E,c) with edge weights
ce > 0, let C be an m x m diagonal matrix containing the edge weights. Then L = BTCB is
the Laplacian matrix of G and the weighted transfer impedance matriz is the m x m matrix
defined as:

Il=CY*BLTBTCY2.

It is well-known and easy to see that the entry (BL1B)(e, f) is the potential difference across
the ends of edge e when a unit current is injected across the ends of edge f, and vice versa,
and that II is a projection matrix with trace n — 1. In particular, the latter fact implies that
|IT|| = 1, where || - || is the spectral norm.

Let II be the entrywise absolute value matrix of II. Our main theorem is:

Theorem 3.1.5. For an arbitrary weighted graph G,
ITI}| = O(log® n)

Theorem follows from Theorem by plugging in the the all ones vector u =

(1,...,n)T:
W =Y Ll = >~ Afe),

eck ecE

where II, = BL"b,, is the row of II corresponding to e = uw, i.e., the electrical flow across
the endpoints of e. Since |lul|* = m, the spectral norm bound in Theorem implies that
u'Tlu < O(mlog®n).

3.1.3 Applications to Oblivious Routing

Oblivious routing refers to the following problem: given a graph G, specify a set of flows
{fuw} between pairs of vertices u, v so that for any set of demand pairs (s1,%1),. .., (Sg, ),
the congestion of the flow obtained by taking the union of { fs,, i<k is at most a small factor
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(called the competitive ratio) greater than the congestion of the optimal multicommodity
flow for the given pairs. This is a well-studied problem with a vast literature which we will
not attempt to recount; a landmark result is the optimal theorem of Récke [82] which shows
that there is an oblivious routing scheme with competitive ratio O(logn) for every graph.

In spite of this optimal result, there has been interest in studying whether simpler schemes
achieve good competitive ratios. A particulary simple scheme, studied in [42, |60, [50], is to
simply route f,, using the electrical flow. The paper [42] shows that this scheme has a good
competitive ratio on any graph when restricted to demands which all share a single source.
It was shown in [60, 50] that the competitive ratio of electrical routing on an unweighted
graph is exactly equal to ||II]|;_1, i.e., the maximum of A(u,v) over all edges in a graph. In
these papers, it was shown that for grids, hypercubes, and expanders the competitive ratio
is O(logn). Our theorem immediately extends this to all transitive graphs, albeit with a
guarantee of O(polylog(n)) rather than O(log(n)).

Corollary 3.1.6. Electrical Flow Routing achieves a competitive ratio of O(log®n) on every
edge-transitive graph.

Proof. By Theorem and symmetry, we have that every column sum of II is at most
O(log®n). By Proposition 1 and Lemma 4 of [60] (or by Theorem 3.1 of [50]), this implies that
routing each pair by the electrical flow has a competitive ratio of O(log®n) as an oblivious
routing scheme. O]

3.1.4 Techniques

Given the expander example above, it may be tempting to attempt to prove Theorem [3.1.4]
by decomposing an arbitrary graph into disjoint expanding clusters. However, using such a
decomposition would likely require proving that edge electrical flows do not cross between
the clusters, which is what we are trying to show in the first place.

We use an alternate scheme inspired by recent Schur-complement based Laplacian solvers.
Recall the Schur complement formula for the pseudoinverse of a symmetric block matrix (see
e.g. [33] Section 5):

Fact 3.1.7. If
_| P Q
e=lor &
for symmetric P, R and R invertible, then:
I 0] [Schur(L,P)" 0 ][I —QR™
+ T )
Lr=2 {—RlQT 1} { 0 Rl} {0 r |7 (3-1)

where Schur (L, P) = P — QR™'Q" denotes the Schur complement of L onto P, obtained
by eliminating R by partial Gaussian elimination, and Z is the projection orthogonal to the
nullspace of L.
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The idea is to apply this formula to compute the terms |[b! L*b;| by eliminating vertices
one-by-one, as in [58], and bounding the original value of bl LTb;| in terms of the value on
small Schur complements. One cannot eliminate arbitrary vertices and get a good bound,
though. We use Proposition to show that there always exists a vertex whose elimination
results in a good bound. Since Laplacian matrices with self loops are closed under taking
Schur complements the remaining matrix is the Laplacian of a weighted graph as well.
Mapping the demand vectors b, and by to the vertex set of this graph and recurring yields
the sum of interest.

3.2 Schur Complements, Probabilities, and Energies

In this section we collect some preliminary facts about Schur complements of Laplacians and
establish some useful correspondences between electrical potentials and probabilities. We do
this so that after recurring on a Schur complement of the graph G that we care about, we can
interpret the recursively generated sums that we generate using Fact in terms of G. We
will make frequent use of the fact that for a Laplacian matrix Lg with block Lg, the Schur
complement Schur (L, Lg) is also a Laplacian. For a graph G and subset of vertices S will
use the notation Schur (G, S) to denote the graph corresponding to Schur (Lg, Lg). Since
all vectors we will apply pseudoinverses to will be orthogonal to the corresponding nullspaces
(the corresponding constant vectors, since all Schur complements will be Laplacians), we will
not write the projection Z in Fact in what follows.

Definition 3.2.1. Consider a graph G. For any set of vertices S C V(G) with |S| > 2, a
vertez v € S, and a vertex v € V(G), let

P (@) = Pufty < ts\]
For an edge e = {z,y} € E(G), let
¢;%(e) = |py (x) — pi (y)]
where tg: denotes the hitting time to the set S’. Let
r % (e) = max(p; (2), p (y), 1/]S])
When G is clear from the context, we omit G from the superscript.
Corollary 3.2.2. For any set S and any e = {z,y} € E(G), Y, 575 (z) < 3.

Proof. {pS°(2)}, is a distribution for any fixed vertex z € V(G). Bounding r&%(e) <
S5 (x) + pS (y) + ﬁ yields the desired result. O

It is well-known that the above probabilities can be represented as normalized potentials
(see, for instance, [17] Chapter IX).
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Fact 3.2.3. Let H be the graph obtained by identifying all vertices of S\{v} to one vertex

+ +
s. Then pS(x) = tii—fi’”' for any x € V(GQ) and ¢S (e) := lblfSLLfbbd for any e € E(G).
st g Ous vs g Ovus

In proving the desired result, it will help to recursively compute Schur complements with
respect to certain sets of vertices S. We now relate the Schur complement to the above
probabilities, which will be central to our proof; the following proposition is likely to be
known but we include it for completeness.

Proposition 3.2.4. For a set of vertices S C V(G) and a vertex x € V(G) possibly not
in S, let b, € RS denote the indicator vector of x. Let bS5 € R denote the vector with
coordinates b3 (v) = p>(z) for allv € S. Write Lg as a two-by-two block matriz:

_| P @
e=lgr &
where P, Q, and R have index pairs S x S, S x (V(G)\ 5), and V(G)\ S x V(G) \ S
respectively. Then
bS = Msb,

where
Mg = [I —QR*] )

Proof. If x € S, then b7 is the indicator vector of # and x is in the identity block of Mg.
Therefore, bg = Mgb,.

If ¢ S, then let b denote the coordinate restriction of b, to V(G) \ S. We want to
show that b2 = —QR~'b¢. Consider the linear system

by = Rp

Let H be the graph obtained by identifying all vertices in S within G to a single vertex
s. Then the vector p’ with p, = 0 and p) = p, for all v € V(H) \ {s} is a solution to a
boundary value problem with p!, = 0 and p/, having the maximum potential of any vertex.
The block matrix @ can be viewed as mapping the potentials p’ to a flow proportional to the
xs-flows on edges incident with s. By Proposition 2.2 of |71], for example, the incoming flow
on edges to s is equal to the probability that an x — s random walk first visits s by crossing
that edge. Grouping edges according to their common endpoints shows that —QR™1b¢ is a
scalar multiple of b?.

However, notice that

17(—QR™Me = (-1TQ)R™ "¢ = 1"RR™'0¢ = 1 = 1757
s0 b% = —QR1¢, as desired. O

Once one views the the ¢7(e)s in the above way, it makes sense to discuss the energy of the
¢ (e)s in relation to the probabilities pJ(x). It turns out that the total energy contributed
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by edges with both endpoints having potential at most p is at most a p fraction of the total
energy.

Proposition 3.2.5. For anyp € (0,1), let F' be the set of edges {x, y} with max,c, , pS(z) <

p. Then the total energy of those edges is at most a p fraction of the overall energy. More
formally,

D @@ <p Y clgi(e

eckF e€E(Q)

Proof. Let H be the graph obtained by identifying S\{v} to a vertex s in G. By Fact 3.2.3]
we can show the desired proposition by proving the following:

> ce(blLfzbe)® < pbhyLfbos
ecl

for an arbitrary graph H and the subset of edges F' C E(H) with max,e; yy |l L;b.s| <
pbL LD,

Write the sum on the left side in terms of an integral over sweep cuts. For p € (0,1), let
C, denote the set of edges cut by the normalized potential p. More precisely, let C), be the
set of edges {z,y} with [l LTb.s| > pbl LT b,s and |01 L};bys| < pbl, LT b,s. Notice that

pbT LFbus
> ce(bi Lihe)* < / > celbl Libeldg
0

ecF e€Cy

+
pbl LT bys
= ldg
0

T
S pbvsLEbUS

where the equality follows from the fact that C; is a threshold cut for the v — s electrical
flow and the first inequality follows from splitting the contribution of e to the sum in terms
of threshold cuts. This inequality is the desired result. O

Finally, we relate the weighted degrees of of vertices in Schur (G, S) to energies in G with
respect to S.

Definition 3.2.6. Let ¢! denote the sum of the conductance&ﬂof edges incident with v in H.

ITo avoid confusion, we remind the reader that by conductances we always mean electrical conductances,
i.e., weights in the graph, and not conductances in the sense of expansion.
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Proposition 3.2.7. Let G be a graph. Consider a set S and let H = Schur(G,S). Then

ol = Y a5 (e)’

e€E(G)

Proof. Let I be the graph obtained by identifying S \ {v} to s in H. Since the effective

conductance of parallel edges is the sum of the conductance of those edges, cff = ﬁ
sl Ous

By commutativity of Schur complements, I can also be obtained by identifying S\{v} in
G before eliminating all vertices besides s and v. Let J be the graph obtained by just doing
the first step (identifying S\{v}). By definition of Schur complements,

bl LT by = bl LTb,,
By Fact [3.2.3]
1
D _ecB(G) (g% (e))?

Substitution therefore shows the desired result. O

bl LT b,s =

3.3 Proof of Theorem [3.1.5

We will deduce Theorem from the following seemingly weaker statement regarding

positive test vectors.
Theorem 3.3.1. Let G be a graph. Then for any vector w € Rg(()G),

> wewp /eyl Liby| < O(log® n)||wf3

e,fEE

Theorem [3.1.5| can be deduced from this by a Perron-Frobenius argument.

Proof of Theorem[3.1.5 Since the matrix M = |C’(1;/2B(;LEB(T;C’(1;/2| has nonnegative entries,
there is an eigenvector with maximum eigenvalue with nonnegative coordinates by Perron-
Frobenius. Such an eigenvector corresponds to a positive eigenvalue. Theorem bounds
the value of the quadratic form of this eigenvector. In particular, the quadratic form is at
most O(log”n) times the £, norm squared of the vector, as desired. O

The proof hinges on the following key quantity. Define

(Xeenc) We/Ceta (€))®

ZeeE(G) ceqy (€)?

Degreeg(u) :=
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The quantity Degreeg(u) may be interpreted as a measure of the sparsity of the vector
(¢5(e))e, since it is the ratio of the (weighted) ¢2 norm of this vector and its ¢2 norm. Note
that when S = V(G), w = 1, and G is unweighted, Degree(u) is simply the degree of w.

There are two parts to the proof: (1) recursively reducing the original problem to a
number of problems involving sums of simpler inner products and (2) bounding those sums.
The difference between the value of a problem and the subproblem after eliminating u is at
most Degreeg(u). We want to show that there always is a choice of v with a small value of
Degreeg(u). The following proposition shows this:

Proposition 3.3.2. For any {c.}.-weighted graph G, set S C V(G) with |S| > 2, and
nonnegative weights {we}ecp(c), the following holds:

ZDeg'r'eeS(u) < O(log|S)) Z w?
ueS e€E(Q)

We now reduce Theorem to this proposition by picking the vertex u with that mini-
mizes the summand Degree¢(u) of Proposition and recurring on the Schur complement
with u eliminated. The summand of Proposition [3.3.2] is an upper bound on the decrease
due to eliminating w.

Proof of Theorem giwen Proposition[3.3.9. Define the following:
e Gy G, ¢, xy <+ arg min,cy (@) Degreeg, (7), So < V(G), i < 0.
e While |V(G;)| > 2:
—t+1+1
— Gz — Schur(Gz»_l, V(GZ_1> \ {xi_l})
— ¢ « conductance vector for G;

— T; ¢ arg mingey(q,) Degreeg ()

o T+

Let L; < Lg, and let m; = L,,,,. We start by understanding how to express the left
hand side of the desired inequality in G; for all i. For a vertex x € V(G), let b e RV(G)
denote the vector with b (v) = p&%(x) for all v € V(G;). For an edge {z,y} € V(G), let
b = b — b Let

Vi Y we/elbT LI | epwy

e,fEE(G)
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We now bound V; in terms of V;; for all nonnegative integers i < T'. By Fact and
Proposition [3.2.4]

Vi= > we /e b LI ey

e,fEE(QG)
= 3wl L b + 20—l ey
e,fEE(Q) ‘
pr 1 G
<Viy1 + Z we\/a|xg)Tﬁx§”)|\/awf
e,fEE(G) !

where 7 = b’ (x;). Since the 295 are scalars, we can futher simplify the above sum:

2

or L G 1 i
> weelal —al|epuy = — | D wey/edal)

)

e, fEE(Q) e€E(G)
2
_ 1 (i
=% Z Wer/CeTy
Czi \ecE(Q)

B (ZeEE(G) Wey/Cedy! (6)> 2

= =
ZeeE(G) Ceqir; (€)?
= Degreeg (1)

where the second-to-last denominator equality follows from Proposition [3.2.7] Since x;
minimizes Degreeg (z;), Proposition with S < S; and G + G implies that

1
Degross () < O (27 ul)

logn
<0 (5% ug)

n—1

Plugging this in shows that
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for all i < T. Therefore, to bound Vj, it suffices to bound Vy. Let S = {a,b}. Then

Vr= > we/alb" L g

e,f€E(G)

= D we/ceqS 5 (e) bl LibalaS S () y/erwy
e,fEE(G)

(b L el IbT, by
— a L+/ba ab f
Z \/_bTbL+b T bbTbL+b \/_wf

e,fEE(G @ a

< ||w||2

where the last line follows from Cauchy-Schwarz. Therefore,

Vr < ||w||§

Combining these bounds yields a harmonic sum that proves the desired result. O
Now, we prove Proposition [3.3.2}

Proof. For each vertex v € S and each integer i € [0,log|S]], let x c E(G) denote the
set of edges e = {x,y} for which rS(e) < 27" Let T := log|S|. For each 0 < i < T, let

}/U(Z) \X H‘l) Let Y(T) X(T)
For each v and each i > 0, X\ = BE(G), and XS C X Therefore, {1 is a
partition of F(G) for each v € S. By Cauchy-Schwarz,

s 2
eeE(G) Wer/Ceqy, (€))
D
Z egrees Z ZeeE(G) Cqu(e)z

ueS uesS

<D0 D ritew? Yeene) Cea (€)*/13(€)

€ S(p)\2
ues \ ecE(G) ZeEE(G) ceqs (€)

By the definition of Xz(fﬂ),

sz | Secnia i (e)/rie)
Z Z u( ) e ZeEE(G) cequ( )2

ueS \ ecE(G)

SZ Z )8 (ZTH e ceqi<€)22>

ueS \ecE(G eeE( )Cequ (6)
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By the definition of Xq(f) and Proposition m,

s 2 - i1 D eey Cely (€)? s 2 -
S X e | (Yoot ) <5 Y e ) (X2
u€S \ e€E(G) i=0 ecE(G) "etu u€S \ e€E(G) i=0
< > ri(enw? | (2T +2)
ucS \ecE(G)

By Proposition [3.2.2]

S D ew | @r+2) < (6T+6) > w?

ueS \ ecE(Q) e€cE(G)
Combining these bounds shows that

> Degreeg(u) < (67 +6) Y w; < O(log|S|)||wl]3
ues e€E(G)

as desired. O
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Chapter 4

Random Spanning Tree Sampling

4.1 Introduction
In this paper, we give the first almost-linear time algorithm for the following problem:

Given an undirected graph G with weights (conductances) {c.}ccr(e) on its edges,
generate a spanning tree 1" of G with probability proportional to [] . B(T) Ce-

Random spanning tree generation has been studied for a long time [51], has many con-
nections to probability theory (for example [15]), and is a special case of both determinantal
point processes [8] and uniform matroid basis sampling [9, 29]. They also have found ap-
plications in constructing cut sparsifiers [35, 139] and have played crucial roles in obtaining
better approximation algorithms for both the symmetric [36] and asymmetric [12] traveling
salesman problem.

The uniform random spanning tree distribution is also one of the simplest examples of a
negatively-correlated probability distribution that is nontrivial to sample from. Much work
has gone into efficiently sampling from the uniform spanning tree distribution in the past
forty years [40]. This work falls into three categories:

e Approaches centered around fast exact computatiqn of effective resistances |40, [27, [55,
28, 43]. The fastest algorithm among these takes O(n®) time for undirected, weighted
graphs [27].

e Approaches that approximate and sparsify the input graph using Schur complements
133, 132]. [33] samples a truly uniform tree in O(n*/3*m!/? +n?) time, while [32] samples
a random tree in O(n?0~2) time from a distribution with total variation distance &
from the real uniform distribution for undirected, weighted graphs.

e Random-walk based approaches [2, [18, 96, 46, 73]. [73] takes O(m?*/?) time for undi-
rected, unweighted graphs.
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Our main result is an algorithm for sampling a uniformly random spanning tree from
a weighted graph with polynomial ratio of maximum to minimum weight in almost-linear
time:

Theorem 4.1.1. Given a graph G with edge weights {c.}. and 5 = (maxccp(c) c)/(Minee )
a uniformly random spanning tree of G can be sampled in m'*t°M o) time.

We also give a result whose runtime does not depend on the edge weights, but samples
from a distribution that is approximately uniform rather than exactly uniform. However, the
runtime dependence on the error is small enough to achieve 1/poly(n) error in almost-linear
time, so it suffices for all known applications:

Theorem 4.1.2. Given a weighted graph G and € € (0,1), a random spanning tree T of G
can be sampled from a distribution with total variation distance at most € from the uniform
distribution in time m'+t°Me=M) time.

Our techniques are based on random walks and are inspired by [2, |18] 46, 73]. Despite
this, our runtime guarantees combine the best aspects of all of the former approaches. In
particular, our m!'*°(Me=°(M_time algorithm has no dependence on the edge weights, like the
algorithms from the first two categories, but has subquadratic running time on sparse graphs,
like the algorithms in the third category.

4.1.1 Other Contributions

We use random walks to generate random spanning trees. The behavior of random walks
can be understood through the lens of electrical networks. We prove several new results
about electrical flows (for example Lemmas [4.5.4] [4.7.2] and and find new uses for
many prior results (for example [44, 42]). We highlight one of our new results here.

One particularly important quantity for understanding random walks is the effective
resistance between two vertices:

Definition 4.1.3 (Effective resistance). The energy of a flow f € RF(@ in an undirected
graph G with weights {cc}ecp(q) s

f2

C
ecE(G) ¢

For two wvertices s,t in a graph G, the G-effective resistance between s and t, denoted
Reffa(s,t), is the minimum energy of any s —t flow that sends one unit of flow from s to t.

We study the robustness of the s — ¢ effective resistance to random changes in the graph
G. Specifically, we consider random graphs H ~ G[F] obtained by conditioning on the
intersection of a random spanning tree in G with the set ' C E(G), which amounts to
sampling a tree T from G, contracting all edges in F(T) N F, and deleting all edges in

Ce)s
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Surprisingly, the s —t effective resistance in H is the same as the s —t effective resistance
in G in expectation as long as G \ F is connected. However, the s — ¢ effective resistance
in H does not concentrate around the effective resistance in GG. In particular, s and ¢ could
be identified to one another in G, in which case the s — t effective resistance is 0. We show
that changing a small number of contractions to deletions makes the effective resistance not
much smaller than its original value:

Lemma 4.1.4. Let G be a graph, F C E(G), € € (0,1), and s,t € V(G). Sample a uniformly
random spanning tree T of G. Then, with high probability, there is a set F' C E(T)NF that
depends on T and satisfies both of the following guarantees:
o (Effective resistance) Let H' be the graph obtained from G by contracting all edges
in (E(T)NF)\ F' and deleting all edges in F' U (F'\ E(T)). Then Reffy.(s,t) >
(1 — Reffuls, 1
o (Size) |F'| < O((logn)/é)

Even better, we show that F’ can be computed in almost-linear time. Our algorithm
uses a combination of matrix sketching [6 44] and localization (Chapter [3|) that may be of
independent interest.

4.2 Algorithm Overview

Our algorithm, like those of [46] and [73], is based on the following beautiful result of Aldous
[2] and Broder [18]:

Theorem 4.2.1 (Aldous-Broder). Pick an arbitrary vertex uy and run a random walk start-
ing at ug in a weighted graph G. Let T be the set of edges used to visit each verter besides
ug for the first time. Then T is a weighted uniformly random spanning tree of G.

The runtime of Aldous-Broder is the amount of time it takes to visit each vertex for the
first time, otherwise known as the cover time of G. On one hand, the cover time can be as
high as ©(mn). On the other hand, Aldous-Broder has the convenient property that only a
small number of vertex visits need to be stored. In particular, only n — 1 visits to vertices
add an edge to the sampled tree (the first visits to each vertex besides the starting vertex).
This observation motivates the idea of shortcutting the random walk.

4.2.1 The shortcutting meta-algorithm

To motivate our algorithm, we classify all existing algorithms based on Aldous-Broder [18|,
2,46, 73] at a very high level. We start by describing Aldous-Broder in a way that is more
readily generalizable:

Aldous-Broder
e For cach v € V(G), let 5 = {v}.
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e Pick an arbitrary vertex ug and set u <— uy.

e Until all vertices in G have been visited
— Sample the first edge that the random walk starting at u uses to exit S
— Replace u with the non-S.” endpoint of this edge.

e Return all edges used to visit each vertex besides ug for the first time.

We now generalize the above algorithm to allow it to use some number o of shortcutters
{v} € S C V(@) for each vertex v € V(G). If the {ngi)}fils are chosen carefully, then
instead of running the random walk until it exits Sq(f), one can sample the exiting edge much
faster using Laplacian solvers.

Ideally, we could shortcut the random walk directly to the next unvisited vertex in order
to minimize the number of wasted visits. Unfortunately, we do not know how to do such
shortcutting efficiently. Instead, we use multiple shortcutters per vertex. More shortcutters
per vertex means a better approximation to the set of previously visited vertices, which leads
to fewer unnecessary random walk steps and a better runtime.

Simple shortcutting meta-algorithm

e For each v € V(G), let S8 = {v} and pick shortcutters {Sq(,i) h

e Pick an arbitrary vertex ug and set u <— uy.

e Until all vertices in G have been visited
~ Leti* € {0,1,...,00} be the maximum value of i for which all vertices in

S have been visited

— Sample the first edge that the random walk starting at « uses to exit sS4
— Replace u with the non—Sz(f*) endpoint of this edge.

e Return all edges used to visit each vertex besides ug for the first time.

To implement the above meta-algorithm, one must make two important choices, each of
which is bolded above. Both of these choices only affect the runtime of the meta-algorithm;
not its correctness:

o A set of shortcutters for each vertex v € V(G)
e A method for sampling the first exit edge from Sz(f), which we call a shortcutting method

The meta-algorithm could also choose an arbitrary starting location ug, but this choice
is not important to any shortcutting-based algorithm.

We now argue that the meta—alg%prithm correctly samples a uniformly random spanning
tree, no matter the choice of the S or shortcutting method. First of all, i = 0 is always
a valid choice for *, so i* exists and the algorithm is well-defined. Since all vertices in
S have been previously visited, using the shortcutter S5 does not skip any first visits.
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Therefore, by Theorem [.2.1] the edges returned form a uniformly random spanning tree.

Next, we summarize all algorithms based on this meta-algorithm |2, 18| 46, 73] with oy
— the number of shortcutters per vertex — and the choice of shortcutting method. We also
list bounds on the runtimes of these algorithms on unweighted graphs to offer context.

While we have not yet discussed what “Offline” and “Online” shortcutting are, we high-
light that our shortcutting method is different from that of [46] and [73]. This is one of the
key reasons why we are able to obtain a faster algorithm and are able to effectively use more
shortcutters per vertex.

4.2.2 Shortcutting methods

The starting point for our improvement is an online shortcutting method. This method is
based on the following observation:

Key Idea 4.2.2 (Online shortcutting). For a vertex u and a shortcutter S, associated with u,
the probability that a random walk exits S, through an edge e can be e-additively approrimated
for all e € 0S, simultaneously using one e-approximate Laplacian system solve on a graph
with |E(Sy) U 0S,| edges.

When combined with a trick due to Propp (81, one can exactly sample an escape edge in
expected O(|E(S,) UdS,|) time with no preprocessing.

We call this method online due to its lack of preprocessing and the shortcutting technique
used in [46] and 73] offline due to its fast query time with high preprocessing time. We
summarize the runtime properties of these shortcutting methods for a shortcutter S, here:

The upside to the online method is that its runtime does not depend quadratically on the
size of S,’s boundary. This is a critical barrier to improving the technique of [46] and [73]
because it is impossible to obtain balanced cuts with arbitrarily small size that separate a
graph into low-radius parts in most metrics. While the high query time for the online method
may seem prohibitive initially, it is fine as long as online shortcutting does substantially less
work than the random walk would have done to reach the boundary of S,. In the following
path example, it takes the random walk ©(k?) time for the random walk to escape S, starting

at u, but online shortcutting only takes O(k) time to find the escape edge:

4.2.3 Properties of shortcutters

Now, we describe the machinery that allows us to bound the total amount of work. We start
with a bound that captures the idea that most random walk steps happen far away from an
unvisited vertex. This bound is a weighted generalization of Lemma A.4 given in [73]. We

prove it in Appendix

Lemma 4.2.3 (Key result for bounding the number of shortcutter uses). Consider an arbi-
trary vertex ug in a graph I, an edge {u,v} = f € E(I), and an R > 0. Let B(u, R) C V(I)
denote the set of vertices in I with I-effective resistance distance at most R from u. The
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expected number of times that the random walk starting at ug traverses f from u — v before
all vertices in B(u, R) have been visited is at most O(cyR), where cy is the conductance of
the edge f.

The effective resistance metricE| appears in the above lemma due to the relationship
between random walks and electrical networks. Unlike recent work on sampling random
spanning trees ([46, 73]), we apply this lemma in the original graph and in other graphs ob-
tained by “eliminating” vertices from the original graph. Specifically, we apply Lemma |4.2.3
to Schur complements of the input graph G. In all sections before Section 4.9 — including
this one — one does not need to understand how the Schur complement is constructed or
its linear algebraic properties. We use the following combinatorial, folklore fact about Schur
complements to employ Schur complements as an analysis tool:

Theorem 4.2.4. Consider a graph I and some set of vertices S C V(I). Let J = Schur(l,S).
Pick a vertex v € S and generate two sequences of vertices as follows:

e Do a random walk in J starting at v and write down the sequence of visited vertices.

e Do a random walk in I starting at v and write down the sequence of wvisited vertices
that are also in S.

These two distributions over sequences are identical.

For a shortcutter S,, consider the graph H = Schur(G, (V(G) \ S,) U {u}). Each use
of the shortcutter S, can be charged to crossing of at least one edge incident with « in the
random walk on H by Theorem |4.2.4l Therefore, to bound the number of times a shortcutter
Sy is used over the course of the algorithm, it suffices to bound the total conductance of edges
between u and V(H) \ {u} in H. This motivates one of the key properties of shortcutters,
which we call conductivity in later sections:

Key Idea 4.2.5 (Shortcutter Schur complement conductance bound). Let Sc denote a

shortcutter for which S = Sc for all w € C.Then “on average,” the total conductance of
the edges between C' and V(G) \ S¢ in the graph Schur(G,C U (V(G)\ S¢)), which we call

the Schur complement conductance of S¢, is at most al/(floi—ll)r a 15 the ratio between the

mazimum and minimum effective resistance distance between any two vertices in G and Tpn
1s the minimum effective resistance distance between any two vertices in G.

By “on average,” we mean that the shortcutters S are organized into m°™) sets and

within each set C, the total Schur complement conductance of the shortcutters So € C is
me|c|

at most m

For the rest of this section, we think of each shortcutter as having

IThe effective resistance Reffg satisfies the triangle inequality and therefore forms a metric space on
the vertices of G
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Schur complement conductance at most OM(Z”O:—(& in order to simplify the description. For
a more formal description of the organization of our shortcutters, see Section |4.4

To bound the number of times S¢ is used, Lemma [4.2.3| requires two things:

Sufficient properties for bounding shortcutter uses
(1) A bound on the Schur complement conductance of S¢
(2) A bound on the effective resistance distance to the nearest unvisited vertex outside of

Sc

mot) by conductivity. Therefore,

The Schur complement conductance is at most —p——
/oy,

we just need to bound the distance to the nearest unvisited vertex. If there was an unvisited
vertex within effective resistance distance a(tD/(@otDy - me() of C, Lemma would

imply that S¢ is only used

e

(QlH D/ (@0l o)) ( > _ oD g (0 1)

Oéi/(ao—i_l) T'min

times over the course of the shortcutted random walk. To bound the total work done, the
following fact suffices:

Key Idea 4.2.6 (Shortcutter overlap). Each verter in G is in at most m°Y) shortcutters.

The above idea implies that the total size of all shortcutters is O(m!'*°"). To use a
shortcutter, we apply the online shortcutting method, which takes time proportional to the
shortcutter’s size (see Table [4.2.2)). If each shortcutter is used at most m°Mal/ @0+ times
as described above, the total work due to all shortcutter uses is (m!+o))(meMql/(o+1)) <
m'teWaeM) ag desired.

Therefore, if we can obtain shortcutters with bounds on and that also respect Key
Idea [£.2.6] we would have an almost-linear time algorithm for sampling random spanning
trees on weighted graphs.

4.2.4 Obtaining shortcutters with Property and small overlap

We have not yet discussed how to actually obtain shortcutters with the desired conductance
property. We discuss this in detail in Section 4.5 but we give a summary here for interested
readers. We construct {Sz(,l)}vev(g) for each 7 independently by

e constructing a small number of families of sets that are each well-separated in the
effective resistance metric, have distance separation roughly a0ty “and together
cover the graph. These are the cores and the construction of these cores is similar to
constructions of sparse covers of metric spaces (for example [13]).



CHAPTER 4. RANDOM SPANNING TREE SAMPLING 38

e making the shortcutter around each core C' be the set of vertices So C V(G) for which
a random walk starting at x € S¢ is more likely to hit C' before any other core in its
family. The sparsity of the cover ensures that the shortcutters satisfy Key Idea [£.2.6]
while their well-separatedness ensures Property ().

4.2.5 Obtaining Property using partial sampling and carving

We now show that when Sq(f) is used, there is an unvisited vertex with effective resistance
distance at most m°MatD/ (@0t from u. Review the shortcutting meta-algorithm.
When S¢7) is used, there is some vertex v € ST that the random walk has not yet
visited. v, however, may not be close to u. This motivates the following property of a
shortcutter Sq(f), which we call being carved with respect to (a set of vertices) S:

Key Idea 4.2.7 (Carving). A shortcutter S s carved with respect to S C V(G) if S¥ns
only consists of vertices that are within effective resistance distance m°™Ma/ @ty - of .

1f S§*Y s carved with respect to V(G), then the unvisited vertex v is within dis-
tance meM it/ (ot of 4. As a result, there is an unvisited vertex within distance
meM D/ (0ot )y of u, as desired.

It is difficult to directly build shortcutters to make them carved with respect to some
set S. Instead, we explore how we could remove vertices from shortcutters so that all
shortcutters for all vertices are carved with respect to V(G). To carve V(G) out of all
shortcutters qui), one could just remove all vertices in S that are farther than resistance
distance m°W i/ (@0t Dy away from w. Unfortunately, this could remove almost all of the
shortcutter in general.

Instead, we compute a partial sample of a random spanning tree in order to make it so that
each shortcutter does not have to be carved with respect to as many vertices. Specifically,
we modify the simple shortcutting meta-algorithm as follows:

Full shortcutting meta-algorithm(one round of partial sampling)
e Choose a set S C V(G) for partial sampling

For each v € V(G), let S8 = {v} and pick shortcutters {Sz(,i) e

Pick an arbitrary vertex ug and set u < wuyg.

Until all vertices in S have been visited

— Let i* € {0,1,...,00} be the maximum value of i for which all vertices in SN S

have been visited
— Sample the first edge that the random walk starting at u uses to exit S
— Replace u with the non-S4 endpoint of this edge.
Let T" be all edges used to visit each vertex besides uy in S for the first
® time that are in the induced subgraph F':= E(G[S])
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Condition on the partial sample, which amounts to contracting all edges
in E(T") N F and deleting all edges of F'\ E(T") in G

[73] also exploited partial sampling in this way. This algorithm correctly samples the
intersection of a random spanning tree of G with E(G[S]) because it does not skip any of
the first visits to vertices in S and only vertices in .S need to be visited in order to determine
the edges in G[S] that are in the sample. While this algorithm no longer samples the entirety
of a tree, we only need shortcutters to be carved with respect to S rather than all of V(G)
in order to show that the total work is m!+°(M oM.

Our algorithm and [73] exploit the full meta-algorithm in multiple rounds. During each
round, we pick a set S to condition on, run the meta-algorithm, and repeat until G is a
single vertex. At this point, we have sampled a complete spanning tree of G.

We want to choose S to be small enough so that every shortcutter can be carved with
respect to S without increasing the Schur complement conductance of those shortcutters too
much. As long as all shortcutters are carved with respect to S, the meta-algorithm takes
m! M) time. However, we also want S to be large enough to make substantial progress.

When oy = 1, let S be the set of vertices u assigned to the largest shortcutters. By Key
Idea [4.2.6] there cannot be too many large shortcutters, which means that S is the union of
a small number of clusters with small effective resistance diameter (y/ar:,). Deleting each
cluster from each shortcutter S¢ with a far-away core C' makes S¢ carved with respect to S.
Furthermore, because the cluster was well-separated from C, its deletion did not increase the
Schur complement conductance of S much. For more details on this analysis, see Section

471

4.2.6 Bounding the number of rounds of partial sampling when
oy — 1

In the previous section for the o = 1 case, we saw that conditioning on the induced subgraph
of the vertices assigned to the largest shortcutters was a good idea for carving. We now show
that computing a partial sample for the induced subgraph of these vertices allows us to make
substantial progress. Ideally, one could show that conditioning on the induced subgraph of
vertices assigned to the largest shortcutters decreases the size of the graph by a constant
fraction. Unfortunately, we do not know how to establish this in general.

To get around this, we do not rebuild shortcutters from scratch after each partial sampling
round. Instead, we show that it is possible to make shortcutters Sff)l that are contained
within the shortcutter S from the previous round. It is quite tricky to do this directly,
as conditioning on a partial sample can change the metric structure of the graph G. In
particular, the conductance of a shortcutter could dramatically increase after conditioning.

To cope with this, we show a concentration inequality that promises the existence of a
small set of edges with high probability that, when deleted, restore the conductance of all
shortcutters back to their value before conditioning. This result follows from a nontrivial
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generalization (Lemma of Lemma that we reduce to in Section , prove in
Section [4.10 and find a fast algorithm for in Section

Given that S5 is contained in S for all u € V(@) and all i € [0g], conditioning on
the vertices with the near-largest shortcutters decreases the maximum size of a remaining
shortcutter by a large factor. Therefore, after O(logn) rounds of conditioning on the induced
subgraph of the vertices assigned to the largest shortcutters, no shortcutters are left. At this

point, the algorithm is done. Each round takes m!*+°( /o time in the oy = 1 case for a total
of O(m!*°M,/a) runtime.

4.2.7 Carving and progress when oy > 1

The bottleneck in the algorithm for the oy = 1 case is the sampling step. As discussed in
Section [£.2.1], using more shortcutters allows us to approximate the set of previously visited
vertices better, leading to a better runtime. In particular, the runtime-bounding argument
presented earlier, given a carving and conductance bound, shows that using oy shortcutters
yields an m!T°Ma /(o) _runtime algorithm for sampling a spanning tree.

Unfortunately, carving shortcutters is more complicated when oy > 1. We need to pick
a relatively large set of vertices that can be carved out of all shortcutters for all vertices
simultaneously. To do this, one could start by trying to generalize the strategy in the oy = 1
case through repetition. Specifically, one could try the following strategy for picking a set S
for use in one round of the meta-algorithm with partial sampling:

First attempt at conditioning when oy > 1
® Oop+l V<G)
e Foriv=o0p,00—1,...,1
— 5; < the vertices u € S;y; with near-maximum size S&i) shortcutters; that is
within a factor of m=1/7" of the maximum.

oLetS<—51

This strategy has some benefits. If S; could be carved out of all shortcutters, the maxi-
mum size of S5 shortcutters for vertices v € Sy would decrease by a factor of m=1/71.

Before moving on, we elaborate on how conditioning on the induced subgraph of vertices
assigned to a shortcutter renders it unnecessary in the future. Start by refining all cores
of all S shortcutters to obtain oy partitions {P:}7°, of V(G), with one for each i € [oy).
Standard ball-growing (for example [66]) ensures that the total conductance of all boundary
edges of parts in P; is at most m!' () /(q#/ (@01 - Conditioning on the induced subgraph
of a part P deletes or contracts all edges in the induced subgraph of P, only leaving P’s
boundary. Since P’s boundary is small, the random walk never needs to use P’s shortcutter
again because the total number of steps across P; boundary edges is at most

mito(l)

_m ) feot, < The(1), o)
ai/(UOJrl)’r’mma Tmin > M o
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where the o +1/(@0+)y - bound follows from carving. Therefore, conditioning on a part
replaces it with its boundary, thus rendering its shortcutter unnecessary.

Now, we go back to analyzing our first attempt at a oy > 1 algorithm for selecting S. If we
could always carve all shortcutters with respect to Sy, conditioning ¢y times on various Sis
would make all shortcutters for P; parts intersecting S, irrelevant, thus making it possible
to condition on Sy directly. More generally, if carving were not an issue, every o; rounds of
conditioning on S; would pave the way for one round of conditioning on S;;;. Combining
this reasoning for all ¢ implies that we have sampled the entire tree after o7° applications of
the meta-algorithm.

Unfortunately, our first attempt does not produce carvable sets S in general because there
could be a very large shortcutter with core just outside of some S; that happens to intersect
many of the vertices in S;. To cope with this, we incorporate a ball-growing type approach
that switches to conditioning on this very large but nearby shortcutter if one exists. Once
this procedure stops, one can carve the parts assigned to the selected shortcutters out of
all other shortcutters because the selected shortcutters are larger than all other shortcutters
that the selected parts intersect. For more details, see Section 4.7]

4.2.8 Coping with the fixing lemma in the shortcutting method

In Section [4.2.6] we established that we could obtain containment of shortcutters in past
shortcutters if we deleted a small set of “fixing edges” from the graph. However, we cannot
actually delete these edges from the graph, as we must do partial sampling in graphs resulting
directly from conditioning in order to correctly sample a uniformly random spanning tree.

Instead of deleting these fixing edges from the graph, we just remove their endpoints
from the shortcutters and use offfine shortcutting [73, 46] to make it so that shortcutting to
the endpoints of these fixing edges only takes constant time rather than time proportional to
the size of the shortcutter. Since there are a small number of fixing edges, the preprocessing
time for offline shortcutting is small. Each shortcut to the endpoints of a removed edge
takes 0(1) time and can be charged to crossing a boundary edge of some core. Constructing
the cores using standard ball-growing makes the total conductance of these boundary edges
small, so Lemma [4.2.3| can be used to show that the number of such shortcutting steps is
small.

While this completes the high-level description of our algorithm, it does not describe all
of the contributions of this paper. Along the way, we prove many new results about effective
resistance metrics (like Lemma that may be of independent interest.
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4.3 Preliminaries

Graphs

For a (directed or undirected) graph G, let V(G) and E(G) denote its vertex and edge set
respectively. n and m refer to the number of vertices and edges respectively of the input
graph to our random spanning tree generation algorithm. For a set of edges F' C E(G),
G \ F denotes the graph obtained by deleting the edges in F' from G. For a set of vertices
S C V(G), let G/S be the graph obtained by identifying all vertices in S to a single vertex;
that is

V(G/S) == (V(G)\ S) U {s}

and each endpoint of an edge e € F(G) that is also in S is replaced with s. For a set of
edges F' C E(G), let V(F) denote the set of endpoints of edges in F. For an edge f € E(G),
let G\ f and G/f denote the graph obtained by deleting and contracting f respectively.

For two sets of vertices 5,5 € V(G), let Eg(S,S’) denote the set of edges with one
endpoint in S and the other endpoint in S’. Let G[S]| := Eg(S) := Eg(S,S). When the
graph G is clear from context, we omit it from the subscript. For a graph G with two sets
X,Y C V(G), let G/(X,Y) denote the graph obtained by identifying all vertices in X to
one vertex x and all vertices in Y to one vertex y.

For a set of vertices S € V(G), let 055 := Eq(S,V(G) \ S) denote the boundary edges
of S. For a singleton set S = {w}, 0gS is abbreviated dgw.

In this paper, graphs are sometimes weighted with conductances {cc}ecr(q). For a set
F CE(G),let “(F) = ,cpct. Let r& =1/cS. Let 8¢ := (maxcep(q) )/ (mineepe) r¢).
When the context is clear, the graph G is omitted from all superscripts in the aforementioned
definitions.

Laplacian matrices, electrical flows, and effective resistances

For an undirected graph G with two vertices s,t € V(G), let by, € RV denote the vector
with by = 1, by = —1, and b, = 0 for v # s, t. Direct all of the edges of GG arbitrarily. Suppose
that e = {a, b} and is directed from a to b. Define b, := b,,. Define the Laplacian matriz of
a weighted graph G as

> cebeb!

e€E(Q)

This definition is invariant of the orientations of the edges. Lg has nontrivial kernel, but
still has a Moore-Penrose pseudoinverse L. The vector Lib is a vector of potentials for the
electrical flow CgBgLEby, where Bg is the |E(G)| x |V (G)| matrix with rows equal to the
vectors b, for e € G and Cg is the |E(G)| x |E(G)| diagonal matrix of edge conductances.

The effective resistance between two vertices s,t € V(G) is the energy of the electrical
flow from s to ¢, which equivalently is
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Reffq(s,t) i= b, Liby

For an edge e = {a,b} € E(G), let Reff;(e) := Reff(a,b). We use the following folklore
fact about effective resistances extensively without reference:

Remark 3. The vertex set of V(G) is a metric space with respect to the metric Reff.. In
particular, Reffq satisfies the triangle inequality; i.e.

Reffq(s,t) < Reffq(s,w) + Reffe(w,1)
for any three vertices s, t,w € V(G).

For a set S € V(G), define its effective resistance diameter to be

max Reffq(u,v)

Often, for clarity, we call this the G-effective resistance diameter of S. Let r,;, =
min, vev () Ref£6 (U, V), Tmee = max,vev(q) Reffg(u,v), and o = tmaz - Notice that B <
a < m?B. Therefore, to obtain an m!*°M3°M_time algorithm, it suffices to obtain an
m! M) time algorithm.

Laplacian solvers

In this paper, we make extensive use of efficient approximate Laplacian solvers |91} 54, |48|
26, 80, 62, |58]:

Theorem 4.3.1 ([26]). There is an O(m+/lognlog(n/e)) time algorithm, that, given a de-
mand vector d € RV for some graph G, computes a vector p € RV such that

lp— Ll < e

with high probability.

Random walks

For a weighted graph G and some vertex a € V(G), let Pr, ¢[E] denote the probability of
an event E over random walks starting at a in the graph G. When the graph is clear from
context, we denote this by Pr,[E]. For a set of vertices S € V(G), let ts be the random
variable denoting the hitting time to the set S. When S is a singleton {b}, we abbreviate tg
as tp.

We use the following fact about random walks extensively:
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Theorem 4.3.2 (Proposition 2.2 of [71]). Let G be a graph with conductances {c.}.. Con-
sider two vertices s,t € V(G). For a vertez u, let p, = b%,LEbys. Consider an edge e = {u, v}.
Then

PuCe = Es[ number of times e is crossed from uw — v before t;]

Low-dimensional embedding of the effective resistance metric

Throughout this paper, we use the fact that the effective resistance metric can be embedded
into low-dimensional Euclidean space:

Theorem 4.3.3 ([90]). With high probability, one can compute an embedding D : V(G) —
R? of the vertices of a graph G with d < (logn)/e? for which

1D(w) = D(v)|[3 € [(1 — €)Reff(u,v), (1 + €)Reff(u,v)]

in near-linear time. Furthermore, for each vertex u € V(G), D(u) takes O((logn)/€*)
time to compute.

Throughout this paper, we use ¢ = 1/2. In most of this paper, we use this result to
approximately compute effective resistances. In the appendix and in Section [£.7, we make
greater use of this through approximate nearest neighbors. Specifically, we apply locality-
sensitive hashing for (3:

Definition 4.3.4 (Locality-sensitive hashing and approximate nearest neighbors[11]). A
family H of functions with domain R? is called (R, cR, py, ps)-sensitive if for any p,q € R?,

o If|lp—q|l3 < R, then Prpn[h(q) = h(p)] > p1.

o If|lp—q|l3 > cR, then Prpn[h(q) = h(p)] < po.

Theorem 4.3.5 ([11]). For any R > 0 and dimension d, a (R, O(c)R,1/n'/¢ 1/n?)-sensitive
family of hash functions with query time O(dn'/¢) for R can be computed in almost-linear
time.

Locality sensitive hashing can be used to find approximate nearest neighbors in Euclidean
space. In particular, by Theorem [4.3.3] it can be used to find approximate nearest neighbors
in effective resistance metrics of graphs with ¢ <= Y, := logn:

Theorem 4.3.6 (Fact 2.7 in |11]). Given a graph G and a set of vertices S C V(G), there is
a data structure D computed by an algorithm D < PreprocANN(G,S) with query algorithm
v' <= ANNp(v). ANNp takes any vertex v € V(G) as input and uses the data structure D to
return a vertez v' € S with the following properties with probability at least 1 — 1/n!0:

o (Closeness) Reffq(v,v") < minyes YonnReffo(v, u)
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e (Preprocessing runtime) PreprocANN takes O(m) time.

e (Query runtime) ANN takes O(1) time.

Basic facts about random spanning trees

Let T ~ G denote the distribution over spanning trees of G with each tree selected with
probability proportional to ], . B(T) Ce- The following shows that conditioning on a partial
sample is equivalent to modifying the input graph:

Theorem 4.3.7 ([73]). Consider a graph G and a set of edges F' C E(G). Fix a spanning
tree Ty of G and let Fy := E(Ty) N F. Obtain a graph H of G by contracting all edges in Fy
and deleting all edges in F'\ Fy. Then

J— —_— — , J—
Pr|T=T|E(T)NF = F]= Pt [I'=Ty/F)]

For any set F' C E(G), let H ~ G[F] denote the distribution over minors H of G
obtained by sampling a tree T' ~ G, contracting all edges in F'N E(T'), and deleting all edges
in F'\ E(T). We also use the following folklore fact extensively:

Theorem 4.3.8 ([51]). Consider a graph G and an edge e € E(G). Then

Prle € B(T)] = clReffql(e)

Schur complements

Definition 4.3.9 (Schur complements). The Schur complement of a graph I with respect
to a subset of its vertices S C V(I), denoted Schur(I,S), is the weighted graph J with
V(J) =S with Laplacian matrix

Ly = L[S, 5] = L[S, S Ly[S¢, S Li[S5¢, 5]

where M[Sy, S1] denotes the submatriz of a matriz M with rows and columns indexed by
So and Sy respectively.

In the above definition, it is not immediately clear that L; is the Laplacian matrix of a
graph, but it turns out to be one. Furthermore, the following associativity property holds:

Remark 4. For any two disjoint sets of vertices Sy, S1 € V(I) for some graph I,
Schur(Schur(l, Sy U Sy), So) = Schur(l,Sy)

Also, Schur complements commute with edge deletions and contractions in the kept set

S’
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Remark 5 (Lemma 4.1 of [27]). Let S be a set of vertices in a graph G and f € Eg(S).
Then,

Schur(G \ f,S) = Schur(G,S) \ f
and
Schur(G/f,S) = Schur(G, S)/f

Schur complements also have the following combinatorial property, which is the only
property we use of Schur complements before Section [4.9}

Theorem 4.2.4. Consider a graph I and some set of vertices S C V(I). Let J = Schur(l,S).
Pick a vertex v € S and generate two sequences of vertices as follows:

e Do a random walk in J starting at v and write down the sequence of visited vertices.

e Do a random walk in I starting at v and write down the sequence of visited vertices
that are also in S.

These two distributions over sequences are identical.

While this result is likely known, we include a proof for completeness. To prove this, we
use the following folklore fact:

Remark 6 (Chapter IX of [17]). Let S C V(G) be a set of vertices in a graph G and let
veSzeV(G). Lt H=G/(S\{v}) and let s be the identification of the set S\ {v} in
H. Then

bl LTb
Prft, < tS\u] — _VsH"ZS
x b Libys

Proof of Theorem[{.2.4) Let {s;}i>0 be the list of vertices visited by a random walk in J
starting at v. Let {s}}i>o be the list of vertices visited by a random walk in I starting at v,
with all vertices outside of S omitted. To prove Theorem [£.2.4] it suffices to show that for
any sequence {¢;};>o of vertices in S and any j > 0,

Pr(sji1 = liplsi = 6¥i € {0,1,...,j}] = Pr[39+1 = lj|s; = 6;Vi € {0,1,...,j}]
By the Markov property,

Prlsj 1 = lipa|si = 6Vi € {0,1,...,j} = fg[teﬁl < ts\{t;,4541}]
Rl

and
Pr[si ;= als; = Vi€ {0,1,...,j}] = E’rl[tfjﬂ < ts\(4;,4;41}]
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Let J = J/(S\{¢j,{js1}) and I' = I /(S \ {¢;,¢;41}). In both graphs, let s be the identifi-
cation of S\ {¢;, ¢;41}. By Remark [6] applied with S < S\ {¢;} and v < €},

bg;_s L}_/ bz

j+18
Eg[t€j+l < tS\{fj,€j+1}] = b Lth
D Ojp157 T Vs
and
P / - szL.JTr’beijls
[II‘[tg]._H < S\{Zj,éj+1}] — T Lt
i 151 Vs

Since Schur complements preserve quadratic forms supported on the kept set,

T 7+ T +
bijLI/bej-i—ls . bijLSChur(I’,{s,fj7£j+1})b€j+15
T + T +
b€j+1SLI’ b£j+15 bfj+1sLSChur(I’,{s,Zj,€j+1})b€j+15

By Remark [,

Schur(I',{s,{;,€j11}) = Schur(I/(S\ {¢;, £j11}), {5, €, is1})
= Schur(Z,5)/(S\ {4, £;+1})
= J/(S\ {4, lj41})

— J/
Therefore,
T 7+ T 7+
bgst[/bész szsLJ’bfjHS
T + T +
bej+1sLI’bfj+1S bfj+1sLJ’bfj+1S

as desired. 0
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4.4 Structure of this Chapter and the Proof of
Theorem 4.1.1]

Now, we formally introduce the concepts that were alluded to in Section [£.2] In the process,
we outline the structure of the paper and reduce the main result (Theorem given the
four main components of our algorithm: building shortcutters, selecting vertices to condition
on, sampling, and computing a set of fixing edges.

Throughout this section, we use two key parameters: oy and o;. These parameters should
be thought of as distance and shortcutter size-related parameters respectively. While there
are other constants (like the us, which are all m°™)), these constants are purely determined
by proofs in the main sections. Only oy and o; are traded off in order to bound the runtime
of the main algorithm ExactTree. For more details on parameter values, see Appendix [B.7]

4.4.1 Our shortcutting data structure

Recall that in Section we stated that no vertices were in more than m°) different
shortcutters. Here, we organize the shortcutters into a small number of families of disjoint
shortcutters, which we call clans, in order to achieve this property.

Definition 4.4.1 (Organization of shortcutters). Consider a graph H obtained as a minor
of G. A cluster is a set of vertices. In our algorithm, there are three kinds of clusters: parts,
cores and shortcutters. We define parts in Definition [{.4.5 A core is an arbitrary cluster.
A shortcutter is a cluster S¢ that contains a core C of vertices that are “assigned” to it. A
clan is a set of (vertex-)disjoint shortcutters. A horde is set of clans.

All hordes in our algorithm satisfy the following invariant:
Invariant 4.4.2. A horde H consists of at most lmae < m°Y clans.

Definition 4.4.3 (Covering hordes and overlay partitions). A horde H is said to cover H
if each vertex in H 1is in the core of some shortcutter in some clan of H.

Given a collection of covering hordes {H;}°,, the overlays P;({H;}i2,) are formed by
refining all cores of shortcutters from all clans in Uj>;H;. More precisely, let x; denote the
equivalence relation formed by letting u ~,, v if and only if for all clans C € U;>;H;, u and
v are either (a) both in the same core of C or (b) both not in any core of C. Let P;i({H:}7°)
denote the equivalence classes of x;.

Since all H;s are covering, each P;({H;}?%,) is a partition of V(H). A part P is some
cluster in P;({H;}2,) for some i € [oy]. Each part P € P;({H;}7°,) is assigned to a single
core Cp of a shortcutter Sp in some clan of H,;.

Let OP;({H;}°,) denote the set of boundary edges of parts in P;({H;}2,).

Organizing shortcutters into clans allows us to define properties that hold for shortcutters
in a clan “on average.” Now, we define various properties that cores, shortcutters, clans,
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and hordes should have. After defining these properties, we summarize their relevance to
bounding the shortcutted random walk simulation time in Table [£.4.1]

For each of these definitions, fix a distance scale R. We start by insisting that each core
consist of closeby vertices.

Definition 4.4.4 (R-clans). Call a clan an R-clan if each shortcutter’s core has H -effective
resistance diameter at most R.

R may be referred to even if a clan is not an R-clan (i.e. the clan may not have bounded
diameter cores).

Each clan contains shortcutters that are relatively similar to one another. This way, our
analysis of the shortcutting scheme can focus on the clans within a horde independently.
Specifically, a clan C is said to be bucketed if the maximum size of a shortcutter in C is at
most 4m/|C].

Inverting this definition suggests a more convenient definition of the size of a clan.

Definition 4.4.5 (Effective size and bucketing). The effective size of a clan C, denoted sc,
1s the following:
m
maxge-ec ’E(Sc) U 850\
We say that a clan C is bucketed if

Sc ‘=

‘C| S 4SC

Clans also contain shortcutters with the property that using a shortcutter bypasses many
random walk steps. Specifically, the conductance of a shortcutter is relevant for assessing
how many times it is used, as discussed in Section . For an arbitrary graph H', let ¢!’ (Se),
the conductance of S¢ with respect to H', be

H(So)i= Y S UV se)
cCB(CV(H\SC)

We define the conductance with respect to H', not H, because we need to delete edges
from H in order to maintain the condition that ¢’ (S¢) is low after conditioning. H’ will be
a graph obtained by deleting some edges deleted(C) from H:

Definition 4.4.6 (Deletion set and the deletion set condition). For a clan C € &;, maintain
a set deleted(C) of edges. This set must satisfy the deletion set condition, which states that
no deleted edge is incident with a nonempty part. Specifically, for any P € P;(E) for which

E(P) # 0,

deleted(C) N (OyP) =10
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The deletion set condition ensures that precomputed random walk steps to the endpoint
of a deleted edge cross a boundary edge of some part in P;(£). We exploit this in Section
4.6l

The following condition is used to bound the precomputation work during the shortcut-
ting algorithm:

Definition 4.4.7 (Modifiedness). We say that a clan C is T-modified if the number of deleted
edges is not too high on average:

|deleted(C)| < Tm! % se
For a clan C, let He := H \ deleted(C). For a shortcutter S € C, let ¢©(S¢) = cf¢(Se).

Definition 4.4.8 (Conductivity). A clan C is (-conductive if

1/o1
Y E(Se) < ¢mse

R
SceC

The (-conductive requirement is a way of saying that shortcutters within a clan are
large on average. However, we also need a way of saying that they are not too large. If
they are too large, the set of vertices that we are conditioning on may intersect too many
shortcutters from another clan. View these vertices as being clustered into a small number
of low effective resistance diameter balls and focus on each ball C’" one at a time. If C” is
close to the core of some shortcutter S¢, then C’ does not need to be removed from S¢ to
make S carved with respect to C’. Therefore, we only need to delete C” from Sc when C’
and C' are well-separated. This motivates the notion of ties.

Consider an R-clan C and a shortcutter S € C. Let C’ be a cluster with He-effective
resistance diameter at most SR for some 5 > 1. We say that C” is tied to S¢ if both of the
following hold:

o (Intersection) C' intersects Se.

o (Well-separatedness) minyec yecr Reff g, (u,v) > By R, where 5y = 100.

Definition 4.4.9 (Well-spacedness). An R-clan C is well-spaced if no cluster C" C V(H)
18 tied to more than one shortcutter S¢ € C.

The lack of ties for well-spaced clusters ensures that deleting C” from all shortcutters in
C does not increase the total conductance of shortcutters in C much.

All of the definitions that we have discussed leading up to this are used to show that
conditioning once takes at most O(m!'*°Ma°M) time. Recall from Section that sampling
the intersection of a random tree with E(S) for some set of vertices S is supposed to allow
us to get rid of some shortcutters because the boundary of S is small.
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Definition 4.4.10 (Boundedness). Say that a clan associated with distance scale R is k-
bounded if

> o) < =

SceC

We now extend our definitions of clans to hordes. A horde H is an R-horde if each clan
in ‘H is an R-clan. A horde H is bucketed if each clan in it is bucketed. A horde is 7-modified
if each clan in it is 7-modified. A horde H is (-conductive if each clan in it is (-conductive.
A horde is well-spaced if each of its clans are well-spaced. A horde is k-bounded if each of its
clans is k-bounded. A horde satisfies the deletion set condition if each of its clans satisfies
it.

We now give definitions that are specific to hordes and to collections of hordes. Each
vertex needs to have a shortcutter at every distance scale. Since a horde is associated with
one distance scale R, each vertex should have a shortcutter in each horde. Now, we define a
special collection of hordes called an empire with which sampling can be performed:

Definition 4.4.11 (Empires). An empire £ is a set of covering hordes {&;}7°,, with &
being an firaga® 0t Vr, 0 -horde. Define bucketedness, T-modifiedness, C-conductivity, well-
spacing, k-boundedness, and the deletion set condition for empires as well if these conditions

hold for all constituent hordes.

Now, we show how these properties fit together to bound the runtime of our implemen-
tation of the full shortcutting meta-algorithm described in Section [£.2l When the random
walk is at a vertex u, the meta-algorithm first finds the maximum i € [og] for which the
intersection of a shortcutter Sp, with the set S is covered, where P; € P;(£) is the unique
part containing w. If E(P;) = (), it does a standard random walk step. Otherwise, it samples
whether the random walk hits an endpoint of an edge in deleted(C) before exiting Sp,, where
C is the clan containining Sp,. If so, it uses offline shortcutting to shortcut to deleted(C).
Otherwise, it uses online shortcutting to shortcut to the boundary of Sp..

The above discussion cites three kinds of random walk-related work and one kind of
precomputation work. To bound the random walk-related work, we exploit Lemma [£.2.3]
Lemma requires two things: a bound on conductance and a bound on the distance
to an unvisited vertex. Work done using a part P; is charged to the clan containing Sp, as
follows:

This table does not discuss the well-spacedness or bucketing conditions. Well-spacedness
is used to bound the conductivity increase due to carving in the proof of Lemma [4.4.15]
while the bucketing condition is used to bound the number of edges added to deleted(C) in

the proof of Lemma |4.4.18|
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4.4.2 Creating and maintaining shortcutters

Our algorithm maintains an empire £. Before each conditioning phase, it recomputes short-
cutters in order to endow them with properties that are lost after one round of conditioning:

Lemma 4.4.12. There is an almost-linear time algorithm RebutildEmpire({H,;}7°,) that,
o0

when given a set of covering hordes {H;}°, with H; associated with distance scale at/ ooty
in a graph H, returns an empire & = {H.}7°, with the following properties:

e (Bucketing) £ is bucketed.

(Conductivity) If each horde H; is (-conductive, then £ is (8logn)¢ + (161ogn)papy-
conductive.

o (Well-spacedness) £ is well-spaced.
e (Boundedness) If each horde H,; is k-bounded, then € is k+ ko bounded, for kg < m°W).

o (Modifiedness and deletion set condition) If each horde H; is T-modified, then & is T-
modified as well. Furthermore, if the deletion set condition is satisfied in each clan of
each H;, it continues to be satisfied in .

o (Clan growth) The number of clans in € is at most pay,logn times as high as the
number of clans in all of the H;s.

o (Containment) For any i € (0|, consider any part P € P;(E). There is a unique part
Q € Pi({H;};) for which P C Q. Furthermore, Cp C Cg and Sp C Sg.

Our spanning tree generation algorithm starts by calling RebuildEmpire on the set of
hordes consisting of one clan, each of which just contains the one shortcutter V(G). These
hordes are clearly covering and have ( = 0, K = 0, and 7 = 0. RebuildEmpire is useful to call
on the remnants of empires after conditioning later on in order to achieve the containment
property. Containment is essential to our notion of progress, as discussed in Section [£.2]

4.4.3 Selecting parts to condition on

Given an empire £ with respect to a graph H, we can choose a set of vertices S to condition
on. The set S is small enough that, when carved out of shortcutters in £, does not increase
their conductivity too much. The upside of carving is that each vertex in S is close to the
core of any shortcutter that it is in. We now define this precisely:

Definition 4.4.13 (Active parts and carving). A part P is called active if it has nonempty
interior, i.e. E(P) # (). A shortcutter is called active if any part assigned to it is active.

A shortcutter S¢ in an R-clan has been carved with respect to S C V(Q) if each vertex
v € SN Se is within H-effective resistance distance piegeR of all vertices in C. An R-clan
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C in an empire £ has been carved with respect to S if all of its active shortcutters have been
carved with respect to S. An R-horde H in an empire £ has been carved with respect to S if
each clan in it has been carved with respect to S. An empire £ has been carved with respect
to S if each of its hordes has been carved with respect to S.

The routine ConditioningVerts both (a) selects parts K for conditioning on and (b)
removes vertices from the shortcutters of the input empire £ in order to ensure that it is
carved with respect to Upcx P. The ConditioningVerts subroutine maintains internal state
and is the only method that exploits the “Containment” guarantee of Lemma The
“Progress” input condition in the following definition captures the fact that partial sampling
eliminates edges in the induced subgraph of the previously chosen parts:

Definition 4.4.14 (ConditioningVerts input conditions). Given an empire € in a graph H,
the algorithm ConditioningVerts(E) returns a set of parts K to condition on and removes
vertices from the shortcutters in the empire € to obtain E'. Let Eyren be the argument sup-

plied to the previous call to ConditioningVerts, let Ky := ConditioningVerts(Epren),
and let E;Tev be the empire Epey after being modified by ConditioningVerts. Let Hp.,

be the graph in which &y, lies. The following conditions are the input conditions for
ConditioningVerts:

o (Parameters) £ is a bucketed, (-conductive, well-spaced, T-modified, and rk-bounded
empire that satisfies the deletion set condition.

e (Containment) For any i € [oy], consider any part P € P;(E). There is a unique part
Q € Pi(Eprew) for which P C Q. Furthermore, Cp C Cg and Sp C Sg.

e (Progress) For each P € Kpey, En(P) = 0.

Lemma 4.4.15. Given an empire € = {&;}7°, in a graph H that satisfies the input conditions
given in Deﬁmtion ConditioningVerts(E) returns a set of parts IKC to condition on
and removes vertices from the shortcutters in the empire £ to obtain E'. Let S = Upex P C
V(H). Then the following quarantees are satisfied:

o (Conductivity) £ is a bucketed, T-modified, ¢ + 10(log m)papp(lmax + T)-conductive,
well-spaced, k-bounded empire that satisfies the deletion set condition.

o (Carving) £ is carved with respect to S.

4.4.4 Making enough progress during each round of conditioning

In the previous section, we showed that S is small enough to ensure that carving S out of
all shortcutters in £ does not increase the conductivity of £ too much. We now show that S
is large enough to make a lot of progress. Specifically, we show the following:
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Lemma 4.4.16. Consider a sequence of calls K <— ConditioningVerts(E7) that modifies
&I to obtain (E7). Suppose that H is the graph in which & is defined. Suppose that for
each j >0, E + &9, Eprey + E7, Kprew < K71 satisfies the input conditions in Definition
[4.4.1]) Let

200

jfinal - (201)
Then E(Hfinat) = ().

This means that only (201)*° < o(logn) rounds of conditioning are necessary to sample
a random spanning tree.

4.4.5 Conditioning on the intersection of a random tree with the
selected vertices

Now that each shortcutter So only intersects vertices to condition on that are close to C,
we can make the idea for using online shortcutting in Section a reality:

Lemma 4.4.17. Let K C U°,Pi(E) be a set of parts. Let F = UpecE(P) and S =
UpercP. Suppose that the empire £ is (-conductive, k-bounded, T-modified, satisfies the
deletion set condition, and has been carved with respect to S. Then, there is an algorithm

PartialSample(E,K) that returns the intersection of a random spanning tree T in H with
F in O(((C 4 &) frearve + T)lmaxn /710 00D time.

4.4.6 Fixing shortcutters

After computing T'N F' < PartialSample, contracting all edges in F N7 in H, and deleting
all edges in F\T from H, £ is no longer an empire with respect to H. In particular, the well-
spacedness, (-conductivity, and core diameter conditions break down. Well-spacedness and
diameter can be fixed by applying RebuildEmpire. However, the (-conductivity constraint
accumulates over an old value. We could recompute the empire from scratch, but that forgoes
the containment property that is so important to establishing progress. We deal with this
issue by adding edges to deleted(C) for each clan C in &:

Lemma 4.4.18. Let H be a graph, £ be an empire in H and K be a set of parts. Let
S = UpexP and let F = UpecE(P). Let H' ~ H[F]. Suppose that the following input
conditions hold & :

e (Bucketing) The empire £ is bucketed.

e (Carving) & is carved with respect to S.

With high probability over H', FizShortcutters(E, H',K) adds edges to the deletion set
of each clan of € to obtain a set of covering hordes {H.} with the following properties:
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e (Boundedness) For each i, if & is k-bounded, then H| is (k-bounded, where { =
22 &)

o (Modifiedness and deletion set condition) For each i, if & is T-modified and satisfies
the deletion set condition, then H. s pimoq(T+()-modified and also satisfies the deletion
set condition.

e (Conductivity) For each i, if &; is (-conductive with respect to H, then H, is at most
7¢-conductive with respect to H'.

Futhermore, it does so in m'*°M) time.

4.4.7 An m'*°Wa°0) time algorithm for exact random spanning
tree generation

We now tie the results from the previous sections together to prove Theorem [4.1.1} We
prove this result using the algorithm ExactTree, which simply chains the algorithms from
the previous sections in order:

Algorithm 2: ExactTree(G)

1 H+—G

// the set of hordes which contain one clan consisting of one
shortcutter (the entire graph)

&= {{V(G}H}}E

T+ 0

while E(H) # 0 do

& < RebuildEmpire(E)

K < ConditioningVerts(&)

T < T'UPartialSample(&, K)

Contract all edges in H added to T and delete all other edges internal to parts of K

FixShortcutters(&, H,K)

end

return 7'

© 0 N O s WN

— e
- o

Most of the effort in proving the above result boils down to checking that all of the input
conditions are satisfied for each of the subroutines that ExactTree calls.

Proof of Theorem[4.1.1 Invariant [£.4.21 Each of RebuildEmpire,

ConditioningVerts, PartialSample, and FixShortcutters increases the number of clans
by at most a factor of (logm)uapp. By Lemma [4.4.16, only (207)*° iterations take place.
Since there is only one clan initially, the number of clans at the end is at most

< me®)

) (2ony?o0 = Emax

((log m) tapp

as desired.
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k < Kmax. Bach of the subroutines called in the while loop increases x by at most a factor
of lrmax and additively by at most kg < m°1. Therefore,

K S (gmax) (201 )200

< ((log m)luapp
= Rmax

< me

)(20’1)400

as desired.
T < Tmax and ¢ < (pax. Each subroutine call increases max(7, () by a factor of at most
10(log m) ptapp and additively by at most 10(log m)ftapplmaxfimoa- Therefore,

) (20’1 )2‘70

maX(T> C) (10(10g m),uappgmax,umod

((log 17) frapp) 27"
- maX(Tmaxa Cmax)

< me

<
<

as desired.

Well-definedness. Start with RebuildEmpire. At the beginning of the algorithm,
¢ =0, k =0, and all of the deletion sets are empty, so the deletion set condition is satisfied.
£ is not an empire when it is supplied to RebuildEmpire, but is a set of covering hordes
because either (a) this is the first iteration and the cores are all V(G) or (b) Lemma
states that the hordes H,; are covering. Therefore, RebuildEmpire’s input conditions given
in Lemma [4.4.12| are always respected.

Next, consider ConditioningVerts. The “Parameters” condition is the “Parameters”
guarantee from Lemma [£.4.12] The “Containment” condition follows from the “Contain-
ment” guarantee of Lemma [£.4.12] along with the fact that FixShortcutters only adds to
the deletion sets of the clans and PartialSample does not change £. Line |8 of ExactTree
contracts or deletes each edge internal to each part in K. Therefore, the “Progress” condition
is satisfied afterwards.

The desired parameter bounds for PartialSample are given in the “Boundedness and
covering” guarantee of Lemma[4.4.15, The carving condition of Lemma 4.4.17]is the “Carv-
ing” guarantee of Lemma [£.4.15]

Finally, deal with FixShortcutters. The input conditions for Lemma are given
directly as the “Carving” guarantee of Lemma [4.4.15] the “Bucketing” guarantee of Lemma
4.4.12) and the fact that removing vertices from shortcutters preserves the bucketing guar-
antee.
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Correctness. By Theorem sampling a random tree in some H is equivalent
to partial sampling with F' = UpexcF(P) and sampling a tree in the graph obtained by
contracting the chosen edges in F' and deleting all others. By Lemma[4.4.17] PartialSample
returns a valid sample from a uniformly random spanning tree of H intersected with F'.
Therefore, once E(H) = (), T has been completely sampled and is valid.

Runtime. By Lemma [4.4.16) the while loop runs at most (201)%%° < m°1) times.
RebuildEmpire, ConditioningVerts, PartialSample, and FixShortcutters each take
mitoMeM+1/(@o+1) time by Lemmas [{4.4.12] |4.4.15] [4.4.17, and 4.4.18| respectively and our
bounds on liax, Tmaxs Kmax, a0d (nax. Contracting and deleting edges only takes O(m)
time. Therefore, the entire algorithm only takes O(m!*o(MqeD+1/(@0+1)) time. Since oy is
superconstant, this runtime is m!*°Ma°M  as desired. O

4.4.8 An m't°We(_time algorithm for generating a random
spanning tree from a distribution with total variation
distance ¢ from uniform

In Section we give a simple reduction that proves Theorem given just Theorem
[4.1.1] The reduction samples the intersection of a random tree with a part of the graph with
polynomial aspect ratio and smallest resistances. Conditioning on this part of the graph
removes the edges with smallest resistance from the graph. A ball-growing-type technique
and Theorem [4.1.1] ensures that each round of conditioning eliminates a number of edges
from the graph proportional to the amount of work done.
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4.5 Computing Shortcutters

In this section, we prove Lemma [4.4.12 by implementing RebuildEmpire. RebuildEmpire
starts by building cores in CoveringCommunity. It then builds shortcutters around those
cores in Voronoi.

4.5.1 Building cores

In order to ensure that Voronoi can actually build good shortcutters around the cores,
CoveringCommunity outputs cores that are organized into well-separated families. We start
by giving some relevant definitions.

Definition 4.5.1 (CoveringCommunity-related definitions: families and communities). Con-
sider a graph I. A family is a set of clusters F. A community is a set of families. An
R-family is a family of clusters with I-effective resistance diameter at most R. An R-
community is a communily consisting of Rg-families for possibly different values “id <
Ry < R. An (R,~)-well-separated family is an R-family F with the additional property that
the I-effective resistance distance between any two vertices in different clusters in F is at least

vR. A ~-well-separated community is a community that consists of (Rx,~y)-well-separated
families F.

Notice that in this definition, vy is constant across all families but Rz is not. Well-
separatedness is important for obtaining (-conductive shortcutters. However, Lemma [4.4.12
also demands that cores have small total boundary. The boundary size is judged based
on a cluster C' coming from remains of a former empire. This motivates the definition of
X-constraint.

Definition 4.5.2 (CoveringCommunity-related definitions: X-constraint and boundedness).
Say that a community is X-constrained if all vertices in clusters within families of the

community are in X. Say that an X-constrained R-community D is k-bounded if for any
family F € D,

7 RIET(X) U 0rX|
> o) < =

CeF

We construct cores using the following result, which is proven in Section [B.2.1}

Lemma 4.5.3. The algorithm CoveringCommunity,(X,I, R), when given a cluster X, a
graph I, a radius R, and a Johnson-Lindenstrauss embedding D of the vertices of V(I),
returns an pyoqR-community D with the following properties:

o (Input constraint) D is X -constrained.

e (Covering) Each vertex in X is in some cluster of some family in D.
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e (Boundedness) Each family F € D satisfies

> d@0) < K°|EI<XB2 VarXl (9, X)

CeF

o (Well-separatedness) D is 7y4s-well-separated.

o (Number of families) D has at most jiqp, families.

Furthermore, CoveringCommunity takes almost-linear time in |E(X) U 0X]|.

D is only given as input to CoveringCommunity for runtime purposes.

We now briefly discuss how each of these properties relates to properties of cores in
Lemma [4.4.12] We apply CoveringCommunity(X, I, R) to each core C' in the R-clain C with
I + H¢. The input, covering, and number of families constraints of Lemma[4.5.3|relate to the
parts of the containment constraint of Lemma [4.4.12] as it relates to C'. The boundedness
constraint relates to the boundedness constraint of Lemma 4.5.3l The well-separatedness
constraint is used later on to obtain a (-conductive clan of shortcutters.

CoveringCommunity is very similar to the sparse cover constructions (for example [13]).
When growing each cluster, though, (1) consider all nearby vertices for adjacent growth, not
just adjacent balls and (2) ball-grow the resulting cluster afterwards to ensure that it has
small boundary size. We give this construction in the appendix.

4.5.2 Building the shortcutters

Now we exploit the well-separatedness of the cores to build good shortcutters. We start by
showing a result that allows us to translate well-separatedness into a shortcutter conductance
upper bound:

Lemma 4.5.4. Consider a 74 = 9(logn)?/? well-separated R-family of clusters F in a graph
G. Let H := Schur(G,UcecrC). Then

R
Z %H(e) < Napp’}—‘

e€E(C,C"),C#C'eF ¢

We prove this lemma in the appendix. We now give a brief description of the proof. If
each cluster is a single vertex, the result is equivalent to Foster’s Theorem (Remark .
One can prove Remark [12| combinatorially by running the Aldous-Broder algorithm on H
and writing down the sequence of relevant cluster visits; i.e. visits that end up adding a new
edge to the tree. This sequence has the property that no two clusters can alternate more
than once; otherwise at least one would be covered. Such sequences have been investigated
before; they are Davenport-Schinzel sequences. In particular, Davenport-Schinzel sequences
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are known to have linear length in the number of letters. This means that only a linear
number of edges can be added.

This reasoning generalizes to the case where clusters are not single vertices. If the random
walk alternates between two clusters more than log, n times, it covers one of them with
probability at least 1 —1/n. Therefore, the sequence of visits is log, . _n-Davenport-Schinzel.
Picking 745 to be a high enough subpolynomial value gives a linear bound on the length of
the sequence. There are some minor complications caused by the fact that a cluster can
appear multiple times in a row in the sequence, so it is not truly Davenport-Schinzel. We
describe how to cope with this issue in the proof of Lemma [4.5.4]

If we could compute the Schur complement H, we could directly run Aldous-Broder on
this Schur complement and sample the intersection of a random tree with all of intraclus-
ter edges in F. This is expensive, though. Furthermore, the resulting graph is no longer
sparse. Instead, we build shortcutters around each cluster in order to make it so that using
a shortcutter effectively simulates one step of the Schur complement random walk in F.
Intuitively, we design a shortcutter around each core that has the property that using it
takes the random walk from a cluster C' to a vertex from which it is more likely to hit some
cluster besides C' before returning to C'. This intuition motivates the following definition:

Definition 4.5.5 (Potential level sets). Consider a family of clusters F in a graph G and a
cluster C € F. Let Sg(p,C) denote the cluster of vertices v € V(G) for which

Pritc <trpyoy) 2 1-p

Due to the interpretation of probabilities as electrical potentials, this set can be computed
using one Laplacian solve on GG with each cluster in F identified to a vertex:

Remark 7. For any family F in a graph G, a cluster C € F, and a number p € (0,1).
Then a set 8" C V(G) with Sr(p—1/(ma)*,C) C 5" C Sr(p+1/(ma)?,C) can be computed
in near-linear time in |E(G \ (UcrexC"))|.

The upper bound on S¢ in the following lemma is used to show that C is well-spaced;
i.e. that the shortcutters are far away from one another. The lower bound is used to show
that C is ¢-conductive for some ¢ < m°Ma°M: ie. that using those shortcutters saves a lot
of work. We show the following in Section [B.2.2}

Lemma 4.5.6. The algorithm Voronoi(I,F) takes a family F in the graph I and outputs
a clan C in near-linear time in |E(Z) U 0Z| with the property that for each C' € F, there
is a shortcutter Sc € C with the property that Sx(1/(8logn),C) C Sc C Sx(1/8,C), where
Z =V(I)\ (UcerC).

One could satisfy the above lemma just by returning a clan of Sz(p, C')s for some constant
p € [1/(8logn),1/8]. Sx(p,C) can be computed using one approximate Laplacian system
solve. We are not aware of a way to compute all shortcutters for F efficiently. Instead,
Voronoi partitions clusters into two megaclusters in logn different ways so that no two
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clusters are in the same part of every partition. Then, it computes Sz(1/(8logn), P) where
P is one side of the partition and intersects all of the partitions to obtain shortcutters.
This only requires O(logn) Laplacian solves. The Laplacian solves are all in the graph with
clusters identified to different vertices. This graph has size |E(Z) U 0Z].

As we saw in the Algorithm Overview, these shortcutters are modified many times over
the course of the algorithm. The intuitive description of these shortcutters quickly breaks
down after any modification. We use Lemma [4.5.4] along with the following proposition, to
establish that the clan output by Voronoi is (-conductive for some reasonable (:

Proposition 4.5.7. Consider a y-well-separated R-family F in' Y C X C V(H¢) and let
I := Schur(He,UcerC'). Suppose that

CSchu'r‘(Hc,YU(V(H)\X)) (E(Y, V(H) \ X)) < 6
For any C € F, let

A]:(C) — Z Reff](e)

I
r
e€cE(C,C),C'#£CeF e

Let F' .= FUA{V(H) \ X} and consider any clusters Sc with Sz (p,C) C S for all
C e F. Then

c Ar(C) §
C;TC (So) < (Cgfp(v—él)R) T

A relatively simple argument about electrical potentials and their relationship with ef-
fective resistances shows the following, which is used to establish well-spacedness:

Proposition 4.5.8. Consider a family F in a graph H. Let C € F be a cluster with H -
effective resistance diameter R. Consider some So for which C C S¢ C Sx(p,C) for any
p € (0,1/2). Consider a cluster C" that is tied to C. Then C' C Sx(p+ 3/10,C).

We prove all of these statements in the appendix.
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4.5.3 Tying the parts together

Now, we combine the statements of the previous two subsections into a proof of Lemma
4.4.12, We first implement the algorithm RebuildEmpire:

Algorithm 3: RebuildEmpire({H,}°;)

1 D < factor 2 error Johnson-Lindenstrauss embedding of H into R®!°¢™ dimensions
2 foreach i € {1,2,...,00} do

3 | &<+ 0

4 foreach clan C € H; do

5 T < [app

6 {CLe V™ {Cok 18T, .. {Cri ) 28T all are initialized to

7 foreach shortcutter Sc € C do

8 F17f2,...,FT<—®

9 For each j € [T], F; < jth family of the community

CoveringCommunity ,(C, He, o’/ @0+, )
// bucketing

10 foreach j € [T] do
11 Fi1 «— F;
12 for k=1,2,...,logm do

13 Cjr < C;;U the shortcutters in Voronoi(He, Fjr U{V(H) \ Sc})

with size at most 2F
14 deleted(Cj;) + deleted(C)
15 Fjik41) < the subset of Fj, with shortcutters in
Voronoi(He, Fj U{V(H)\ Sc}) with size greater than 2*

16 | &i < & Ujerrkefogm) {Cit

17 foreach i € {1,2,...,00} do

18 foreach P € P;(£) do

// will justify well-definedness in ‘‘Containment’’ analysis
19 Let @ be the unique part in P;({#;}2,) containing P
20 Let Cp be an arbitrary core in an F; obtained from the
CoveringCommunity(Cq, He, /@0y ;) call on Line@

21 Let Sp be the shortcutter in £ assigned to Cp

22 return {&;}7°,

We now prove Lemma [4.4.12 given all of the propositions and lemmas in this section.

Lemma 4.4.12. There is an almost-linear time algorithm RebuildEmpire({H;};°,) that,
when given a set of covering hordes {H,;}7°, with H; associated with distance scale ot/ ooty

in a graph H, returns an empire € = {H.}7°, with the following properties:

o (Bucketing) £ is bucketed.
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o (Conductivity) If each horde H; is (-conductive, then £ is (8logn)¢ + (161ogn)tapp-
conductive.

o (Well-spacedness) £ is well-spaced.
e (Boundedness) If each horde H,; is k-bounded, then € is k+ ko bounded, for kg < m°W).

e (Modifiedness and deletion set condition) If each horde H; is T-modified, then & is T-
modified as well. Furthermore, if the deletion set condition is satisfied in each clan of
each H;, it continues to be satisfied in .

o (Clan growth) The number of clans in £ is at most fia,logn times as high as the
number of clans in all of the H;s.

e (Containment) For any i € [oy|, consider any part P € P;(E). There is a unique part
Q € Pi({H;};) for which P C Q. Furthermore, Cp C Cg and Sp C Sg.

Proof of Lemma[/.4.12 Radii of clans. CoveringCommunity outputs an jiaqa/ 70+ Yy, ;-
community, so each cluster has H effective resistance diameter at most jiyaqc/ @ty . as
desired.

Bucketing. Each clan Cj, € &; arises from one clan C of H; and Fj;, for that clan C. By

Line [13]

max |E(Sc/)UdSe| < 2F

SC/ GCjk

Therefore,

m
SCip > o

Next, we bound |Cj|. The shortcutters in Voronoi(He,,, Fjx) are disjoint because the
shortcutters Sx(1/2 —€,C") for C' € F are disjoint for any € € (0,1/2). Line [15] ensures
that the clusters Fj; are cores of shortcutters with size at least 2k=1 The shortcutters in Cjk
are disjoint because Voronoi produces disjoint subclusters of S¢ and the S¢s are disjoint by
definition of C. This means that

Cul < my2t

Combining inequalities shows that

|Cjk| < Qscjk

which implies bucketing.
Conductivity. Suppose that each H; is (-conductive and consider a clan C € H;.
Consider a shortcutter So € C, j € [T], and k € [01]. Let X < S¢, Y « C, F < Fj,
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¥ < Yas, and p < 1/(8logn). This is valid because Fjj, is a ygs-well-separated o/ @0+ yr -
family by Lemma Therefore, Proposition applies and shows that

DRCICHEY i piiteacti T BALS

i/(oo+1 .
C'eFjk C'eFji, pyex e )Tmm P

where the shortcutters S¢r are in Cj,. By Lemma [£.5.4]

s (@) )| o) BlFul | El5)
ai/(¢70+1)7"min p - p’y&i/(00+l)rmin b

C/E}—jk p,y

Summing over all S¢ € C shows that

_ 2fbapp | Fi (S
D EH(Sen) < (Z &i/<i‘3|+1§ﬁ| ’ ) + (Z ¢(5c) C>>

SC/GCjk SceC p"}/ SceC p

where Fjj, is defined for S¢ in the above right hand side summand. Furthermore,

2 F; (S 2 C; ml/o
(3 ) o (3 )] < el
SCEC 7 min SC ec ry mwn mwn

< (16(I0g n)ptapy + (81og m)CmY/™) sc /(a7 V)

by the bucketing of Cj;. This is the desired conductivity statement.

Well-spacedness. Consider any cluster C” that is tied to S¢v € Cj;. Suppose that Se
was generated from the shortcutter So. By Lemma Scr € Sz uvannse (1/8,C7),
where Fjj, corresponds to Sc¢. By Proposition applied in the graph H <+ He, C" C
SEuvnse}(3/8,C"). Since each vertex has potential greater than 1/2 for only one cluster
in Fje ULV (H)\Sc}, Srupvinsey (3/8, C') does not intersect any other Sz, ugv(m\se}(3/8, C™)
for C" € F;;,\{C"}. Therefore, C" cannot intersect any other shortcutter in C;j, for a core in
Fijk. Furthermore, Sz, uqv(m\sc) (3/8, C') does not intersect Sz, uv(mnsey(3/8, V(H)\ Sc).
Therefore, C” cannot contain any vertices outside of Sc. As a result, it cannot intersect any
shortcutters of C;;, that are not for cores in Fj;. Combining these two statements shows that
C" can only be tied to one shortcutter Scv € Cjj, which is well-spacedness.

Boundedness. Boundedness follows from the following:
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>, Oath =3 3

Scr€Cj SceC C'eFj

Kol B (C) U oy C|
(ZC (OnC) + i/ @ty

r
Scec min

= (Z ¢ (6H0)> * ai/ oty .
SceC
(k + Ko)m

o ai/(ao+1) T'min

where the first inequality follows from the “Boundedness” guarantee of Lemma [4.5.3] the
second inequality follows from the fact that Sgs in C are disjoint, and the third inequality
follows from the x-boundedness of C.

Clan growth. Each clan C is replaced by clans of the form Cj;. There are only 7'logm <
Happ log 1 clans of this form.

Containment. We start by showing that the part () defined on Line [19|is well-defined.
It suffices to show that P;(E) is a refinement of P;({H;}72,) for all i € {1,2,...,00}. We
show this by induction on decreasing i. Inductively assume that P;,1(€) is a refinement of
Pir1({H;}52,) and consider a part P € P;(£).

Let C be a core in some clan of H,; that intersects P. By the “Covering” guarantee of
Lemma[£.5.3] some core C” in some family output during the call to CoveringCommunity on
C in Line [J intersects P. By the “Input constraint” guarantee of Lemma [4.5.3) C' C C. By
definition of P;(&), P C C". Therefore, P is contained in all cores C' in some clan of H; that
intersect P. Furthermore, P is contained in a unique part of P;,1(€) by definition. This part
is contained in a unique part of P;y; ({H;}72,) by the inductive assumption. Since P;(£) is
the refinement of all cores in &; and 771+1(5 ) and P is contained in all cores of H; and parts
of P;11(€) that it intersects, P is contained in a part @ in the refinement P;({#;}72,). This
completes the inductive step and shows that () is well-defined.

Let Cg be the core assigned to Q in {#,; 72, By the “Covering” guarantee of Lemma
4.5.3|applied to the Cg call, there is a core C" C Cy (by the “Input constraint”) with P C C".
Therefore, there exists a choice of Cp on Line 20/ and Cp C Cq.

Now, we show that Sp C Sg, which is the same as showing that Sc, C Sc,. Since
Cp is in some Fy, created on Line [9] for Cy, the Voronoi call that creates Sc, has the set
V(H)\ Sc, in its input family. This means that S¢, cannot intersect V(H) \ Sc,, which
means that So, C Sc,,, as desired.

Modifiedness and the deletion set condition. This follows from the fact that
deleted(Cj;) = deleted(C) and the “Containment” guarantee for cores.

Runtime. For each core C' of a shortcutter in C, the runtime of CoveringCommunity is
at most m°V|E(C) U OC| by the runtime condition of Lemma . The runtime of the j
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and k loops is at most m°M|E(Sc) UdSc|, by Lemma and the fact that Voronoi takes
V(G) \ Sc as one input cluster. Since C' C S¢ and shortcutters in C are disjoint, the total
work for shortcutters in C is m't°M). Since there are m°") clans in the input hordes, the
total runtime of RebuildEmpire is m!+oM).

O
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4.6 Conditioning on the selected parts

Now, we prove Lemma [4.4.17. Let S = UpexcP. Aldous-Broder only needs to cover S in
order to sample the intersection of a random tree with Upcc F(P). Since € has been carved
with respect to S, each active shortcutter So € ‘H; € £ has one of two statuses at any time:

e (Ready) S¢ has been covered and therefore can be used or S¢ is not active.

e (Boundary) Sc has not been covered and C' is within distance ucarveo// (ot . of
some unvisited vertex in S.

Now, suppose that a vertex v is in a part P; in P;(£). Look at the maximum level i
for which P;’s shortcutter has a “Ready” status. Since P;y;’s shortcutter has a “Boundary”
status, v is within distance pearvec™ /(@0 - of some unvisited vertex in S.

Since P;’s shortcutter is “Ready,” it can be used without skipping any first visits to
vertices in .S. We now clarify what “use” means. Ideally, we could just use online shortcutting
to shortcut from P; to 9Sp,. This could be too expensive for two reasons:

e F(P) = 0, in which case Sp, is not active and may be larger than the promised
maximum active shortcutter size.

e Sp,’s conductance is low in He, where C; is the clan containing Sp,, not in H.

In the first case, no shortcutting is necessary, as dSp, is part of a set of boundary edges
with small enough total weight (conductance). In the second case, we precompute the prob-
ability that a random walk hits an edge in deleted(C;) before OSp,. This is our use of offline
shortcutting. We show that the precomputation work is small thanks to 7-modifiedness. If
the random walk does hit one of these edges first, shortcutting takes O(1) work and the
work can be charged to a traversal over an edge in JP;. Otherwise, the shortcut step can be
charged to a step over a small conductance set given by (-conductivity.

Our random walk analysis relies heavily on the following lemma, which we prove in the
appendix. One can think of this lemma as a softer version of the subgraph cover time bound
used by [46]. Unlike [46] and [73], we use the following lemma on many different graphs /
corresponding to various Schur complements:

Lemma 4.2.3 (Key result for bounding the number of shortcutter uses). Consider an arbi-
trary vertex ug in a graph I, an edge {u,v} = f € E(I), and an R > 0. Let B(u, R) C V(I)
denote the set of vertices in I with I-effective resistance distance at most R from u. The
expected number of times that the random walk starting at ug traverses f from u — v before
all vertices in B(u, R) have been visited is at most O(c;R), where cs is the conductance of
the edge f.

We prove this in the appendix.
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4.6.1 Our shortcutting method

We now introduce our shortcutting primitive. It relies on two facts about electrical flows,
the first of which was used by both Kelner-Madry and Madry-Straszak-Tarnawski:

Theorem 4.6.1 ([46, 73]). Consider two vertices u,v in a graph I. Let p € RVY) denote
the potentials for a w — v electrical flow with p, and p, normalized to 1 and 0 respectively.
Then for any vertex w € V(I),

Prlt, < t,| = pw

w

where t,, is the hitting time to u.

Theorem 4.6.2 (Special case of Theorem [4.3.2)). Consider two vertices u,v € V(I). For
each edge e € Ov, let f. denote the unit uw — v electrical flow on e. Then for each e € Ov,

Prle traversed to visit v for the first time | = f,
u

The first result motivates offline shortcutting, while the second motivates online short-
cutting. Efficient Laplacian solvers are approximate rather than exact. A trick due to Propp
[81] allows us to get around this issue in expected near-linear time.

Our algorithm maintains a data structure D of shortcutting probabilities that is internal
to it and an accuracy parameter €p, which initially is 1/|X¢|. Let C be the clan containing
Sc. For each vertex v € C of a shortcutter S¢ and the set X¢o = V(deleted(C)) N Se,
D stores an ep-approximations ¢, for all z € X¢ and ¢, to Pryft, < t(XC\{:c})uasc] for
all x € X¢ and Pryftss. < tx,] respectively. It occasionally recomputes D when it needs
higher accuracy in accordance with Propp’s trick. Also in accordance with Propp’s trick, D
represents these probabilities as subintervals of [0, 1], with 7., = qus + Zy before  Quy fOT an
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arbitrary ordering of X¢.
Algorithm 4: Shortcut(Sc, v)

// offline part

p < uniformly random number in [0, 1]
x1,Ts, ..., T < arbitrary ordering of X¢
while p is within ep distance of some r,, do

L €D %ED/Q

oUW N

recompute D for S¢

[=>]

if p is in a q,, interval then
7 L return an arbitrary edge incident with x

8 else
// p is in the ¢, interval, so switch to online
9 I+ H[ScUdSe|\ Xe, with 0S¢ identified to a vertex s

10 Compute e-additive approximations to u — s electrical flows for decreasing e
repeatedly using Propp’s trick to sample an escape edge from [
11 return the sampled escape edge

The runtime analysis of this algorithm takes place over three parts: preprocessing, run-
time to hit X, and the runtime to hit 0S¢:

Lemma 4.6.3. Shortcut(Sc,v) takes as input a shortcutter Sc in a clan C and a vertex
v € C. It samples the first vertexr w € Xo U JSe that the random walk starting at v in H
hits with the correct probability. The edge is correct if that vertex is outside of Sc. Shortcut
satisfies the following runtime guarantees:

e (Preprocessing) The total work to update D over an arbitrary number of uses of Shortcut
on S¢ is at most O(| X¢||E(Sc) U 0S¢|) in expectation.

o (Runtime to hit X¢) If Shortcut(Se,v) returns some vertex in X¢, it took O(1) time
to do so, excluding time to update D.

e (Runtime to hit dS¢) If Shortcut(Se,v) returns some vertez in S, it took O(|E(S¢)U
0Sc|) time to do so in expectation.

Proof. Correctness. Consider some ©z € X, p is in the ¢, interval with probability
exactly Pry[t, < t(xo\{a}juosc] by Theorem [4.6.1} so any # € X¢ is sampled with the right
probability. 0S¢ is sampled with probability exactly Pr,[tss. < tx.]. Moreover, notice that
for any non-S¢ endpoint w of an edge in 9S¢,

f:}r[tw < Lase\fwhuxe In H |taSC <tx,in H | = fz}r[tw < toso\fw}y IN H \ X¢]
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Since I = H[Sc U dS¢| \ X¢, Theorem implies that we are sampling escape edges
with the right probabilities for endpoints w of edges in 0S5¢.

Preprocessing. For a particular value of €p, the probability of recomputation is at most
2| X¢lep, as this is a bound on the probability that p is within distance ep of an r,,. If this
happens, Theorem implies that the ¢,,s for all u € C' and one z can be computed using
one Laplacian solve. Doing this for all vertices in X¢ takes O(|X¢||E(Sc) UdSc|log(1/ep))
time. The expected time is at most

Y 2XclepO(|Xc||E(Se) U dSc| log(1/ep)) Zg (| Xcl[E(Sc) U dScl)
values of ep i=0

O(|Xc||E(Se) U dScl)

to update D, as desired.

Runtime to hit Xo. If z € X( is sampled, the else block does not execute. Everything
in the if block takes O(1) time besides updating D, as desired.

Runtime to hit 9Sc. i Laplacian solves on I with error 2% are done with probability
at most 27 to compute all of the exit probabilities for v out of S¢. Therefore, the expected
work is O(|E(S¢) U 0S¢|), as desired. O
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4.6.2 Our implementation of the shortcutting meta-algorithm

Now, we implement PartialSample. This algorithm is exactly the same as the shortcutting
meta-algorithm given at the beginning of Section [4.2}

Algorithm 5: PartialSample(&, K)

S+ UPe]CP

v <— arbitrary vertex in H

F«10

while there is a verter in S that has not been visited do

i <— maximum ¢ for which the shortcutter Sp, for the part P; € P;(€) containing v

has status “Ready”
6 if E(P;) =0 then

[SATNN U VI

7 {v,w} + random edge incident with v with probability proportional to
conductance
8 e + {v,w}
9 else
10 L e < Shortcut(Sp,,v)
11 w < the Xp, UJSp, endpoint of e
12 if both endpoints of e are in S and w not previously visited then
13 | F+ Fu{e}
14 V4w

15 return F

The runtime analysis does the following:

e Preprocessing takes a small amount of time because of 7-modifiedness.

e Random walk steps and shortcut steps to Xp, take O(1) time. We can afford to
charge these steps to traversals over boundary edges of P;(€) thanks to the deletion
set condition.

e Shortcut steps to dSp, can be charged to a step over an edge in the Schur complement
obtained by eliminating all vertices internal to Sp, besides Xp,. (-conductivity can be
used to bound the number of these steps.

Picking the maximum level “Ready” shortcutter allows us to charge these steps to cover-
ing the 7 4+ 1th horde, since the above “Boundary” shortcutter contains a closeby uncovered
vertex.

Correctness relies on the following fact, which we restate from the overview:

Theorem 4.2.1 (Aldous-Broder). Pick an arbitrary vertex uy and run a random walk start-
ing at ug in a weighted graph G. Let T be the set of edges used to visit each vertex besides
ug for the first time. Then T is a weighted uniformly random spanning tree of G.
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Lemma 4.4.17. Let K C U2, P;(E) be a set of parts. Let F' = UpexE(P) and S =
UpexP. Suppose that the empire € is (-conductive, k-bounded, T-modified, satisfies the
deletion set condition, and has been carved with respect to S. Then, there is an algorithm
PartialSample(E,K) that returns the intersection of a random spanning tree T in H with

Fin O(((C + £) frearve + ) lmaxm' /710 (@0F 1)) time,

Proof of Lemma[{.4.17. We start with correctness. We need to sample the intersection of a
random tree with Z = Upex E(P). By Theorem[4.2.1] it suffices to show that PartialSample
finds all of the edges used to visit .S for the first time, since all edges in Z have both of their
endpoints in S.

Since Sp, has a status of “Ready,” it is either (1) covered or (2) not necessary to use.
If (2) is the case, then E(P;) = ), which means that a true random walk step out of v is
performed. If (1) is the case, then using the shortcutter Sp, will not skip any first visits to
vertices in S. Furthermore, Xp M S has been visited, so there is no need to keep track of
the correct edge used to visit these vertices. By Lemma [4.6.3] Shortcut returns the correct
visit edge if the walk exits through 0Sp,. Therefore, PartialSample does not miss any first
visits to S, which means that it returns the intersection of a random tree with Z.

Now, we bound the runtime of PartialSample. We break this analysis up into a number
of different types of steps. First, though, we make an observation that is relevant for all
types. v is within distance a(+1/(@0+D a0y - of some unvisited vertex in S because either
(1) Sp,,, has status “Boundary” or (2) i = 0y, in which case the diameter of the graph is at
most ary,, = ot/ (et

If-statement steps. These occur when E(P;) = (), including the case in which 7 does
not exist. In this case, one random walk step is performed incident with v. This takes
O(logn) time to execute and occurs over an edge of 9P;(&), where OP;(E) := Uprep,£)0P".

Apply Lemmato I <+ H,alledgesin OP;(£), S < S, and R < pearye T/ @00y o0
By the k-boundedness of &, the total number of steps across edges in OP;(£) within distance
R of an unvisited vertex of S is at most

O(H(OPAENR) < — o0V O < i/ 5
a9 Tmin

per clan. Summing over all clans yields a bound of i ftearve Smaxm e/ (701 - as desired.

Else-statement Xp steps. Notice that since F(F;) is nonempty, the deletion set
condition applies, which ensures that no edge in deleted(C) for any C is on the boundary of
P;. The random walk, in going from P, to Xp,, must cross an edge of 9F;, as the deletion set
condition implies that Xp, is disjoint from 0F;. As discussed in the If-statement steps bound,
only liaxflearvefmaxma’/ @01 steps occur. By the Xp, step condition of Lemma , each
of these steps takes O(1) time to execute.

Else-statement 0Sp, steps. Lemma says that Shortcut returns an edge incident
with the first vertex in Xp U 0Sp, that the random walk visits. In particular, by Theorem

4.2.4] a shortcut step directly to 9Sp, can be charged to random walk steps across a C'p, —0Sp,
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edge in I < Schur(H, Xp,UCpU(V(H)\Sp,)). Let F < E(Cp,,V(H)\Sp,), S < V(I)NS,
and R < ficaryeaTD/ (00t ) oMy By Lemma [4.2.3] the total number of steps that occur
across Fr(Cp,V(H) \ Sp,) that are within distance R of SN V(I) is at most

! (E(Cp,V(H)\ Sp))R

in expectation. We start by arguing that each 0Sp, shortcut step can be charged to one
of these random walk steps. Recall that Sp, is only used when SN Sp, is covered. All vertices
that were eliminated to obtain I were in Sp,, so all shortcut steps occur within distance R
of some vertex in SNV(I). Each shortcut step can be charged to at least one step across an
edge of E;(Cp,,V(H)\ Sp,), as discussed earlier. Therefore, the number of shortcut steps is
at most ¢/ (E;(Cp,, V(H) \ Sp,))R.

Now, we bound c!(E;(Cp,V(H) \ Sp,)). Let I’ = Schur(H \ deleted(Cp,), Xp, U
Cp U (V(H) \ Sp,)), where Cp, is the clan that contains the shortcutter Sp. Each edge
of deleted(Cp,) with endpoints in Sp, has both of its (identified) endpoints in Xp,, by defi-
nition of Xp,. Therefore, deleting these edges does not affect the conductance of the relevant
set:

! (E(Cp, V(H)\ Sp,)) = " (Ep(Cp, V(H) \ Sp,))
Eliminating Xp, also can only increase the conductance of this set. Precisely, let [” =
Schur(H \ deleted(Cp,),Cp, U (V(H) \ Sp,)). Then
CI/(EI'<CPN V(H) \ SP)) < CI”(EI”(CPN V<H) \ SPz))

This quantity has already been defined. Recall that He, = H \ deleted(Cp,). As a
result,

CI//(EI”(CPN V(H) \ SPZ)) = CCPi (SP1>

(-conductivity can be used to bound this quantity. In particular, summing these bounds
over Cp, shows that the total number of times shortcutters in Cp, can be used to travel to
their true boundaries is at most

) - [ ¢m'ise,
Cp. r,
O 3 &nsp)R| <0 (MR
SCECPZ-
S O(Mcarvegmaxscpi ml/fflal/(ao-l—l))

By Lemma using any shortcutter S¢ € Cp, takes at most maxg,.ec, |E(Sc)U0Se|
time in expectation. By definition of s¢, , the total work done using shortcutters in Cp, is at
most
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(Sméaéx |E(SC) U 630|)O(:ucarve<maxscpiml/alOZI/(UO—H)) S Mcarvecmaxml—i_l/al0[1/(00+1)
C P;

in expectation. Since £ contains /.. clans, the total amount of work due to online
shortcut steps is at mMost Comax flearveCmaxm /7 al/ (F0+1),

Else-statement preprocessing work. Each edge in deleted(C) for any clan C is inci-
dent with at most two shortcutters in C since shortcutters in a clan are disjoint. By Lemma
[1.6.3] an expected O(1) Laplacian solves on a cluster with size at most maxg,.ec |E(S¢)UdSc|
happen for each edge in deleted(C). Therefore, the expected total amount of work is at

most

(ma>cc |E(Sc) UdSc|)|deleted(C)|

Sc€

Since C is T7-modified,

(max |E(S¢) U 0Sc|)|deleted(C)| < (max |E(Sq) U 8SC|)(Tmaxml/Ulsc) < 7'maxml+l/"1
SceC SceC

The desired bound follows from the fact that £ only has /., clans.

Completing the proof. All work that PartialSample does falls into one of these four
categories for some i. Since there are only oy possible values of ¢, the total runtime is at
most O(((Cmax + Fmax) fhearve + Tmax ) lmax ! /71 @0+ “ag desired.

O
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4.7 Choosing vertices to condition on

In this section, we implement ConditioningVerts. This amounts to choosing which parts
to condition on when there are multiple levels of shortcutters.

Before doing this, we implement a simple version, SimpleConditioningVerts, which
works when oy = 1. This method illustrates the utility of conditioning on parts whose
shortcutters are largest. When oy > 1, we can no longer chose parts whose shortcutters
in all hordes are largest. Instead, we find parts whose shortcutters are “locally largest” in
all hordes; i.e. they are well-separated from cores of larger shortcutters. In this case, the
parts chosen for conditioning can be carved out anyways. This choice makes enough progress
because one can show that the sizes of shortcutters for parts chosen decrease by a factor of
m!71. After conditioning oy times, one can condition on parts in a higher-level horde. Since
there are oy hordes, the number of rounds required is o7°.

4.7.1 Warmup: A version of ConditioningVerts for oy = 1 (one
shortcutter per vertex)

In this section, we implement SimpleConditioningVerts, which satisfies Lemmas|4.4.15 and
when o9 = 1. SimpleConditioningVerts is not used in any way to prove Theorem
[M.1.1] but is included to motivate some of the ideas behind ConditioningVerts. Recall that
using no shortcutters (Aldous-Broder) takes O(ma) time. Replacing ConditioningVerts
with SimpleConditioningVerts results in a O(m!*°Ma!/2+o()) time algorithm.

The SimpleConditioningVerts(€) routine just takes the input empire &, outputs the
parts whose shortcutters have size within an m!/?'-factor of the maximum, and “carves” the
selected parts out of every shortcutter:

Algorithm 6: SimpleConditioningVerts(E), never executed

Data: an empire £ consisting of one fiyaq”miny/a-horde H
Result: a set of parts K to condition on
1 X < set of parts P € P;(€) that have nonempty E(P) (are active)
2 K < set of parts P € X whose shortcutters Sp have size at least
m~/ maxgex ’E(SQ) U 8SQ|
// carving
3 foreach active shortcutter Sc in some clan of £ do
4 Z + parts in K with distance greater than fiearveTminy/@ from all vertices in C
L Remove all parts in Z from S¢

6 return

We now analyze this algorithm. We need to show that

e conductivity does not increase much (Lemma [4.4.15])
e enough progress is made (Lemma 4.4.16))
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We start with Lemma[4.4.15] The key idea is that conditioning on the parts with largest
shortcutters ensures that there are not many of them. Specifically, each of the parts P
assigned to a shortcutter Sp is contained in Sp’s core C'p, which has low effective resistance
diameter (O(y/arpmin)). Since the shortcutters come from a small number of clans, each of
which consists of disjoint shortcutters, the number of distinct shortcutters for chosen parts
is at most m|&;|/(minimum size of shortcutter for a selected part). Since & only consists
of m°M clans and all shortcutters for selected parts have size within an m!/-factor of
the maximum across all of &£, the number of distinct shortcutters for chosen parts is at
most m!TMm!/71s, for any clan C € H;. In particular, all parts chosen for conditioning are
contained in a small number of low-radius clusters (the cores). The following key proposition
finishes the proof:

Proposition 4.7.1. Let H be a graph, £ be an empire in this graph, and L be a set of clusters
with H-effective resistance diameter at most ot/ oty for some i € [og]. Consider a
well-spaced clan C € &;. Let S := UgesC be the set of vertices in clusters of L.

Obtain a new clan C' by deleting all vertices v € S from shortcutters S¢c € C for which v
is not within H -effective resistance distance Yaethitapp” V7,0, of any vertex in C, where
Vdel = 1000.

Then

o Lapp(|L] + |del,eted
Z ¢ (SC) az/(ao—‘rl) . + Z
Scec’ SceC

The proof of this proposition relies on the following lemmas, both of which are proven in
the appendix:

Lemma 4.7.2. Consider a graph H and a set of clusters D, each with effective resistance
diameter at most R. Let F be a set of edges in H. Then there is a set of clusters D' with
the following properties:

e (Covering) Each vertex in a cluster of D is in a cluster of D'.

o (Diameter) The effective resistance diameter of each cluster in D' is at most fiap, R in
the graph H \ F.

o (Number of clusters) |D'| < ptapy(|D] + | FY).

Lemma 4.7.3. Consider a graph H and two clusters C' and S¢, with C C Sg. Let C' be
disjoint from C'. Additionally, suppose that

o The effective resistance diameters of C' and C" in H are both at most R.

o The effective resistance distance between any pair of points in C and C" in H is at
least B1R.
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CH(Sc) S }%

Then c(Sc\ C') < w.

Proof of Proposition|4.7.1. By Lemma [4.7.2] applied to the clusters £ with deleted edge set
deleted(C), S is the union of a set of clusters £ with He-effective resistance diameter
fapptba® @0t Dy o Furthermore, |£'] < prapp(|£] + |deleted(C))).

Now, consider a cluster C € L'. To delete all vertices in S from shortcutters with far-
away cores, it suffices to delete each of the clusters C' from any shortcutter S¢ for which the
minimum He distance between vertices in C” and C'is at least (g — 2) ,uappzbai/ @0ty - >
Bottappta®/ @0ty o by the triangle inequality. In this case, C is tied to Scr. Since C is
a well-spaced clan, C' cannot be tied to any other shortcutter in C. Therefore, deleting C'
from all shortcutters for whom the cores are at least He-distance (7ge — Z)m"(l)@bai/ @0ty
only modifies one shortcutter Sov. Furthermore, the conductance of this shortcutter only
increases additively by 1/((Vae — 2)papptoa® @0 i) > 1/ai/ @0y o by Lemma m

Removing vertices from shortcutters in C does not destroy its well-spacedness. There-
fore, we can apply this reasoning for each of the clusters in £'; incurring a 1/a%/ @0ty .
conductance increase per cluster deletion. After doing this, we obtaln a clan C’ for which

% e
Z ¢ (SC> S az/(UOJrl)T.mZn + Z

Scec Scec
fapp (| £] + [deleted(C)]) c
= il ooty — + 2 (S0)
SceC
as desired. O

Now, we use Proposition to prove Lemma for g = 1:

Proof of Lemma with ConditioningVerts replaced by SimpleConditioningVerts.
Let R = ,Ucarve\/armin-

Number of cores containing parts in K. Recall that each part P € K is assigned to a
shortcutter Sp in the horde & of £. Let Cp denote this core of Sp and let XK' = {Cp :
VP € K}. We now bound |K’|. Start by bounding the size of the intersection of K" with the
coreset of an arbitrary clan C. C consists of disjoint shortcutters, so they must have total
size at most m. As a result, K’ has size at most
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m

minCG,@ ’E(Sc) U 850‘
1+1/01

K’ < |&]

m

S Emax
maXcexr ’E(Sc) U 850\
m1+1/01

axmaxQeX |E(SQ) U 85Q|
1/01

:Em

S Emaxm Sc

for any clan C € &;. The first inequality follows from Line[2of SimpleConditioningVerts.
This is the desired bound.

Conductivity. Apply Proposition with ¢ < 1 and £ < K’ on each of the clans
in £&. SimpleConditioningVerts does strictly fewer vertex removals than the procedure
described in Proposition [£.7.1 As a result, Proposition implies that the conductance
of the shortcutters in a clan C additively increases by at most “eeell/Itldeleted©)) = By 4o
“Number of cores containing parts in K7 and 7-modifiedness of C, the conductance increase

is at most & app(e"‘“%:;:ml/al)sc. Therefore, the conductivity of C in £ (at the end of
SimpleConditioningVerts) is at most (; higher than it was in £, as desired.

Carving. Line[5|of SimpleConditioningVerts ensures that the shortcutter Sc has been
carved with respect to K. Therefore, all active shortcutters in £ are carved with respect to

KC, which means that &’ is carved with respect to K. O]

ATmin

Now, we show that SimpleConditioningVerts conditions on a large enough set to make
substantial progress. Progress is measured by the maximum size of an active shortcutter:

Proof of Lemma[{.4.16, with ConditioningVerts replaced by SimpleConditioningVerts.
We show that the maximum size of an active shortcutter decreases by a factor of m!'/?' in
between applications of SimpleConditioningVerts. If we do this, then no shortcutter is
active after oy iterations. Since each part is assigned to a shortcutter, each part P must
have E(P) = () after o, iterations.

Now, consider any part P € P;(€) with an active shortcutter. By the “Containment”
input condition, P is contained in a unique @ € P;(Eprey). Sp being active implies that Sg
was active. By the “Progress” condition, () ¢ /C,.e,. Therefore, by the conditioning choice
that chose Kpyey,

|E(SQ) U 8SQ| S m_l/ol max ’E(Sx) U 85)(]

previously active parts X

By the “Containment” condition, Sp is smaller than Sg, so

max |E(Sp)UdSp| < m™ Yo max |E(Sx) U 0S|

currently active parts P previously active parts X
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In particular, the maximum active shortcutter size decreased by a factor of m=/71, as
desired. O

Now, consider what happens when all shortcutters are inactive. By the above proof, this
happens after o; conditioning rounds. Since £ is m°®-bounded at this point and all parts
are empty (by inactivity), the total conductance of all edges left over in the graph is at most
m!*°M /(y/ar,,). Running Aldous-Broder therefore takes O((m!'™°M /(\/armin)) T min) =
O(m't°M,/a) time. Therefore, the entire algorithm for sampling a random spanning tree
from the original graph G takes O(m!*°M),/a) time, as desired.

4.7.2 Generalizing to oy > 1

We start by reviewing how the main algorithm ExactTree with oy = 1 uses
SimpleConditioningVerts. ExactTree starts by making arbitrary shortcutters using
RebuildEmpire. Afterwards, it calls SimpleConditioningVerts followed by the routines
PartialSample, conditioning, FixShortcutters, and RebuildEmpire again.
SimpleConditioningVerts chooses all of the parts with near-largest shortcutters for con-
ditioning. Applying the routines PartialSample, conditioning, FixShortcutters, and
RebuildEmpire makes the induced subgraphs of the parts with the largest shortcutters
empty (inactive), as described by the “Progress” condition. By the “Containment” condi-
tion, all remaining shortcutters are smaller than they were previously, so the empire supplied
to the second call of SimpleConditioningVerts has no shortcutters with size greater than
m!'~1/71. Specifically, the quantity

1 I'logml/al (active parrrtlsal)ée Pi(€) ’E(SP) Y aSPDJ

strictly decreases during each iteration of the while loop in the ExactTree algorithm.
s1 < o7 initially, so s; = 0 after at most oy while loop iterations. At this point, £ has
no active parts. As a result, the graph at this point just consists of boundary edges for
parts in P; (&), at which point just running Aldous-Broder without shortcutting is efficient.
Specifically, conditioning on all parts in & paved the way for ExactTree to be able to
efficiently condition on the entire graph.

Now, we generalize this reasoning to the case in which oy > 1. Specifically, we design
a scheme that is built around the idea of conditioning on parts in &; in order to make
conditioning on &;; efficient:

Key Idea 4.7.4. ConditioningVerts maintains state across multiple calls. Specifically, for
alli € [og], it maintains a choice of parts Q; C P;(E) that it would like to be able to condition
on and a set of parts R; C P;(E) with Q; C R; that are “relevant” to being able to condition
on Q;r1. Specifically, if all of the parts in R; are inactive, then ConditioningVerts can
condition on Q;.q. Conditioning on at most o, different choices of Q; will make all of the
parts in R; irrelevant.
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We encourage the reader to delay trying to internalize how exactly the R;s are con-
structed. We discuss this in detail in Section [£.7.7, Q; can almost be thought of as the set of
parts in R; with near-maximum shortcutters. We discuss the reasons for saying “almost” in
Section [£.7.7 In particular, the Q; parts have “locally maximum” shortcutters. We discuss
this in more detail in Section £.7.3]

To get a feel for what one could expect R; and Q; to be, it helps to think about the
0o = 1 case. In this case, Ry = P1(€) during each call of SimpleConditioningVerts. O
is the set of active parts in Ry with near-maximum shortcutters. After o; iterations of the
while loop of ExactTree, all parts in Ry are inactive, which allows us to condition on Qs,
which is defined to be just one part containing the entire graph. After doing this, all parts
in Ry — which is also defined to be just one part with the entire graph — are inactive.
In particular, the graph contains no more edges and we have sampled a complete random
spanning tree.

Making progress and intuition for the proof of Lemma 4.4.16

Now that we have some idea for what the R;s and Q;s could be, we can talk about our
notion of progress. We start by generalizing s; to a quantity s;. Roughly speaking, m®/° is
the maximum size of a relevant shortcutter in a clan of &;:

S; = LlOgml/al( max |E(Sp) U aSpDJ

active parts P € R;

This is not how we actually define s;, but it is a good way to think about it. In partic-
ular, the function DSize is similar to maXactive parts P e ®; | £ (Sp) U dSp| and we encourage a
confused reader to mentally replace DSize with maXactive parts P € ®; | E(Sp) U 0Sp| with the
exception of one place, which we point out in Section [4.7.4] Now, we discuss progress:

Key Idea 4.7.5. Our notion of progress is that each iteration of the while loop in ExactTree
lexicographically decreases the word Syy415505050—1509—2 - - - S251-

Now, we understand how ConditioningVerts could be implemented to guarantee such
a lexicographic decrease. Fach call to ConditioningVerts returns Qy for some k € [og]
with s; > 0. By the “Progress” input condition in Definition [£.4.14] all parts in Q) become
inactive before the next call to ConditioningVerts. Roughly speaking, as described earlier,
Q). contains all of the parts with largest shortcutters in Ry. As long as Ry, shrinks (which we
show that it does in Section, sy strictly decreases. All s; for i > k do not increase by the
“Containment” input condition. Therefore, the word s,,1155,55,—1 - - - S251 lexicographically
decreased between conditioning rounds.

We now briefly discuss why s;s with ¢ < k could increase. To make progress again, Q.
needs to be changed. Recall in Key Idea that the only purpose of Q; for ¢« < k is to
make it possible to condition on parts in Q. Therefore, once Q) changes, the Q;s and R;s
for © < k become useless and need to be chosen anew. In particular, s; for i < k could
increase.
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Eventually, s,,4+154S00—1 - -- 5251 = 00...00. At this point, because R,,+1 consists of one
part which is the entire graph, the entire graph is empty and consists of just one vertex. In

particular, we have completely sampled a random spanning tree. Since there are only Ui'OH

possible words, this happens after ai’OH conditioning rounds, suggesting a proof of Lemma

4.4.16l

Conditioning on Qy

In the previous subsubsection, we needed to find some Qj with s, > 0 that could actually
be conditioned on. Specifically, we need to find some Qj that can be carved out of all
shortcutters in all hordes of £ with increasing the conductivity of any clan too much.

At the beginning of each call to ConditioningVerts, the Oy selected for conditioning
from the previous iteration consists of inactive parts by the “Progress” input condition.
Let i* be the maximum ¢ for which Q;- = (). This exists because k' is a valid choice for
1*. If s;+ > 0, then R;« still contains active parts, which means that we shoud reselect
Q;+ in order to continue rendering parts in R;+ inactive. This is done using the routine
ExtendHierarchy. After reselecting Q;«, ConditioningVerts reselects all Q;s for i < *
using ExtendHierarchy. Then, ConditioningVerts returns the parts Q-1, where k* is
the maximum value for which sy = 0.

While the previous subsubsection illustrated that this algorithm (ConditioningVerts)
makes enough progress (satisfies Lemma , we still need to demonstrate that £ can be
carved with respect to Qp«;1 without increasing its conductivity too much (by more than
m°Y) additively). To do this, it suffices to design the R;s in a way that respects the following

property:

Key Idea 4.7.6. For each part P € P;(E)\R;, Sp does not intersect any part P’ € Uj<;419Q;.
In particular, Sp is carved with respect to Uj<;19Q;.

Now, we see how this idea enables ConditioningVerts to choose Qy«,;. Each part
P € Pp+(E) is either in Ry« or not in Ry+. If P € Ry, then P is inactive because sp = 0.
Therefore, its shortcutter Sp does not need to be carved with respect to Qi1 because
Sp does not need to be used. If P & Ry, then Sp is carved with respect to Qg«yq1 by
Key Idea [4.7.6] For parts Q € P;(€) for j > k* + 1, either Q ¢ R;(£) in which case
Key Idea implies that Sg is carved, or @ € R;(€) and Q; can be carved out of Sg
because Q;’s shortcutters are bigger than Sg. In particular, applying Proposition m
here implies that carving does not increase the conductivity of Sg’s clan too much (see the
MakeNonedgesPermanent routine). Therefore, all shortcutters are carved with respect to
Qp++1. For more details on this argument, see Proposition [4.7.16]

Choosing conditioning hierarchies that respect the key ideas

While we have discussed most of the key properties of conditioning hierarchies that al-
low ConditioningVerts to establish Lemmas [4.4.15| and [4.4.16| (as summarized in the Key
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Ideas), it has not been made clear how to actually obtain any of them. We now discuss
some insufficient approaches for defining the Q;s and R;s. Specifically, we attempt to design
ExtendHierarchy, which is called on level i* and below if s;= > 0 in order to get closer
to making all of R;« inactive. For simplicity, we focus our discussion on the first call to
ConditioningVerts, in which case Q; = R; = () for all i < gg and Q,,+1 and R,,;1 consist
of just one part that contains the entire graph.

One natural attempt at designing ExtendHierarchy is to do the following:

e For each i < 0g,00 — 1,...,1,

— Let R; be the set of parts with parents in Q;, 1.

— Let Q; be the parts P € R; with near-maximum-size shortcutters.

This approach is a simple generalization of the algorithm SimpleConditioningVerts.
Unfortunately, it does not respect Key Idea because parts P € P;(€) \ R; could have
shortcutters Sp that intersect some part in Q,; ;. More concretely, this approach does not
work because there may be a part P € Pyy_2(E) \ Ry,—2 for which (a) Sp intersects Q; 1 and
(b) Sp is very large compared to the shortcutters of the parts in Q;. In this case, carving
would increase the conductance of Sp too much (see Figure [1.7.1)).

We deal with the above issue by allowing Q; to not necessarily be contained in Q;,; and
picking Q; before R; rather than the other way around. In particular, if there is a P € P;(E)
with a parent in R;;; for which (a) Sp intersects Q;+1 and (b) Sp is very large compared
to the shortcutters for the default choice of Q; described in the first attempt, switch Q;
to be all parts satisfying (a) that have near-maximum shortcutter size (similar to (b)). Of
course, the new choice for Q; may be bad for the exact same reasons as the original choice.
Luckily, though, this switching procedure can only happen o; times because each switch of
Q; increases the sizes of the shortcutters considered by an m/71 factor.

The above approach also has the unfortunate property that chosen parts at level j for
J < i could make choices at higher levels unusable. To deal with this problem, we would
like all parts at lower levels to look as if they are part of Q;. One way of doing this is to
require chosen parts at level Q; to be close to Q; (see the “Vertical closeness” condition in
the definition of conditioning hierarchies). This suggests modifying the algorithm mentioned
in the previous paragraph to discuss the effective resistance metric:

e For each i = 0p,00—1,...,1,

— Q; + the set of parts of P;(£) with parents in Q;

— While there is a part P € P;(€) with parent in R; for which (a) Sp intersects
Q,+1 (b) Sp is much larger than shortcutters for parts in Q; and (c¢) P is not too
much farther away (say no more than 7 times farther away) from Q,,; than some
part in the current value of Q;
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* Replace Q; with all parts P with parent in R; that satisfy (a) and (c) with
near-maximum size.

— R; < all parts with parents in R, that satisfy (a) and (c) for Q;

The irrelevant parts are far away, so Q;y1 can be carved out of their shortcutters. While
this algorithm works for call to ConditioningVerts, it happens to violate Key Idea [4.7.5
Luckily, we can fix this issue by observing that the above strategy is part of a more general
family of strategies based on a digraph ConditioningDigraph at each level ¢. This digraph
is a digraph on parts in P;(£) with parents in R; ;. An edge is present in this digraph from
P — @ if and only if (1) P intersects Sg and (2) @ is not much farther from Q;,, than P.
(1) and (2) are similar to (a) and (c) respectively.

As a result, the second attempt given above can be viewed as doing a BFS in this
digraph and making a histogram of sizes of shortcutters for parts at these distances. The
above strategy is equivalent to letting Q; be the set of parts corresponding to the closest
local maximum to the source Q;,; in this histogram. See Figure for a visual on
the construction of this histogram. This visual suggests a large family of strategies based
on finding local maxima in histograms. In ExtendHierarchy, we give a simple histogram
strategy which picks local maxima each time. This allows us to satisfy Key Idea [4.7.6
However, this strategy also has the property that R; shrinks across multiple conditioning
rounds. This ensures that Key Idea is also respected.

There are other complications that we have not adequately addressed in this summary.
For example, it is a priori unclear if conditioning digraphs from one call to ConditioningVerts
relate in any way to conditioning digraphs in previous calls. Luckily, later digraphs are sub-
graphs of earlier digraphs, thanks to the “Containment” input condition, after modification
by the routine MakeNonedgesPermanent that does not increase conductivity much.

4.7.3 Conditioning hierarchies: the data structure for
representing parts to condition on

In this section, we formally define the data structure used to keep track of sets to condition
on: the conditioning hierarchy. We again encourage the reader to delay trying to understand
exactly how the Q;s and R;s are constructed until Section where ExtendHierarchy is
introduced.

Definition 4.7.7 (Conditioning hierarchies). Consider the empire £, a family of sets of
chosen parts {Q;}7°,, and a family of sets of relevant parts {R;}7°,. The pair CH =
({Qi}7°1, {R:}7°,) is called a conditioning hierarchy if the following properties are true for

all i € [oy)]:
e (Horizontal containment) Q; C R; C P;(€)

o (Vertical containment) For every part P € R,;, there is some Q € Riy1 for which
PCQ.
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o (Vertical closeness) Each vertez in a part of Q; is within distance

(tcarve/ (100VsempY2,n) )TV (@0F D0 o of some verter in a part of Qiv1, where Yiemp =
47del~

The “Vertical closeness” property is in some sense a weaker version of the “Vertical
containment” property that applies to the chosen parts. While the chosen parts from different
hordes are not truly nested, they are close to chosen parts from higher hordes. Recall from
the end of the previous section that we do not want the Q;s to be truly nested, as there may
be a much larger shortcutter that intersects Q; but whose core is outside of Q.

As the conditioning algorithm proceeds, the “Containment” input condition allows us to
argue that conditioning hierarchies are in some sense contained within one another:

Definition 4.7.8 (Fitting of conditioning hierarchies). Consider two conditioning hierar-
chies CH = ({ Qi 172, ARk }72,) and CH' = ({9172, {R}}7%,) for two (possibly different)
empires £ and E'.

CH i-fits within CH' if both of the following conditions hold for all j > i:

e (Q-fitting) For all P € Qj, there is a Q € Q) for which P C Q.
o (R-fitting) For all P € R;, there is a Q € R); for which P C Q.

CH completely fits in CH' if CH 1-fits in CH'.

Next, we define a property of chosen parts that will allow us to carve without substantially
increasing conductivity when combined with the “Vertical closeness” property of conditioning
hierarchies:

Definition 4.7.9 (Descendant size). Given an empire € and a part P € P;(E), the descen-
dant size of P, denoted DSize(E, P), is the mazximum number of edges incident with any
shortcutter for a descendant part:

DSize(E, P) := E(Sg)U oS
ize€.P)i= | max [F(Sg) USg)
When understanding these concepts for the first time, it is helpful to think of defining

DSize(&, P) as |E(Sp) U 0Sp| instead of the maximum over all descendant parts. DSize is
used in place of |E(Sp) U dSp| for reasons discussed in Section [4.7.4]

Definition 4.7.10 (Locally maximum conditioning hierarchies). Consider a conditioning
hierarchy CH = ({Qk} 721, {Ri}72,) for an empire E. CH is said to be locally maximum if
for all i € [o¢] with Q; # 0,

min DSize(E, P) > m~'/7" max DSize(E, Q)
PEQ]' QGR]'
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ConditioningVerts keeps a conditioning hierarchy as continued state, along with a size
and distance parameter associated with each ¢ € [oy]. The size parameter tracks the largest
size of a shortcutter for a part in R;. We discuss the distance parameter in Section [4.7.4]
The conditioning hierarchy is initialized with Q; = 0 for all i € [oy] and R; = 0 except
for i = o9 + 1, for which 9, 41 = {V(G)} and Ry11 = {V(G)}. On a particular call to

ConditioningVerts, it

e Picks the highest i for which both (1) Q; = 0 and (2) all parts in R; have inactive
shortcutters and calls this value *

e If a part in R;« has an active shortcutter, ConditioningVerts uses a ball-growing
strategy (see ExtendHierarchy) to reselect the chosen and relevant parts for levels *
and below. After doing this, Q; is selected for conditioning.

e Otherwise, Q;«;; can be conditioned on (see Proposition [4.7.19))

This process results in a conditioning hierarchy that ¢*+1-fits in the previous conditioning
hierarchy. As a result, all s; for 7 > ¢* do not increase.

4.7.4 Conditioning digraphs: the metric used for choosing parts
to condition on

At the end of Section [4.7.2] we discussed the fact that picking parts to condition on based
on a plot of shortcutter DSizes versus “distance” would be a good strategy. We now define
ConditioningDigraph, from which that distance is defined.

The digraph ConditioningDigraph(&,i+1, Q;11, Rit1) is used to obtain Q; and R; from
Qi1 from Riq.

Definition 4.7.11 (Conditioning Digraph). Consider an empire € defined in a graph H, an
index i € [09], and a set of chosen parts Q C P;(E), and a set of relevant parts R C P;(E)
with @ C R. For each part P € R, pick an arbitrary representative vertex vp € P. The
digraph I = ConditioningDigraph(E,i,Q, R), called a temporary conditioning digraph, is
the digraph with vertex set V(1) =R and a directed edge (P, Q) € E(I) if and only if all of
the following conditions hold, where D < PreprocANN(H,{vp}pco):

e (Permanent condition) There exists some descendant Q' € U;<;P;(E) of Q for which
P intersects S¢.

o (Temporary condition) JLRef f;(vg, ANNp(vp)) < 8ViempYann(JLReff 1 (vp, ANNp(vp))+
ai/(00t Dy ) where JLReffy(a,b) fora,b € V(H) denotes a multiplicative 2-approzimation

to Reffy(a,b) given using Theorem[{.3.5.

The digraph J = PermanentConditioningDigraph(E,i, R), called a permanent condi-
tioning digraph, has vertex set V(J) = R and a directed edge (P,Q) € E(I) if and only if
the “Permanent Condition” holds for the (P, Q) pair.



CHAPTER 4. RANDOM SPANNING TREE SAMPLING 86

The “Temporary condition” implies the following relevant metric properties thanks to the
“Closeness” guarantee of Theorem [4.3.6, We only use ANN in the definition of the temporary
condition for runtime purposes:

Corollary 4.7.12 (Temporary condition implications). Consider two different parts P, Q) €
R and let Py, := argminpeg Reffy (vp,vpr). If the pair of parts (P, Q) satisfies the “Tem-
porary condition,” then

ReffH (UQ7 /UPmin) S 347t6mP72nn(ReffH (UP7 vam) + Oél/(ao+1)rmln)
If the pair does not satisfy the “Temporary condition,” then

ReffH (UQ7 Upmin) > ’Vtemp(ReffH<vP7 UPmin) + ai/(Uo-‘rl)rmm)

Proof. Upper bound. Since the “Temporary condition” is satisfied,

JLReff ;1 (vg, ANNp (vp)) < 8YtempYann (JLREEE 17 (vp, ANNp (vp)) + /(0 Dy

Since JLReffy is a 2-approximation to Reffy,

Reff 17 (vg, ANNp (vp)) < 32%iempYann (REEE 17 (vp, ANNp (vp)) + o/ 0ty o
By Theorem [4.3.6]

Reff 17 (vg, ANND (vp)) < 32%iemp Y (ReEE 1 (vp, vp,, ) + /@Dy oy
By the triangle inequality and Theorem [4.3.6]

Reffr(vg, vp,,) < Reffy(vg, ANNp(vp)) + Reffy (ANNp(vp), vp) + Reff(vp, vp,,,)
< 34%emp7§nn(ReffH(vP, vp )+ O‘i/(UOH)Tmm)

as desired.
Lower bound. Since the “Temporary condition” is not satisfied,

JLReff 57 (v, ANNp(vp)) > 8ViempYann (JLREEE 17 (vp, ANNp (vp)) 4+ o/ (@D

By the approximation of JLReffy to Reffy,

Ret 51 (Ug, AN (Up)) > 2YicmpYann (ReEE 11 (vp, ANND (vp)) + /0Dy, )
By definition of Py,



CHAPTER 4. RANDOM SPANNING TREE SAMPLING 87

ReffH(an ANND (UP)) Z 2lytemp’yann (ReffH(Upa UPmin> + ai/(00+1)rmin)
By the triangle inequality and Theorem [4.3.6}

Reffp(vq, vp,;,) = Reffy(vg, ANNp(vp)) — Reffy (ANNp(vp),vp) — Reffy(vp, vp,,,)
Z ’ytempfyann(ReffH('UP’ UPmin) + O/‘/(UO“Fl)rmzn)
> ’Ytemp(ReffH(Upj UPmiy;) + ai/(00+1)rmin)

as desired.
O]

Notice that the “Permanent condition” is slightly different from the condition (a) discused
in the last subsubsection of Section in that we are interested in any intersection of
descendant shortcutters of ) with P, not just Sg with P. This is done for the same reason
that we use DSize in place of the actual size of Sg. Specifically, we use these definitions
because they guarantee that any edge in PermanentConditioningDigraph for level i is also
an edge in PermanentConditioningDigraph for higher levels:

Proposition 4.7.13 (Vertical monotonicity). Consider any empire £, two indices j < i €
lo0], and two sets of parts R; C P;(E) and R; C Pi(E) with every part in R; having an
ancestor in R;. Then for any (P,(Q) € PermanentConditioningDigraph(E,j, R;),

(P, Q') € PermanentConditioningDigraph(E,i, R;), where P' and Q)" are the ancestors
of P and Q respectively in P;(E).

Proof. The permanence condition only gets more restrictive in lower levels. Therefore, if
(P, Q) € PermanentConditioningDigraph(&,j, R;),
the edge (P’, Q') € PermanentConditioningDigraph(&,i, R;), as desired. ]

ExtendHierarchy uses / < ConditioningDigraph(&,i+ 1, Q;11,Rit1) to define a di-
rected metric on the set R;,,; C P;(&) of parts with ancestors in R;41. Specifically, define a
(distance) function dg;, on R, by letting dg;(Q) be the distance from Q;; to the parent
of @ in R;;1 in the digraph I.

ExtendHierarchy could use dg;, by picking some distance threshold j* + 1 from Q;4,
letting R; be the set of all P € R} | with dg;(P) < j*+ 1, and defining Q; to be the set of
parts P € R; with dg,(P) < j* with near-largest shortcutter size. If it did this, R}, \ R;
would consist of parts that at least distance a/“*D/(@0+Dy - from any of the chosen parts Q;.
Even better, the Q;s are at least Yemp times closer to Q41 in the H-effective resistance metric
than any part in R;,, \ R;. Therefore, the conditioning hierarchy being locally maximum
at level ¢ + 1 shows that deleting all parts of O, from shortcutters for parts in Q;,; that

they have edges to does not increase the conductivity of £ much. The upside of doing this is
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that all shortcutters for parts in R}, \ R, have shortcutters that are carved with respect to
Uj<it1Q;, thus respecting Key Idea[4.7.6] This approach does not quite work across multiple
conditioning rounds, but is easily fixed in Section by using j* + (207)" instead of j* + 1.

The previous paragraph suggests that conditioning digraphs can be used to pick good
parts to condition on once. To pick good parts to condition on multiple times, we need to
show that (a) distances only grow in conditioning digraphs and (b) parts chosen at lower
levels cannot intersect shortcutters for parts in higher levels that were declared irrelevant.

We discuss concern (a) in Section [4.7.5] while we discuss concern (b) in Section [4.7.7]

Fast computation with conditioning digraphs

We now show that computations involving conditioning digraphs are cheap. These graphs
may be very dense, but luckily they are not dense compared to the input graph H:

Proposition 4.7.14. The conditioning digraphs has two nice computational properties:

e (Size) ConditioningDigraph(€,i, Q,R) and

1+o0(1

PermanentConditioningDigraph(E,i, R) have at most m**°() edges.

o (Computation time) The graphs ConditioningDigraph(E,i, Q,R) and

140(1)

PermanentConditioningDigraph(E,i,R) can be computed in m time.

Proof. Size. It suffices to bound the number of possible intersections between a cluster P
and a shortcutter Sp (property (1) for edge existence). Each intersection must contain a
vertex and each vertex is only in one shortcutter in each clan. Since there are only m°(!)
clans in &, only (m°M)? < m°() pairwise intersections can involve this vertex. Therefore,
there are at most nm°) < m!*°M candidate pairs that satisfy (1).

Computation time. For each candidate edge described in the “Size” part, it takes two
approximate nearest neighbor calls to check whether then “Temporary condition” is satisfied.
By Theorems |4.3.6| and |4.3.3|, these queries take O(l) time each, with O(m) preprocessing
time up front. Therefore, it only takes m!*°() time to compute ConditioningDigraph. [J

Since this graph has almost-linear size, ConditioningDigraph(&,i, Q, R)
and PermanentConditioningDigraph(&, i, R)-distances from all parts in Q to each part
in R can be computed in total time m!'*t°W.

4.7.5 Maintained state across multiple conditioning rounds (and
deleting far-away conditioned vertices) using
MakeNonedgesPermanent

In this section, we deal with issue (a) raised in the previous section by turning nonedges
that do not satisfy the “Temporary condition” into ones that do not satisfy the “Permanent
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condition.” We start by showing that the permanent conditioning digraph at each level only
gets smaller:

Proposition 4.7.15 (Permanent horizontal monotonicity). Consider two empires &, and
E that satisfy the “Containment” input condition in Definition [{.4.14 ~Consider some
i € [oo] and relevant sets R,,.., € Pi(E,,.,) and R C Pi(E). Suppose that each part
P € R is contained in some (unique by “Containment”) part Q € R,,.,. Let I ., =
PermanentConditioningDigraph(E,..,, i, Ry,

and I := PermanentConditioningDigraph(E,i,R). Consider any parts P,P" € V(I) and
let Q,Q" € V(I .,) be the unique parts that contain P and P’ respectively. If (P, P') € E(I),

prev

then (Q, Q') € E(I),..,)-

Proof. Since (P,P') € E(I), there exists a descendant W' € P;(E) of P’ for which P
intersects Sy for some j <i. Let U’ € P;(£),.,) be the unique part for which W’ C U”. This
exists by the “Containment” input condition in Definition [4.4.14] Also by “Containment,”
Sw C Syr. Therefore, Sy intersects () since P C Q).

Now, we just need to show that U’ is a descendant of Q)’; i.e. that U’ C @Q'. W' C P’ since
W' is a descendant of P’. P’ C @' by definition of . W’ C U’ by definition of U’, which
means that U’ N Q" # (). Since the overlay partitions of any empire form a laminar family of
sets, this means that U’ C @)’ or that () C U’. Since U’ is in a lower horde than ', U’ C @'.
Therefore, )’ has a descendant whose shortcutter intersects @, so (Q,Q") € E(I..,), as

prev

desired. O

Proposition only reasons about containment of permanent conditioning digraphs
between applications of ConditioningVerts. In particular, it does not say anything a priori
about containment of temporary conditioning digraphs. In general, temporary conditioning
digraphs may not be contained within prior conditioning digraphs because conditioning can
substantially change the effective resistance metric of a graph. We show that the shortcutters
in £ can be modified to make temporary conditioning digraphs into permanent ones. As
long as the Qs defining each temporary conditioning digraph are part of a locally maximum
conditioning hierarchy, this modification does not substantially increase the conductivity of
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E.
Algorithm 7: MakeNonedgesPermanent(&,i, Q, R)

1 foreach clan C in the horde &; of € do

2 split C into clans Cy,Cy, ..., Ciogm, Where C; consists of all shortcutters in C with
between 27 and 2/*! incident edges
3 end

4 [ < ConditioningDigraph(&,i, Q,R)
5 foreach pair (P, Q) with P,Q € R and P intersecting Sy for some descendant Q' of
Q@ do

6 if (P,Q) ¢ E(I) then

7 foreach descendant Q)' of Q do
8 ‘ SQ/ < SQ/ \ P

9 end

10 end

11 end

Proposition 4.7.16. MakeNonedgesPermanent(E,i, Q,R) takes an empire £, an index i,
a set of parts R C P;(E), and a set of parts Q C R.
Suppose that that the locally mazimum condition holds; i.e. that

min DSize(E, P) > m~ """ max DSize(E, P)
PeQ PeR

Then MakeNonedgesPermanent deletes vertices from shortcutters in € and splits clans
to obtain an empire £ with the following guarantees:

e (Permanence) PermanentConditioningDigraph(E' i, R) is a subdigraph of
ConditioningDigraph(€,i, Q,R).

o (Conductivity and number of clans) If € is (-conductive, then £ is (+(1og 1) thapp (Cmax+
T)-conductive. Furthermore, || < O(logn)|&| for all i € [oo).

Furthermore, MakeNonedgesPermanent takes almost-linear time.

Proof. Permanence. Line |8 removes any intersection between two parts with no edge from
one to the other, thus ensuring that any nonedge in ConditioningDigraph(&,i, Q, R), which
may satisfy the “Permanent condition,” does not satisfy it in &’.

Conductivity and number of clans. Removing shortcutters from a clan cannot
decrease its effective size, so s¢, < s¢ for all k € {0,1,...,logm}. Therefore, the number of
clans grew by a factor of at most O(logn).

Now, we bound the increase in conductivity. It suffices to consider a clan C; € &; for
some j < i that contains a shortcutter for a descendant of a part P, € R. Otherwise, no
shortcutter in Cy, is modified by Line[8] which means that its conductivity does not increase.
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We start by characterizing the removals done by Line [§in a simpler way. Let A, be a
set of clusters with radius 22a%/ (@0t . that contain all vertices with H-effective resistance
distance at most 22a%/(@0ty . from Q. Then all vertex removals done by Line [8| are also
done by, for all z € {0,1,...,logm}, removing the clusters in N, from shortcutters for
cores in Cj with H-distance greater than Yemp2°a/®0*Yr, . from N,. This holds by the
“Temporary condition” not being satisfied for nonedges of ConditioningDigraph(&,i, Q,R)
and Corollary [4.7.12]

Now, we bound the effect of deleting N, for one z € {0,1,...,logm} from shortcutters
for Yiemp-separated cores in Ci. We start by bounding |V, | in terms of s¢,. Start by noticing
to bound |N,|, it suffices to bound the number of O(a¥/(“0*tVyr, . ) H-effective resistance
diameter clusters needed to cover all parts in Q. By definition of DSize(&, P’), there is a
shortcutter with core in &; for some j < ¢ whose size is p = DSize(&, P’) that intersects
P’. Each clan has at most m/p such shortcutters. Furthermore, this core has H-effective
resistance diameter /@0ty . < gi/(eot)y “Assigning” a part P’ € Q to the core of
the maximum size descendant shortcutter therefore shows that,

VL < (Y IED) -
=1

mingeg DSize(&, Q)
émaxm
mingeo DSize(&, Q)

IN

By the “Locally maximum” input condition,

Emaxm gmaxm1+1/al

<
mingeo DSize(E, Q) ~ maxger DSize(E, Q)

Since Cj contains a shortcutter for a descendant of a part in R,

14+1/01 1+1/01

gmaxm < gmaxm
maxger DSize(€,Q)) ~ mincee, |[E(Sc) U 0S¢|
By definition of C; on Line

1+1/01 1+1/01

gmaxm < %maxm
minoeck ‘E(Sc) U (950‘ T maXcgeg, ‘E(Sc) U 8Sc|
By definition of s¢,,

2£maxm1+1/01

<
maxcec, |E(Sc¢) U dSc| ~

Therefore, by Proposition applied to £ < N, and C < Cy, Line [§ only additively
increases the conductivity of Cy by ftapp(20max + 7). Therefore, summing over each z €

1/01

|Nz| S 2€maxm

Sck
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{0,1,2,...,logm} shows that the total increase in conductivity of Cj due to Line |§ is at
most (10g M) ftapp (20max + 7), as desired.

Runtime. Looping over intersecting pairs takes m!'*°(1) time. Checking the presence of
an edge takes constant time. Therefore, this procedure takes m!'*°™M time. O

Now, we are ready to prove the main result of this section. Specifically, applying
MakeNonedgesPermanent to each temporary conditioning digraph ensures that temporary
conditioning digraphs from later applications of ConditioningVerts are contained in earlier
ones:

Lemma 4.7.17 (Temporary horizontal monotonicity). Consider some i € [og] and two
conditioning hierarchies CHprep, = ({QF 32, {RY™}0,) and CH = ({Q:}7%, {Ri}72,) for
the empires Epey and € in graphs Hy,., and H respectively.

Define an empire E,,..,, in Hye, that satisfies the following conditions:

o (&, description) £, is obtained by applying MakeNonedgesPermanent(Eprey, i, Q

for each i and letting £, < Eprev afterwards.

prev

Dprev prev
7 ) Rz )

e (Containment) &,

44 14)

o (Locally maximum) CH e, is locally mazimum.

rep and &€ satisfy the “Containment” input condition in Definition

For each i, let I :== ConditioningDigraph(E,i, Q;, R;) and

Iyrey i= ConditioningDigraph(Eprey, i, QF ", RY™). Consider any parts P, P € V(I)
and let Q, Q" € V(Ipe) be the unique parts that contain P and P’ respectively. If (P, P') €
E(I)? then (QJ Ql> € E(Iprev)~

Proof. Since edges in ConditioningDigraph are more constrained then those in
PermanentConditioningDigraph, [ is a subdigraph of PermanentConditioningDigraph(&,i, R;).
Therefore,

(P, P') € E(PermanentConditioningDigraph(&,i, R;))

By the “Containment” condition of this lemma, Proposition [4.7.15 applies and shows
that

(@Q,Q’) € E(PermanentConditioningDigraph(E; .. .4, RY™))

prevy ¥

By the “E’ .. description” and “Locally maximum” conditions, Proposition 4.7.16[ ap-

prev

plies. By the “Permanence” guarantee of Proposition 4.7.16]

PermanentConditioningDigraph(E) .., ¢, RY™") is a subdigraph of I,..,, which means that

prevs ¥

(Q’ Q/> € E([prev>
as desired. O
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4.7.6 MakeNonedgesPermanent implies carving as a side effect

In this section, we define carvable conditioning hierarchies and show that the empire £
associated with a conditioning hierarchy is carved with respect to the bottom of the hierarchy:.
In later sections, we will show that ConditioningVerts maintains a carvable conditioning
hierarchy, which will make it easy to show Lemma [4.4.15]

Definition 4.7.18 (Carvable conditioning hierarchies). Consider an empire £ and two fam-
ilies of sets {Q;}7°, and {R;}7°,. We say that the pair ({Q;}7°,,{R;i}°,) is carvable if
satisfies the following properties for all i € [oy):

e (Horizontal containment) Q; C R; C P;(E)

(Vertical containment) For every part P € R;, there is some @ € Riy1 for which
P CqQ.

(Strong wvertical closeness) The Ry parent of each part in Q; is within distance
(201)(401)" of some part in Q;1 in ConditioningDigraph(E,i+ 1, Qi 1, Ris1).

(Locally mazimum) If Q; # 0, minpeo, DSize(E, P) > m™ /7  maxger, DSize(E, Q).

(Irrelevant parts are far away) Any part P € P;(E) \ R; with parent @ € R;y1 has
the property that Q is at least distance (401)" from any parent of a part in Q; in the
digraph ConditioningDigraph(E,i+ 1, Q;11, Rir1).

The above definition does not specifically call the ({Q;}7°,, {R;}7°,) pair a conditioning
hierarchy. We now show that it is. This allows us to call such a pair of families of sets a
carvable conditioning hierarchy for &:

Remark 8. A carvable pair of families of sets ({Q;}721, {R:}32,) for & is a locally mazimum
conditioning hierarchy.

Proof. Horizontal containment, vertical containment, and locally maximum. All
of these conditions are exactly the same as the definitions for conditioning hierarchies.
Vertical closeness. Consider the shortest path P = Py — P, — ... - P, = Q
in ConditioningDigraph(&,i + 1, Q;y1,Riy1) from a part P € Qi1 to the parent of a
part Q € Q;. By Corollary and the triangle inequality, all vertices in () are at
most distance (34Viemp2y,) @/ @0y o from Qi in the effective resistance metric
of H, the graph associated with £. By the “Strong vertical closeness” condition, ¢ <
(201)(401)". Since (34%tempY2in) 274" < (earve/ (1007 tempY2an ), all vertices in @ are at
most (fcarve/ (IOO%empﬁnn))a(”l)/ (Go+1)y . -distance away from P € Q,,1, as desired. O

Now, we show that applying MakeNonedgesPermanent for each ¢ € [oy] does the required
amount of carving:
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Proposition 4.7.19. Consider the empire £ and a carvable conditioning hierarchy CH =
({Qi}72,{R:}2,) for €. Obtain an empire £ by applying MakeNonedgesPermanent(E,i, Q;, R;)

for each i € [og] and letting £ be € at the end. £ has the following property:

o (Carving) For each active part P, let Q € Py (E) be the smallest ancestor of P (possibly
P) for which Q) € R;«. Then Sp is carved with respect to Uj<;=Q,;.

Proof. Well-definedness. We just need to make sure that the input conditions for
MakeNonedgesPermanent are satisfied. Q; C R; because CH is a conditioning hierarchy.
Since CH is locally maximum,

min DSize(E, P) > m~/°* max DSize(&, P)
PeQ; PeER;

for all i € [op]. This is the remaining input condition to MakeNonedgesPermanent.

Carving. Let i’ < ¢* be the value for which P € P, (£). Break the reasoning up into
two cases:

i’ <i*. By the “Irrelevant parts are far away” condition of carvable conditioning hierar-
chies, the distance from any part in Q;« to () in PermanentConditioningDigraph(&’,i*, R;«)
is at least (407)" ~1. By “Strong vertical closeness” for all j < i* and Proposition , the
distance from Q;+ to any P;«(&)-ancestor of a part in Q; is at most

(201)((40)" 724 (40)" 2+ ...+ 1) < (4o)" P =1

In particular, no P;«(€)-ancestor of a part in Q; for any j < * has an edge to @ in

PermanentConditioningDigraph(E’,i*, R;+). Therefore, since the “Permanent condi-
tion” is not satisfied for nonedges of this graph and P C @), Sp does not intersect any part
in Uj<;+Q;, which is the desired carving property.

i’ =14*. In this case, P = () € R;~. Consider any X € Q; for some j < i* that intersects
Sp and let Y be its ancestor in P;<(€). By “Vertical containment,” Y € R;«. Let Yy, =
arg miny eg,, Reff y(vy,vys). By “Vertical closeness” and the triangle inequality,

Reffy(vy, UYmin) < (:ucarve/(1007temp7§nn))O‘(i*)/(ao+1)rmin
By construction of £, Lemma [4.7.17] applies. Therefore, edges in

PermanentConditioningDigraph(&’,i*, R;«) also satisfy the “Temporary condition,” which
means that

Ref£ 11 (vp, Vv,,) < (34%tempann) (ReE £ (v, vy, ) + a0 )
by Corollary 4.7.12] By the triangle inequality and the previous two inequalities,
Reffy(vp,vy) < Reffpy(vp,vy,, )+ Reffy(vy,, ,vy)
S (Mcarve/Q)a(i*)/(ao+1)rmin
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Therefore, by a()/(@0+1) . _boundedness of &- and the triangle inequality, all vertices
of X are within distance ucawea(i*)/ (@o+1)y . of P, which means that Sp is carved with
respect to Uj<;+Q,;, as desired. O

4.7.7 Deciding on parts to condition on from P;(£) given a choice
from PZ+1(8)

In the previous section, we defined carvable conditioning hierarchies. Proposition
shows that MakeNonedgesPermanent makes £ carved with respect to the lowest Q; with
active shortcutters. In this section, we give an algorithm, ExtendHierarchy, which adds
one level to the bottom of a carvable conditioning hierarchy. ExtendHierarchy extends
carvable conditioning hierarchies while ensuring that if we can condition on Q;, we make a
substantial amount of progress. We now define conditioning hierarchies for which substantial
progress can be made at any level:

Definition 4.7.20 (Advanceable conditioning hierarchies). Consider an empire £, a con-
ditioning hierarchy CH = ({Q;}7°1,{Ri}2y) for €, and a tuple of distance indices (j;)7°;.
CH is advanceable for (j;)7°, if the following holds for all i € [oy):

o (All local mazima) Let s; := |log,1/-, (maxper, DSize(E, P))|. Then Q; contains all
parts Q € R; whose Piy1(E) parents are within distance j;(401)" of some part in Q;1y
m

ConditioningDigraph(E,i+ 1, Qiy1, Rit1) with DSize(E,Q) > m*/oL,

e (Relevant set bound) When Qi1 # 0, R; contains the set of parts whose Pii1(E)
parents are within distance (j; + 1)(401)" of Qiy1 in ConditioningDigraph(E,i +
1, Qit1, Rit1).

The “All local maxima” condition, when coupled with the “Progress” input condition for
ConditioningVerts, shows that conditioning on Q; replaces the word of sizes 55,1154, - - - 51
with a lexicographically smaller word, as desired in Key Idea[d.7.5] The “Relevant set bound”
is used to show that relevant sets only get smaller in the output of ExtendHierarchy.

We now give an algorithm ExtendHierarchy that adds an additional level to a carvable
conditioning hierarchy that is advanceable for some tuple of indices that is lexicographically
smaller than the previous tuple. The intuition behind ExtendHierarchy is that the distance
index j* returned has the property that parts just beyond that distance (within distance
(7% + 1)(401)") do not have larger shortcutters. As a result, after “Temporary condition”
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nonedges are converted into “Permanent condition” nonedges, the shortcutters with parts
that are farther than distance (j* + 1)(401)* respect Key Idea [4.7.6]

Algorithm 8: ExtendHierarchy(€, i, Qit1, Rit1, Jprev)
1 [ + ConditioningDigraph(&,i+ 1, Q;y1, Riv1)
2 foreach j € {0,1,2,...,20,} do
3 Q' < the set of parts in P;(€) with P;11(£) parents that are in R;;; and have
distance at most j(40y)" from Q,,q in [
4 sj < [10g,,1/01 (maxgeg; DSize(E, Q)]
5 end
// selection rule: pick the maximum local maximum closer than the
previous one
6 J" < ArGMAX;i(1)s;.1=s; and (2)j<jpres J
// condition on all parts with shortcutters with size in the s;- bucket
7 return (5%, s;-, all parts Q in Q). with DSize(E,Q) > ms*/71 all parts Q in Qiiy)

Proposition 4.7.21. EztendHierarchy(E,i, Qii1, Rit1, Jprev) takes in an empire £, an in-
dex i, and Q;41 and Ri1q for a carvable conditioning hierarchy CH = ({Qk}iq, {Rr}iey)
that is advanceable with respect to some distance indices (ji)7ey With j; = jprev- If

. jprev Z 01

e Q. =0 forallk <i

then ExtendHierarchy(&,i, Qiv1, Riy1, Jprev) TEtUrns ji, sj1, Qi, and R; that, when added
to CH, make it have the following properties:

o (Carvable) CH is a carvable conditioning hierarchy for £.

o (Advanceable) CH is advanceable for the distance indices (j;,)72,, where j;, = ji for all
k> 1 and

Ji = (s, — s3) =1 < i < i

o (Strong relevant set bound) R; is the set of parts whose P;i11(E) parents are within
distance (j. + 1)(401)" of Qiy1 in ConditioningDigraph(E,i+1,Q;11, Rit1)-

Proof. Well-definedness. It suffices to show that the optimization problem on Line [0] is
feasible. Since Q; - Q;-H for all j, s; < sj4q for all j. Since jprev > 01 + 2 and the s;s are
integers between 0 and o, inclusive, there must exist a j < j,., that satisfies condition (1)
of the optimization problem on Line [6] Therefore, the algorithm is well-defined.

Carvable conditioning hierarchy.

Horizontal containment. Follows from the fact that Q) C Q% for all j.
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Vertical containment. All of the parts in Q;-* 41 have parents in R;4.

Strong vertical closeness. The algorithm only considers j < 20;.

Locally maximum. This is the definition of s;- and Q.

Irrelevant parts are far away. All parts in P;(£)\R; have parents in ConditioningDigraph(&, i+
1, Qiy1, Riy1) with distance greater than (j*+ 1)(40,)" from Q; 1, while all parts in Q; have
distance at most j*(401)" from Q;, . Therefore, by the triangle inequality, the distance from
parents of Q; to any parent of a part in P;(€) \ R; is at least (40;)" as long as the parent
is in R;41. Otherwise, the desired bound follows from the fact that CH satisfied “Irrelevant
parts are far away” on higher levels along with Proposition [4.7.13]

Advanceable.

Ji bound. In the output, j; < j*, so we just need to bound j*. j* < je by condition
(2) for j*. For all j, s;41 > s;. This combined with condition (1) shows that for all j > j*,
sj+1 > 8j+ 1. Therefore, s;, ., —Sj* > Jprev —J° — 1. Rearrangement gives the desired lower
bound.

All local maxima. By definition in the output, Qs contains all parts P with DSize(&, P) >

m®4/7" This is the desired property by Line .
Strong relevant set bound. This is the definition of Q;.,_ 1 O

4.7.8 ConditioningVerts

Now, we implement ConditioningVerts, which returns parts to condition on in order to
satisfy Lemmas [4.4.15| and 4.4.16, ConditioningVerts maintains a carvable conditioning
hierarchy that is advanceable for distance indices (j;)72,. While maintaining such a hierarchy
is relatively simple (just get rid of anything outside of the promised distances/sizes), many
lower level Q;s will become empty. To make more progress, ConditioningVerts applies
ExtendHierarchy to refill the lower Q;s with parts for smaller shortcutters than before.
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Algorithm 9: ConditioningVerts(€) initialization

// Initialization; only occurs on first ConditioningVerts call
Qo1 = {V(G)}
Roor1 = {V(G)}
Soo+1 € 01
j00+1 <— 20’1
for i ={1,2,...,00} do
S; < 01
Ji <= 201
end
// End initialization

© W N o Ok W N

[
=]

Algorithm 10: ConditioningVerts(€) each execution

1 for i = {0g,00—1,...,2,1} do
2 Q, <+ refinement of Q; by P;(£), with all parts with shortcutters of size either (a)
below m®/t or (b) parent distance to Q,,; in
ConditioningDigraph(€,i + 1, Q; 1, Riy1) farther than j;(40,)" removed
3 R; < refinement of R; by P;(E)
4 end
// claim: always exists

5 ¢* < maximum ¢ for which Q; = ()
6 if s;» = 0 then
// can condition on #* 4+ 1 directly, as no ¢* shortcutters are active
7 Postprocess(€)
return Q;«
9 else
10 Set all j;s to 207 for ¢ < ¢*
11 for i =4*,i*—1,...,1do
12 ‘ (Jis 8iy Qi, Ri) < ExtendHierarchy(&,4, Qii1, Rit1, Ji)
13 end
14 Postprocess(€)
15 return 9,
16 end

Algorithm 11: Postprocess(€), which shares state with ConditioningVerts

1 fori=1{1,2,...,00} do
2 ‘ MakeNonedgesPermanent(&, i, Q;, R;)
3 end
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We start by checking that this algorithm is well-defined. In doing so, we also describe
the conditioning hierarchy throughout the algorithm:

Proposition 4.7.22. ConditioningVerts is well-defined. More precisely, all of the input
conditions for algorithms called are met.

Furthermore, CH = ({Q;}7°,,{Ri}7%,) is a carvable conditioning hierarchy that is ad-
vanceable for the distance indices (j;)72, between the end of the first for loop and the Postprocess
call.

Proof. We inductively show that call £ to ConditioningVerts is well-defined. In partic-
ular, we show that ¢* always exists and that the input conditions to ExtendHierarchy,
MakeNonedgesPermanent, and Proposition are satisfied. In this induction, we also
show that the carvable and advanceable conditions are maintained.

Base case. During the first call to ConditioningVerts, i* = o because everything
besides (Q,+1 is initialized to the empty set. The input conditions to ExtendHierarchy for
each 7 are satisfied because j; = 207 > o7 and the “Carvable” and “Advanceable” guarantees
from the level ¢+ 1 application of ExtendHierarchy. The “Carvable” guarantee ensures that
the input conditions for both MakeNonedgesPermanent and Proposition are satisfied.
This completes the proof that the first call to ConditioningVerts is well-defined and that
CH is carvable and advanceable in the desired line range.

Call k for k > 1 i* existence. Consider the set Q; . returned during the (k — 1)th
call to ConditioningVerts. By the “Progress” input condition to ConditioningVerts,
every part P € Q; . has the property that E(P) = () at the beginning of the kth call to
ConditioningVerts. In particular, Lineeliminates P from Q;, ... In particular, Q; . =10
after Line 2] In particular, the optimization problem defining i* is feasible, so i* exists.

Call k for k£ > 1 ExtendHierarchy j,.., feasibility. It suffices to show that j; > o1 +s;
after each execution of ConditioningVerts, because s; > 0 for all 2. When j; is set to 20y,
Ji > 01+ s; holds trivially. Only ExtendHierarchy changes j; to some other value. When it
does this during the /th call to ConditioningVerts for [ < k,

e e (e R R e i C )
by Proposition [4.7.21] inductively working in earlier ConditioningVerts calls. The su-

perscript denotes the value after the /th call to ConditioningVerts. The (s.™' — 1) bound
holds because when Q; becomes empty, s; decreases. By the inductive hypothesis,

jf_l >0+ Si_l
Conbining these two inequalities shows that j! > oy + sl. This completes the inductive
step and shows that j; > 01 +s; > o1 before the kth call to ConditioningVerts. Therefore,
the jprep argument supplied to ExtendHierarchy is always at least o4 —I—Sé_l > 01, as desired.
Call k for k£ > 1 carvable. Suppose that during call k—1 for £ > 1 to ConditioningVerts,
CH is a carvable conditioning hierarchy just before Postprocess. After Postprocess from
call £ — 1, CH has not changed, as Propositions [4.7.16| and {4.7.19| imply that Postprocess
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does not modify CH. Therefore, CH is still a locally maximum conditioning hierarchy at this
point that satisfies the “Irrelevant parts are far away” condition. The conditions of Lemma
4.7.17| are satisfied, so distances in each temporary conditioning digraph do not decrease
between the end of call £ — 1 and the beginning of call k. Therefore, the “Irrelevant parts
are far away” condition still applies. Line [2| maintains “Horizontal containment,” “Vertical
containment,” and “Locally maximum” while restoring “Strong vertical closeness.”

Therefore, ({Q;}72,,{R:}72,) is a carvable conditioning hiearchy at the end of the first for
loop. Since ExtendHierarchy maintains carvable conditioning hierarchies, ({Q;}7°;, {R:}72;)
is a carvable conditioning hierarchy when Postprocess is called during the kth call to
ConditioningVerts. This completes the inductive step.

Call £k for £ > 1 advanceable. Suppose that during call k—1 for £ > 1 to ConditioningVerts,
C*H is an advanceable conditioning hierarchy for indices (j;)72,. By Lemma condition-
ing digraph distances only increase, which means that the “Relevant set bound” continues to
at the beginning of ConditioningVerts call k. Line [2|restores the “All local maxima” prop-
erty. These are both of the conditions for CH being advanceable, so CH is advanceable for
(7:)72, after the first for loop. ExtendHierarchy maintains advanceability. This completes
the inductive step.

Call k for k£ > 1 ExtendHierarchy. We have already shown that CH is carvable and
advanceable before the for loop containing Line [I2] Furthermore, we have already shown
that j; > 01. These are all of the conditions for ExtendHierarchy.

Call k£ for k£ > 1 MakeNonedgesPermanent. C?H is carvable when it is supplied to
Postprocess. This is a sufficient input condition for MakeNonedgesPermanent.

O

4.7.9 Proof of Lemmas [4.4.15| (conductivity not increased much)
and 4.4.16| (enough progress is made)

Now, we are finally ready to show that ConditioningVerts satisfies Lemmas [4.4.15] and
4.4.16l

Lemma 4.4.15. Given an empire € = {&;}7°, in a graph H that satisfies the input conditions
given in Deﬁm’tion ConditioningVerts(E) returns a set of parts KC to condition on
and removes vertices from the shortcutters in the empire £ to obtain E'. Let S = Upexe P C
V(H). Then the following quarantees are satisfied:

o (Conductivity) &' is a bucketed, T-modified, ¢ 4+ 10(logm)ptapy(lmax + T)-conductive,
well-spaced, k-bounded empire that satisfies the deletion set condition.

e (Carving) £ is carved with respect to S.

Proof of Lemma[{.4.15. Conductivity and clan count. By Proposition [£.7.22] the input
to both MakeNonedgesPermanent is a carvable conditioning hierarchy. Therefore, the “Con-
ductivity” guarantee of Proposition [4.7.16| shows the desired conductivity increase. These
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propositions also show that the number of levels only increases by a factor of O(logn). No
other parameters increase, as desired.

Carving. Proposition implies that all shortcutters in £ are carved with respect
to Q1. When s;+ = 0, all parts in R;« have inactive shortcutters, so they do not need to be
carved.

Now, consider any part P € Pi(E) \ Ry for some k < i* with E(P) # (). Let @ be the
ancestor of P in R; for minimum j. Since E(P) # () and s;+ = 0, j > ¢*, which means that
Sp is carved with respect to Q;+41 by Proposition [£.7.19]

The shortcutters in Ups;«41&p are carved with respect to vertices in parts of Q<1 by
Proposition [4.7.19] Therefore, all shortcutters are carved with respect to Q;« 1 if s;+ = 0, as
desired. O

The proof of Lemma shows that enough progress is made by showing that each
conditioning round lexicographically decreases the word s,,Sy,—1 - .. 5251:

Lemma 4.4.16. Consider a sequence of calls K/ <— ConditioningVerts(E7) that modifies
&7 to obtain (E7). Suppose that H7 is the graph in which & is defined. Suppose that for
each j >0, £ «+ &7, Eprev gt Kprev < K=Y satisfies the input conditions in Definition
[/4.1]. Let

jfinal = (201)200

Then E(Hfinat) = ).

Proof of Lemma[{.4.16. By the “Relevant set bound,” Lemma and the “Strong rele-
vant set bound,” R; decreases (all parts replaced with subsets) during an interval of iterations
in which ¢* <. If s;+ > 0, then s;- strictly decreases by the “All local maxima” condition
defining the s;s. Furthermore, the s;s for ¢ > ¢* do not increase by the “Containment” input
condition. In particular, the new word is lexicographically smaller than the old one.

Therefore, we just need to consider the case in which s;+ = 0. In this case, the “Progress”
input condition implies that s;«,; decreases in the next call to ConditioningVerts. By
“Containment,” s; for ¢ > ¢* + 1 does not increase. Therefore, the new word is again
lexicographically smaller than the old one. These are all of the cases. The desired bound
on the number of conditioning rounds follows from the fact that there are only o7° possible
words.

O
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Algorithm Shzfzsﬁzgng 0o Runtime
itk o 0 O(mn)
[46] Offline : A
[73] Offline 5 A
. . oglogn 1+0(%)
This paper Online C) (m) m B

Table 4.2.1: Shortcutting methods, number of shortcutters, and runtimes for prior algorithms

Shortcutting method Preprocessing Query
Online None O(|E(S,) U0S,|)
Offline O(|E(S.) U 0S,]|0S4]) O(1)

Table 4.2.2: Shortcutting methods and their runtimes

Figure 4.2.1: How online shortcutting saves over the random walk.

8, Schur conductance < m("(a"%* .

> min) .
=8, uses s (conductance)(distance to unvisited) s m°"lg"e%* 11 < metige(

Figure 4.2.2: Bounding the number of times S is used.
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Figure 4.4.1: Visualizing shortcutters and cores within a clan. Each shortcutter (light gray)
contains a core (dark gray) of vertices for whom the shortcutter is usable.
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Figure 4.4.2: The conductivity of the light gray shortcutter is determined by the conduc-
tance of the dashed edges, which are obtained by Schur complementing all vertices in the
shortcutter with its core (dark gray) removed. The conductance of these edges is relevant for
assessing the quality of a shortcutter because (1) doing a random walk on a Schur comple-
ment is equivalent to doing a random walk on the original graph and removing all eliminated

vertices from the visit list and (2) Lemma [£.2.3]
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Type of work Edge to charge to Reason for charging
Walk across 0F; P; boundary edge Normal random walk step
Shortcut to deleted(C) P; boundary edge Deletion set condition
Shortcut to dSp, An edge in Schur(He,Cp, UV (H) \ Sp)) Theorem [4.2.4]
Type of work vvcoirlid;gfgtzf tzogi?aijz Distance to unvisited vertex
Walk across 0P; wm /(a0 ) (boundedness) /(oo o (carving, R-clan)
Shortcut to deleted(C) wm/(ai/@F Dy ) (boundedness) aFD/(eo+ )y o (carving, R-clan)
Shortcut to dSp, ¢m7vse /(@0 i) (conductivity) | a(+D/(00+ Dy o (carving, R-clan)
Type of work Total steps Work per step | Total work
Walk across 9P, kmal/(@0F) (Lemma |4.2.3 O(1) < mite o
Shortcut to deleted(C) rkma/ @0+ (Lemma [4.2.3 O(1) (offline) | < m!+eMqe)
Shortcut to dSp, ¢m!/71seal/ o) (Lemma (4.2.3) | O(2) (online) | < m!*+Ma)
Precomputation m!71sc (modifiedness) o) < mitel)

Table 4.4.1: Accounting for work during each sampling round
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Proof of Theorem 1.1 (Section 4)

D

Computin SR Samplin
puting order Ping Fixing reduction
Shortcutters : (Section 6, :
: (Section 7, (Section 8,
(Section 5, Lemma 4.17)
Lemmas 4.15 Lemma 4.18)
Lemma 4.12) and 4.16)

'

Fixing lemma
(Section 10,
Lemma 10.9)

Y

Efficient
implementation
(Section 11,
Lemma 8.2)

Figure 4.4.3: Organization of the paper. Each section only depends on its children in the
tree.
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Figure 4.5.1: CoveringCommunity splits the set X into a small number of well-separated
families of clusters in the effective resistance metric. CoveringCommunity is applied to each
core of each clan independently. This splits each clan into m°™® clans.
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Figure 4.5.2: Voronoi produces shortcutters So that contain Sz(1/(8logn),C) and are
contained within Sx(1/8, C). This containment guarantee, along with the well-separatedness
of F, is translated into a bound on conductivity using Proposition 4.5.7| and Lemma
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Figure 4.6.1: Runtime analysis of the shortcutted random walk in PartialSample. When
Sp, is used to shortcut a random walk starting at v, there is guaranteed to be an unvisited

vertex x in Sp,,,. By carving, z is within distance picarve™t1/ @0+ p, o of 0. Therefore, R =
fearve@ D/ @0t can be used when applying Lemma [£.2.3]  o(+D/(04D)y - partially
cancels with an o/(®0+Yy . in the denominator of both the boundedness and conductivity

of gz



CHAPTER 4. RANDOM SPANNING TREE SAMPLING 110

Cores from other clans

Expander (C)

Figure 4.7.1: The situation that SimpleConditioningVerts is trying to avoid. Sup-
pose that the shortcutter Sz makes up a large fraction of the graph and that
SimpleConditioningVerts were to select the red cores to condition on first. Applying
the algorithm in Lemma [4.4.15| could cause the conductance of S¢ to increase untenably.
Intuitively, this is because the shortcutter S¢ will take the random walk from C' to each of
the deleted cores at least once. This is bad, though, as the deleted cores could correspond to
very small shortcutters. As a result, there could be ©(n) of them. S¢ contains ©(m) edges,
so the work just due to this shortcutter is ©(mn), which is quadratic! If one conditions on
parts in C' before the red cores, this issue does not come up because the large size of S¢
ensures that there are not many of them.
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5 values

0 j* Jpre\r

j values

Figure 4.7.2: Constructing s;s from parts and their shortcutters in ExtendHierarchy. Our
choice of j* allows us to get rid of all parts that are closer to © than j* that have near-
maximum size, thus bringing us one step closer to being able to condition on @) (one out of
at most oy steps.)
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@ © O 00'1
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Figure 4.7.3: Typical Q;s (dark gray ovals) and R;s (light gray rectangle). Notice that the
R;s are laminar and that they contain the O, parts from the level above.
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Beginning of Call k-1 End of Call k-1 Beginning of Call k

- «——— CDEO0,Q,R,) |[&----- PCD(E.0,R,,)
A

A

CD(E.0,Q,R,) (@ ===

T CD(E.o1.Q,Ryy) ————— PCD(E,0,-1.R ;) < CD(Eo,1.Q,, R, === .-

.. — CD(E,2,Q,,R,) - - = — PCD(E,2R,) < CD(E,2,Q,,R,) - ...
A

.. — CD(E.1.Q,.R)) ¢ - — = = - PCD(E1.R,) < CD(E.1.Q,.R)) g——-——

Figure 4.7.4: Containment relationships between conditioning digraphs. C'D and PCD
abbreviate ConditioningDigraph and PermanentConditioningDigraph respectively. A
conditioning digraph Iy is contained in another conditioning digraph I if (a) each ver-
tex (part) P € V(I) is entirely contained in a unique part @) € V(I;) and (b) for any edge
(P,P") € E(ly), (Q,Q") € E(I,), where @ and @' are the unique containing parts for P and
P’. Arrows point towards the containing graph. The dashed horizontal edges are present
due to Lemma and calls to MakeNonedgesPermanent. The solid horizontal edges are
present due to Proposition [4.7.15, The vertical edges are present thanks to Proposition
413
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Figure 4.7.5: Picking parts to condition on in ExtendHierarchy. The top diagram depicts
parts in P;;1(€) (thick outline) with their shortcutters. All of the thick-outlined parts are
in R and the leftmost one is also in Q. The thick arrows depict directed edges in the graph
ConditioningDigraph(&,i + 1,9, R). The bottom diagram depicts parts in P;(E). The
three thick-outlined parts from left to right contain the thin-outlined parts in Q}, @5, and
Q) respectively. The bottom diagram depicts the shortcutters for some of those parts (the
thin-outlined, light-gray dashed regions). The medium gray shortcutters determine s; for
each Q}. The darkest shortcutter motivates the choice of j* = 2 in this example.
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Figure 4.7.6: In the above diagram, Q;« is empty. Since s;x = 0 and Q;+ contains all of
the parts in R;» with nearly-largest shortcutters, all parts in the relevant set have size 0
(inactive) shortcutters. Therefore, any shortcutter in level i* or below is either irrelevant or
inactive. This means that carving is only required on levels i* + 1 and higher, which has
already been achieved.
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4.8 Fixing reduction

In this section, we reduce Lemma [4.4.18| to a simpler result (Lemma |4.8.2]).

Definition 4.8.1 (Schur complement conductance and degree). Consider a graph I. Let
J = Schur(l,SUS’"), J := Schur(l/S,SUS"),

(8,8 == (E;(S,9)

and

AL(S, 8" = Z Reff(e)c)

c€E,/(S,9")

Lemma 4.8.2. There is an algorithm F' « FastFiz(I,J, D, S, S’ F,€) that takes as input a
graph I, a random graph J that is a valid sample from the distribution I[F], a set D C E(I),
S, 8" CV(G), F C E(I)\ D, and an accuracy parameter e € (0,1). With high probability
on J, it outputs a set F' C F with two properties:

e (Conductance) ¢’\P\ (S, S") < (1 +€)c!\P(S, 5"
o (Size) |F'| < preon(ANP(S,S") 4+ ANNP(S,S) + |D|)e™3

14o(1)

Furthermore, FastFix takes m time.

When trying to understand the statement of Lemma for the first time, it is helpful
to think about the case when D = (). The D = () case is very similar to the general
case. It is also helpful to disregard the J argument to FastFix. This argument is only
provided for runtime purposes, since sampling from a tree is only efficient in our case due to
PartialSample. Our reduction only uses € = (1).

We prove this result in Section [£.10] and implement the almost-linear time algorithm for
producing F”’ in Section [4.11] We illustrate many of the ideas behind the analysis of FastFix
in Section L1011

4.8.1 Reduction from Lemma [4.4.18 to Lemma [4.8.2]

Let £; be the set of clusters with H-effective resistance diameter at most a0ty . 1icve
for which S C Uger,C. These sets are guaranteed to exist by the “Carved” condition of
Lemmal[4.4.18] Each of these sets of clusters maps to another set of clusters with He-effective
resistance diameter at most %/ ("°+1)rmmucarve for any clan C € &;. Call this set Eic. EZ-C is not
much larger than £; by Lemma [£.7.2] We restate Lemma here to emphasize that one
does not need to read Section before reading this section. It is proven in the appendix:
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Lemma 4.7.2. Consider a graph H and a set of clusters D, each with effective resistance
diameter at most R. Let F be a set of edges in H. Then there is a set of clusters D' with
the following properties:

e (Covering) Each vertex in a cluster of D is in a cluster of D'.

o (Diameter) The effective resistance diameter of each cluster in D' is at most fiqy, R in
the graph H \ F.

o (Number of clusters) |D'| < (D] + | FY).

We can now focus on the clans C in &; independently. Consider each shortcutter S¢ € C.
S intersects some clusters in £, If clusters in £¢ contain a path from C to dS¢ and that
path is contracted after conditioning, the conductance of So becomes infinite. We want to
avoid this situation. To do this, we could try to apply Lemma [4.8.2] with S <+ C, S’ + 0S¢,
I < H, D < deleted(C), F + F, and € < 1/2. While this ensures that the conductance
of S¢ does not increase much after deleting F', A7\P(S,S") could be very large. Our goal
is for F' to have average size m°!), where the average is over the shortcutters in C.

To achieve this, instead of directly tempering S¢’s conductance, it is useful to consider
fixing the conductance between C' and all clusters in £¢ that intersect Sg. One slight issue
with this is that some of these clusters may be very close to C, resulting in the initial C'— LS
conductance being much higher than 1/a*/©o*Ur . = This can be alleviated by fixing the
conductance between C' and the subclusters in £¢ restricted to Sc \ Sicvmnser(1/4,C).

Sievnsey(1/4, C) serves as “buffer space” between C' and the restrictions of L6 ensuring
mo(1)

ai/leo+ Dy o

that the initial conductance is at most . The fact that LS consists of a relatively

small set of clusters ensures that AT\P(C, UereperC') is small. This ensures that there is a

small set F” that, when deleted, nearly reverses the increase in the C' — £¢ conductance due
to conditioning.

However, we need to reverse the increase in S¢’s conductance, not the C'— LS conductance.
Sc’s conductance, though, can essentially be upper bounded by the sum of the C' — £
conductance and the conductance of edges in the Schur complement with respect to C'U £¢
that go directly from the boundary of the buffer zone Sic v (m)\s.3(1/4,C) and 0Sc. The
latter conductance is not affected by conditioning, because all edges of F' that are not in
the buffer zone are covered by clusters in £f. We have already argued that the former
conductance is restored by deleting F’. Therefore, Sc’s conductance only increases by a
small constant factor over what it used to be.

We formalize the above intuition by implementing the reduction in FixShortcutters
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using FastFix.
Algorithm 12: FixShortcutters(&, H', K)

1 foreach i € [0y do

2 foreach clan C € &; do

3 S <+

4 K¢ < the parts in K that intersect some So € C
5

6

foreach part P € K¢ do
S' 5" U (P with all Siev(mysey(1/4,C)s for cores C of shortcutters
Sc € C removed)

7 | deleted(C) < deleted(C) UFastFix(H, H' deleted(C),Us.ccC, S, F,1/4)

8 return £

Now, we prove that this algorithm has the desired effect. Before doing so, we state some
useful facts about Schur complements and conductances that we prove in the appendix.

Lemma 4.8.3. Consider any three disjoint sets of vertices Sy, S1,52 C V(I) and S C Sp.
Let J = Schur(1,SoUS; USy) and J' = Schur(l, S, US; USs). Then

¢’ (Ep(Sh, S1)) < ¢’ (E5(So, S1))

Lemma 4.8.4. Consider any two disjoint sets Sy, Sy C V (I) with Sj C Sy. Then ! (S, S1) <
CI(S(), Sl) .

Lemma 4.8.5. For any cluster Sc in a graph I and any p € (0,1),

(G, V() \ Sc)
p

(C V(D) Sievinse (p, C)) <

Lemma 4.8.6. Consider a graph I with two clusters Cy and Cy with two properties:

o The I-effective resistance diameters of Cy and Cy are both at most R.

e The minimum effective resistance between a vertex in C7 and a vertex in Cy is at least
YR for v > 4.

Let J be the graph with Cy and Cy identified to s and t respectively. Then Reff,(s,t) >
(v —4)R.

Lemma 4.4.18. Let H be a graph, £ be an empire in H and K be a set of parts. Let
S = UpexP and let F = UpecE(P). Let H' ~ H[F]. Suppose that the following input
conditions hold & :
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Figure 4.8.1: The reduction for one shortcutter in some clan. All edges of F' are between
two vertices of S’, two vertices of Z, or one vertex in S’ and one in Z. The edges between
two vertices in S’ are irrelevant, as Z is primarily responsible for certifying that X has low
conductance after conditioning. The edges between one vertex in S’ and one vertex in Z do
not affect the (V(H)\ X) — Z direct conductance. The edges in F' with both edges in Z can
be in F.
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o (Bucketing) The empire £ is bucketed.

e (Carving) & is carved with respect to S.

With high probability over H', FizShortcutters(E, H',K) adds edges to the deletion set
of each clan of € to obtain a set of covering hordes {H,} with the following properties:

e (Boundedness) For each i, if & is r-bounded, then H. is {k-bounded, where { =
pa

o (Modifiedness and deletion set condition) For each i, if & is T-modified and satisfies
the deletion set condition, then H. is pimoq(T+()-modified and also satisfies the deletion
set condition.

e (Conductivity) For each i, if &; is (-conductive with respect to H, then H. is at most
7¢-conductive with respect to H'.

Futhermore, it does so in m'T°M) time.

Proof of Lemmal[{.4.18 given Lemma[{.8.3. Boundedness. No part in K N (Up<;Pr(E))
intersects the boundary of a core C' in some clan of &;, as C is part of the refinement used
to define Py(€). Therefore, each H'-boundary edge of the image C’ of C' in H' is either
a boundary edge of some part in K N (Ug=;Pr(E)) or is a boundary edge of C. The total
conductance of such edges is at most £xm/(a?/(©0+ Yy . ), as desired.

Conductivity. Consider each clan C in isolation and consider the set S’ generated for
the clan C. Let X = Ug_,ecScr and Y = Ug,ccC".

We start by bounding the Y — S’ conductance before conditioning. This is depicted in
Figure [4.8.2] By definition of S” and the fact that the Sgs are vertex disjoint, S” does not
intersect Z = Syy,v(m)\x}(1/4,Y). Therefore, by Lemma[.8.4 with Sy — S', S + V(H)\ Z,
and S; «+ Y,

(S, ) < He(V(H)\ Z,Y)
By Lemma with C' <Y, S¢ <= X and p < 1/4 and the definition of Z,

He(V(H)\ Z,Y) < 4ce(X,Y)

Since C was (-conductive before conditioning,

1/o01
He ¢m™/ 7' sc
XY < Sy
Combining these inequalities shows that
4¢mM o se

cte(S'Y) <

Ofi/ (o0+1) T'min
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Let H/ be the graph obtained by deleting deleted(C) from H’ after adding the FastFix
edges. By the “Conductance” guarantee of Lemma [4.8.2)]

5¢mt/ o1 se
ai/(UOJrl) T'min,

cfle(8"Y) <

We have now finished bounding the Y — S’ conductance after conditioning. Now, we
bound the Y — (V(H) \ X) conductance after conditioning. This is depicted in Figure |4.8.3]
By definition, Y C Z. Notice that all edges in F' have endpoints in S’ U Z. As a result, the
direct Z to V(H) \ X conductance does not depend on F:

(Seux(He, ZUS'U(VIEND)(B(Z, V (H) U X)) = SrerHe, 2080V IENO) (B (7, V (H) U X))

The graph subscript for E is eliminated here for clarity, as the graph is the same as the
Schur complement given in the superscript. Apply Lemma with I < H(, Sy + Z,
So <Y, S <« V(H)\ X, and S, < S’ to conclude that

CSchur(Hé,YUS’U(V(H)\X))(E(Y7 V(H) U X)) < cSchur(Hé,ZUS’U(V(H)\X))(E(Z, V(H) U X))
— cSchur(Hc,ZUS/U(V(H)\X))<‘E'<Z7 V(H) U X))
4¢mMorse
o 3Oéi/(o-OJrl)Tmin

where the last inequality follows from the fact that X \ Z = Sy vy xy(3/4, V(H) \ X),
Lemma {4.8.5] and the (-conductivity of C in the graph He.

Now, we have bounds on the direct Y —V (H)\ X and Y — S’ conductances in H;. We now
eliminate S’ to obtain the desired bound on the Y — ( (H)\ X) conductance in H/,. This is

depicted in Figure[d.8.4 Start by applying Lemma with I < H/, So + (V(H)\X)US’,
Sy V(H)\ X, S + Y, and Sy < () to show that

(Sebur(He, YUV (N (B(y, V (H) \ X)) < (Sehur(He,YUS'y )(E(Y S'U(V(H)\ X)))
(Sebur(HE,YUS'U( ( (Y, S)

. chur(Hé,YUS/U(V(H)\X))(E(}/’ (V(H)\ X)))

HE(Y, §') + Smus(HYUS' UV I\ (B(Y, (V(H) \ X)))

1907 se

3o/ (oot )y

|/\+|/\|

IN

This is precisely saying that C is %

desired.

-conductive after running FixShortcutters, as
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Modifiedness and deletion set condition. We start with the deletion set condition.
Consider any part P € P;(€) for some i € [0g]. By the laminarity of the overlay partition,
either P C () for some ) € K or P does not intersect any part in IC. In the former case,
conditioning on all parts in K makes Fy/(P) = () and the deletion set condition does not
need to apply for P. In the latter case, F' does not intersect Ey(P) U dyP. Since FastFix
adds a subset of F' to each deleted(C’) for any clan C’ in the empire &£, the deletion set
condition remains satisfied for the part P, as desired.

Now, we move onto modifiedness. To apply Lemma [1.8.2] we just need to bound
Afe(y, 5", Afle(S"Y), and |D|. The reasoning for the first two bounds is very similar.
By the modifiedness of the input, |D| < 7m!/?ts¢, so it suffices to bound the first two
quantities.

We start with bounding Af¢ (S’ Y). Consider the graph H¢/S" with the vertices S’
identified to one vertex s. By Rayleigh monotonicity, cores of shortcutters in C have H¢ /S’
effective resistance diameter at most fiaa@” 0t V7 i < fcarveltapp@ 0TV, == R. Break
the cores of shortcutters in C up into two sets Cyeqr and Cy,,, with these sets being the cores
in C with and without respectively a vertex with H¢ /S’ effective resistance distance from s
at most 3R. We bound the contribution to the degree of C,eqr and Cy,, independently.

First, we bound the C,.,- contribution. Every vertex in C,.,, clusters is within H¢ /S’
effective resistance distance 4R of s by the triangle inequality. Recall that Z separates
the Cpeqr clusters from s. Therefore, by Lemma , Lemma with p = 1/4, and
(-conductivity before conditioning,

4(m1/"1 Sc

o/ (o0+1) T'min

e/ (5, Ucec,nn C) <

Let K = Schur(H¢/S,{s} U (UcecC)). Then,

)

near

Z ReffK(e)cf < 4Rc™ (B (s, Ugec
e€EK (s,UcecnearC)

S 16Ncarvegml/01 Sc

Now, we bound the Cy,, contribution. To do this, we exploit Lemma on each cluster.
In particular, for each cluster C' € Cy,, with a vertex at distance exactly v¢ from s, Lemma

implies that
1
(ve —4)R
By the triangle inequality, all vertices have K-effective resistance distance at most (y¢ +

1)R from s. Therefore, they contribute at most (y¢ +1)/(v¢ —4) > (5+1)/(5—4) =6 to
the degree each. By bucketing, there are at most 4s¢ clusters in C. Therefore,

*(s,0) <
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Z ReffK(e)cf < 245,

eEEK(S,UcchaTC)

We have now shown that

Afe(S'Y) < (24 + 24Cucarvem1/°1)sc

Next, we bound Af¢(Y,S’). Since the shortcutters of C are carved with respect to S’
and all parts in S’ intersect some shortcutter of C (by Line , S’ can be written as a union
of |C| clusters with H-effective resistance diameter at most prearvea” @Y7, given by a
Learve@” (@0t H-effective resistance ball around each core in C. Let £ be this set. By
the bucketing of C, |£| < 4s¢. By Lemma the clusters in £ can be covered by a set £’
with size |£'| < papp(|£] + |deleted(C)|) < frapp(4 + 7m'/71)se of clusters with He effective
resistance diameter at most fiappcarve@” 0 V7, < R.

Split £ into two sets L,eqr and Lyq,, based on whether or not they contain a vertex
within He /Y distance 3R of the identification ¢ of Y in H¢/Y. Applying the same argument
as above with s replaced with ¢ and the core set of C replaced with £’ shows that

Afte (Y, S") < 24[Ljar| + 24#appﬂcarve<cml/alsc)
As discussed after defining £’,

Lpar| < |£] < prappld+ 7m")sc

Plugging this bound in shows that AHe/Y(V, ") < 100papp (fearve¢ + T)mY?1se. By
Lemma, C 18 200 ftapp ftearvetbcon (CHT) = fimod((+7)-modified after applying FixShortcutters,
as desired.

Runtime. FixShortcutters does a linear amount of work and one call to FastFix for

each clan. Since there are at most o, < m°1) clans, the total runtime is almost-linear.
O
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4.9 Conductance concentration inequality (fixing
lemma) preliminaries

Now, we give preliminaries for Lemmas [4.10.1] and 4.8.2]

4.9.1 Linear algebraic descriptions of conductances and rank one
updates

For the rest of the paper, it will be helpful to think about the quantities ¢/(S,S") and
AT(S, S") linear-algebraically. We start with ¢/(S,.5"):

Proposition 4.9.1.

1

I /
(8,8 =———

bz;/L;r/(s,s')bSS’
Proof. Since all edges accounted for in ¢!(S, S") go directly between S and S’ in Schur(/, SU
SN, 153 (5,8 = (S, 8"). /59 (s,s') is the conductance of the one edge between s
and ¢ in the graph Schur(//(S,S5"),{s, s'}). The conductance of this edge is the reciprocal
of its resistance. By commutativity of Schur complements with identification, this edge’s

. . T + .
resistance is b, Ly g o\ bss, as desired. O

Now, we interpret AZ(S,S’) linear-algebraically. As discussed in Section , the effective
resistance between vertices x and y in a graph [ is just bgyL}“bxy. Therefore, we just need
to interpret condunctances between a vertex s and a set of vertices S’. Proposition [4.9.1]
gives us a way of thinking about the total conductance of edges between s and S’, so it
suffices to describe the normalized conductances. It turns out that these conductances can

be computed using one electrical flow:

Proposition 4.9.2. Consider a graph I with a vertex s and a set S’ C V(I). Let J «+
Schur(l,{s}US’"). Let K = 1/S" with S’ identified to a vertex s'. For each vertex w € ',

CJ

SWw _ T + K
m = Z (bsg Licbe)ce

e€drw

Proof. By Theorem [£.3.2]

Z (bz;,L}be)Cf = PSI“[tw < ts/\{w}]

e€orw

The random walk in the above expression is done in the graph I. By Theorem [4.2.4]

J

csw

(s, 9")
Combining these equalities yields the desired result. O]

Prit, < L] =
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We now characterize how conductances and effective resistances change after deleting
single edges.

Definition 4.9.3 (Leverage and nonleverage scores). For any graph I and e € E(I), let
Levs(e) := c!Reff;(e)
and
nonlevy(e) := 1 — c.Reff;(e)

The following bounds follow immediately from the Sherman-Morrison rank one update

formula ([87]).

Proposition 4.9.4. Let I be a graph. Consider two vertices s,t € V(I), an edge f, and a
demand vector d € RV . Then

(b5 L7 bs) (by Ly d)
re(l— tev(f))

Proposition 4.9.5. Let I be a graph. Consider two vertices s,t € V(I), an edge f, and a
demand vector d € RYY . Then

by L} sd = by Lid+

(b3 L1 by)(bf Ly d)

bVLLY, . d=0bLLTd—
st st™1 Tfle’U](f)

1/f

4.9.2 Splitting edges

In Propositions [4.9.4] and 4.9.5 the dependencies on nonlev;(f) and lev;(f) are inconve-
nient. One can mitigate this by splitting edges in one of two ways. When an edge has
low leverage score, it should be split in series by replacing it with two edges that have
half the resistance. When an edge has high leverage score, it should be split in parallel by
replacing it with two edges that have double the resistance. For an edge e € E(I), define
(J,{e1,ea}) < Split(l,e) to be the routine that does the following:

o If lev;(e) < 1/2, let J be the graph with e replaced by a path of two edges e; and e,
each with conductance 2c¢,.

o If lev,(e) > 1/2, let J be the graph with e replaced by two parallel edges e; and e,
each with conductance c,/2.

Let (I', F') < Split(I, F’) be the graph-set pair that results from splitting all edges in
F. For any F' C E(I), the distribution over graphs I’ ~ I[[F]] is obtained by splitting all
edges in F' and conditioning on an arbitrary copy for each edge. The purpose of doing this
is as follows:
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Proposition 4.9.6. For an arbitrary subset F' C E(I), let (I', F') + Split(I, F). For all
copies fi, 1 € {1,2} of edges f € F in I,

levr(fi) € [1/4,3/4]

Proof. Splitting an edge e # f € F does not change the leverage score of f, so it suffices

to show the desired proposition when F' = {f}. When lev,(f) > i, splitting it into two

parallel copies does not change its effective resistance but doubles its resistance. Therefore,
1 <levp(f;) < 3. When lev;(e) < 1, subdividing f to a copy f; makes

1 1
levy(f;) = §1ev1(f) + 5
Since 0 < lev;(f) < %, the desired inequality follows. ]

Furthermore, doing this does not change the random spanning tree distribution:

Proposition 4.9.7. Sampling a random spanning tree T ~ J for (J,{e1,e2}) < Split(I,e)
15 equivalent to doing the following:

o Sample a random tree T ~ I.
o [f levs(e) < 1/2, do the following:

— Ife €T, return a tree T" obtained by replacing e with e; and es.

— If e ¢ T, return a tree T" obtained by adding ey with probability 1/2 and eq
otherwise.

o [f levi(e) > 1/2, do the following:

— Ife €T, return a tree T' obtained by replacing e with e; with probability 1/2 and
ey otherwise.

— Ife¢ T, return T' < T.

Proof. Consider each of the two cases separately:

Leverage score below 1/2. In this case, we need to show that (a) splitting e in
series into edges e; and ey and sampling a tree from the resulting graph J is equivalent
to (b) sampling a tree from I, splitting e in series if e is in the tree, and adding one of
e1, ez to the tree otherwise with probability 1/2 for each. It suffices to show that each
spanning tree T' of J has the same probability of being generated through Procedures (a)
and (b). Suppose first that e;,eo € E(T). T is generated with probability proportional
to /iy [ e enemry €F = 4 T jser eremr) €f using Procedure (a) and with probability
proportional to ¢! Hf Leres€E(T) cgc using Procedure (b). Now, suppose that one of ey, es
is not in 7" and that e; € FE(T) without loss of generality. Procedure (a) generates T
with probability proportional to (¢/,) [T, eoerr) € = 266 [ e, encmry €f- Procedure (b)
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generates T with probability proportional to (1/2)[] fer.ese B(T) cfp. In both cases, Procedure
(a) generates trees with weight 4¢! times the weight that Procedure (b) uses. Since the
weights used for the Procedure (a) and (b) are proportional, Procedures (a) and (b) generate
trees from the same distribution.

Leverage score above 1/2. We need to show that (c) splitting e in parallel into
edges e; and ey and sampling from the resulting graph J is equivalent to (d) sampling
a tree from [ and replacing e with e; or ey with probability 1/2 for each if e is in the
tree. First, consider the case in which one of ey, ey is in 7. Without loss of generality,
suppose that e; € E(T). T comes from Procedure (c) with probability proportional to
¢ | PO c; = (cl/2) I ter eocrem) ¢;. T comes from Procedure (d) with probabil-
ity proportional to (1/2)c! I ser cacmer) ;. Now, suppose that e;,e; ¢ E(T). In both
procedures, T' is generated with probability proportional to [] FEB(T) c}. The weights for
Procedures (c) and (d) are equal, so Procedures (c¢) and (d) generate trees from the same
distribution, as desired. O

We use the above proposition to show that computing a graph from the distribution H[F]
(the second algorithm below) is equivalent to computing a graph using a more incremental

strategy that is particularly amenable to analysis using rank 1 updates (the first algorithm
below):

Proposition 4.9.8. Consider a graph H and a set F' C E(H). Consider any algorithm of
the following form:

e Initialize Hy <+ H and k <+ 0
e While I' is not empty

— Pick a random edge fi ~ Dy, where Dy is an arbitrary distribution over F' that
only depends on the contractions/deletions of the previous edges fo, f1,. .., fr—1

— Let Hy1 ~ Hi[[fi]]

— Remove fi, from F if a self-loop/leaf is created; otherwise replace fr in F with the
TEMAINIng copy

— Increment k

Then Hy is equivalent in distribution to Hj, in the following algorithm for all k > 0,
which only requires sampling the intersection of Ty with F', not all of Ty:

o Sample Ty ~ H, Hj < H, and set k < 0
o While F' is not empty
— Pick a random edge fi, ~ Dy and let (J,{f©, fO}) « Split(H, fi).
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— Let Tyy1 be the random spanning tree of J obtained by setting T' <— T}, and e < [

in Proposition
— Let Hy, be the subgraph of J with fO contracted if f© € E(Tpy1) and f©
deleted otherwise

— Increment k

Proof. We prove this fact by induction on k. For k = 0, clearly Hy = H|. Hj is obtained
from Hj_; by sampling the intersection of a random spanning tree in the graph J obtained
by doing (J, {f©, fM}) < Split(Hy_1, fr_1). By Proposition m, this is equivalent to
sampling a random tree in Hy_; and splitting it randomly as described in Proposition [4.9.7]

By the inductive hypothesis, H;_; and H;_, have the same distribution. Furthermore,
for k > 0, notice that f,_; is obtained from the same distribution Dy_;. These replacements,
when coupled with the previous paragraph, yield the second algorithm. Therefore, H; and
H;, are equivalent in distribution, completing the induction step. O

Proposition 4.9.9. Consider a graph H and a set F C E(H). Sampling H' ~ H[F] is
equivalent to any strategy of the following form:

e Initialize Hy + H and k <+ 0
o While F' is not empty

— Pick a random edge fi ~ Dy, where Dy is an arbitrary distribution over F' that
only depends on the contractions/deletions of the previous edges fo, f1,- -, fr-1

— Let Hy1 ~ Hi[[fi]]

— Remove fi, from F if a self-loop/leaf is created; otherwise replace fy, in F with the
TEMAINING copy

— Increment k
Proof. By Proposition 4.9.8] this algorithm is the same as the second algorithm in Proposi-
tion [4.9.8] The final output of the second algorithm given in Proposition [4.9.8|is equivalent

to sampling from H|[F)] in distribution. Therefore, the algorithm given in Proposition [4.9.9)
is equivalent to sampling from H[F] in distribution, as desired. ]

4.9.3 Concentration inequalities
The following is relevant for the slow version of Lemma [4.8.2

Theorem 4.9.10 (Theorem 16 of [24]). Let X be the martingale satisfying | X;41 — Xi| < ¢
for all i specifying martingale increments. Then

A2

Pr[| X, — E[X,]| > \] < 2e T

where n s the total number of martingale increments.
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To speed up the algorithm and prove Lemma [4.8.2] we exploit the following additional
concentration inequality:

Theorem 4.9.11 (Theorem 18 in [24]). Let X be a martingale satisfying:
o Var(X;|X; 1) < o? for alli.
o | X;— X, 4| <M foralli.

Then
S G
Pr[| X, — E[X,]| > \] < e *Eiioits)
4.9.4 [42] bound for source-sharing demand vectors

We use the following bound to bound changes in normalized potentials of vertices due to
conditioning:

Theorem 4.9.12 (Lemma 3.1 of [42], with n replaced by 7). Let G be a graph and consider
three vertices s1, so,t € V(G). Then for any positive integer T

|bT Lgbf | |b?Léb82t|

s1t

1
< (8log7)|bL ,Libeye| + ;(bT Libgye + b1, Libsy:)

s1t s1t sot

2.

e )

4.9.5 Matrix sketching

The FastFix algorithm needs to compute ¢, norms of vectors whose entries would naively
require as many as ©(m) Laplacian solves to compute. We show that these vector norms
can be approximated with O(polylog(n)) Laplacian solves using matrix sketching:

Theorem 4.9.13 (|44], Theorem 3 stated for ¢, rather than just ¢,). An efficiently com-
putable, polylog(d)-space linear sketch exists for all ¢, norms exists for allp € (0,2]. That is,

giwven ad € Z>y1, 6 € (0,1), p € (0,2], and e € (0,1), there is a matriz C = SketchMatriz(d,,p,€) €
R4 and an algorithm RecoverNorm(s,d,d,p,€) with the following properties:

o (Approximation) For any vector v € R%, with probability at least 1 — & over the ran-
domness of SketchMatriz, the value r = RecoverNorm(Cv,d, d, p,€) is as follows:

(1 =lvll, <r < (1 + )]l
o [ =c/e*log(1/0) for some constant ¢ > 1

e (Runtime) SketchMatriz and RecoverNorm take O(ld) and poly(l) time respectively.
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4.9.6 Localization bound

The FastFix algorithm needs to be able to reuse low-contribution edges for many iterations.
We exploit the following bound to do this:

Theorem 4.9.14 (Restatement of Theorem [3.3.1). Let G be a graph. Then for any vector
w e RiéG),
b2 L&Dyl

> wewy < O(log? n)||w|[3
e,fEE(G) VeV Ty
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4.10 Conductance concentration inequality

In this section, we prove the following inefficient analogue of Lemma |4.8.2}

Lemma 4.10.1. Given a graph I, a random graph J that is a valid sample from the dis-
tribution I[F), a set D C E(I), S,S" C V(G), F C E(I)\ D, and an accuracy parameter
e € (0,1). With high probability on J, there is a set F' C F with two properties:

e (Conductance) ¢’\P\" (S, S") < (1 +€)c!\P(S, S
e (Size) |F'| < O(e3(ANP(S,8") + ANP(S',S) + |D|))

The proof conditions on one edge in F' at a time. In principle, doing this could drastically
change the conductance between S and S’. Luckily, it does not change much in expectation
if one conditions on a random edge in F. While the conductance does not change much
in expectation, it could change in absolute amount. In Proposition [£.10.5] we show that
there always exists an edge an edge that, if conditioned on, does not change the S — 5
conductance much. Using these statements in concert with Azuma’s Inequality shows that
the S — S’ conductance does not change by more than a (1 + €) factor with high probability
if one conditions on all but a very small number of edges in F. Letting these edges be F’
proves the desired result.

To prove Lemma [4.10.1] we will need to use Azuma’s Inequality to control a number of
other quantities besides the S — S’ conductance to show that one can always find the edges
described in Proposition As a result, we choose to discuss a much simpler result first,
which may be of independent interest.

4.10.1 Warmup: Controlling the effective resistance between two
vertices

In this subsection, we prove Lemma 4.10.1{ with S = {s} and S’ = {t} each being one vertex
and D being empty. This is also Lemma [4.1.4] which we restate here with notation that
agrees with Lemma [4.10.1}

Lemma 4.10.2 (Restatement of Lemma [4.1.4)). Let I be a graph, F' C E(I), ¢ € (0,1),
and s,t € V(I). Sample a graph J ~ I[F|. Then, with high probability, there is a set
F' < SpecialFiz(l,s,t, F,e) C F that satisfies both of the following guarantees:

o (Effective resistance) by, L] pibst > (1 — €)(bg L bat)
o (Size) [F'| < O((logn)/€?)

While this special case is not directly relevant to the proof of Lemma |4.10.1} it offers a
simpler way of demonstrating most of the key ideas.
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SpecialFix splits and conditions on the edge with lowest energy until there are O((logn)/€?)

edges left. At this point, the algorithm returns the remaining edges in F' to be in F".

Algorithm 13: SpecialFix(/,s,t, F, €), never executed
Data: the graph I, s,t € V(I), arbitrary ' C E(I), e € (0,1)
Output: the subset F’ C F of edges that should be deleted

1 J<+1

2 while F' has more than 9(logn)/e? non-leaf/loop edges do

3 | f « the non-leaf/loop edge in F(.J) that minimizes (b1, LYb;)%c;

4 (‘]7 {flafZ}) <_Split(J7f)

5 | J~J[f]

6

7

F— (F\N{/}) U{f:}
return the non-leaf/loop edges of F

Proof of Lemma[f.10.3. Let F° = F and for all i > 0, let F*™' be the set of non-leaf/loop
edges left over after conditioning on |F"?|/8 edges in F*. When a non-leaf/loop edge is split
and conditioned on, it has a probability of at least 1/4 of resulting in an additional loop or
leaf. Furthermore, the number of non-leaf/loop edges in F' never increases. Therefore, since
all conditionings are independent of each other, |F"™!| < 63|F"|/64 with high probability
as long as |F?| > logn by Chernoff bounds. Therefore, there are only logn F's before the
algorithm terminates.
Let J® be the graph J with I = F*. We now show that

10y/logn
VIF]
with high probability. Let J; be the graph immediately before the jth iteration after J*

and let f; be the edge conditioned on during this iteration to obtain J;;;. Let F} be the
value of f before conditioning on f;. By Propositions |4.9.4] and [4.9.5|

b L b > (1 ) (b5, L bst)

by Ly by,)?
EJj+1 [bZ;ij_'_lbst] = leVJ]. (f]) <bZ;L};bst — M)

TfjleVJj(fj)

bLLY by )2
+nonlevy, (f;) (bZ;LJJFijt_i_ (bstL,0y,) )

rs,nonlevy, (f;)

- bZ;L}—j bst

so X = bZtij bs is a martingale. We now show that our choice of f; makes the martin-
gale Lipschitz. Proposition implies that levy (f;) > 1/4 and that nonlev,;, > 1/4. By
Propositions 4.9.4] and [4.9.5|
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(bg;L};-bfj>2
T

This is the energy contribution of f; to the overall s —t energy. Therefore,

gLy bst — b Ly ba < 4

bot L,

4
T bst = by L3 bt < by L bt

|E5
Since |F*|/8 conditionings occur during J* and J*™, |F;| > 7|F*|/8 for all j and

Tr+ 32 s Tr+ T 7+
bstLJj_H bst S (]_ + W) bstLJj bst S ebstLJijt

We now bootstrap this bound using Azuma’s Inequality to obtain a much better bound
on the change in the s — ¢ resistance. In particular,

4
byt — VLLT bl < b L by

% z.
' |Fy

Jjt1

Therefore, by Theorem [4.9.10],

104/logn
| F|
Therefore, with high probability, the change is at most a (1 — €) factor unless |F"| <

(logn)/ €. Deleting these edges can only increase the s — ¢ resistance. Conditioning on F’

instead of deleting would have given a graph Jyi,. equivalent to sampling Jyina ~ I[F]| by
Proposition [£.9.7] This completes the proof. O

Pr[|bZ;L;+lbst — bZ;szbst| Z bz;LJibst] S 1/p01y(n)

4.10.2 Generalizing the warmup

By Proposition , for any graph H with disjoint sets of vertices S, S’ C V(H), 1/cf(S,5") =
bL, L}, bss, where H' is a graph obtained from H by identifying S to s and S’ to s’. There-
fore, to show that ¢”(S,S’) does not increase by more than a (1 + €) factor, it suffices to
show that bsy L},bss does not decrease by more than a (1 — €) factor, where H is obtained
from I\ D by conditioning on a partial sample from a random spanning tree in I.

This quantity is similar to the quantity controlled during the warmup. There are two
initial obstacles to directly using the approach in the warmup:

e The tree being sampled is sampled in a different graph (H U D) from the graph in
which the quantity b2, L}, bss is defined. This discrepancy causes b’ L},bss to not be
a martingale under conditioning.

e Conditioning could cause the quantity in the “Size” upper bound to change.
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To get around these issues, we show that there exists an edge that changes bL, L}, bss,
AH(S S, and AH(S",S) by a very small factor in expectation. Ideally, there would be an
edge to condition on that changes b%, L},,bs¢ and the “Size” bound in expectation by at most
a (1+ (AR(S,8") + A”(S",S) + |D])/|F|?) factor in expectation. If this is the case, then
conditioning on all but (A(S,S") + A#(S",S) 4+ |D])e! edges changes the expectation by
at most a (14 €) factor in expectation. When combined with martingale concentration, this
shows that the size bound and the conductance change by at most a factor of (1 + O(e))
with high probability.

Unfortunately, such an increase is hard to obtain. For example, the expected change in
bL, L}, bsy due to conditioning on an edge f can be written as a product of two terms:

e The change in f’s leverage score due to identifying S to s, identifying S’ to ¢, and
deleting all edges in D.

e The energy of the b,y electrical flow in H' on f.

The second quantity is at most O(1/|F|)bl, L},bss for most edges in F' due to the fact that
the average energy on an edge is small. The first quantity is trickier to bound and sometimes
cannot be bounded at all. For example, if I’ solely consists of edges with endpoints in .S,
the change in leverage score upon identifying S to s is for all edges in F' is high (constant).
Luckily, though, the endpoints of these edges are very close to s in the L}, by potential
embedding.

This phenomenon holds in general. In particular, Lemma 4.10.12 can be used to show
that the total leverage score decrease of all edges with an endpoint that has s — s’ normalized
potential at least p away from s and s’ when S and S” are identified is at most O((AH (S, S)+
AH(S,S")/p). The total leverage score increase is at most |D|, so the total leverage score
change is at most the sum of these two quantities. Therefore, if a large fraction of the edges
in F' have an endpoint with normalized s — s’ potential that is between p and 1 — p, there is
an edge f € F, which, when conditioned on, causes an

140 ((lDi + (A5, + A, S'>>/p) (bfﬁb» NS AH(SI’),li)’; AM(5,8))

factor change in the “Size” bound and bsTS,LJ[I,bSS/ in expectation. This differs from the
desired bound due to the factor of 1/p.

This bound is good enough, though, to allow conditioning on all but roughly IDHAT (S 5)+AT(5,57)

pe
edges before the “Size” bound or bl L7, bsy changes by more than an (1 + €) factor. Once

this many edges are left that have maximum normalized endpoint potential at most O(p),
defer conditioning on these edges until the very end of the algorithm.
Deferring conditioning on these edges works for the following reasons.

(IDI+AY(S',8)+A (5,51)
o O(p)

e The total normalized potential of such edges is at most

O((|D] + AH(S',S) + AH(S, 8))e V).
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e If we can show that the total normalized potential of deferred edges only increases by

a (1 + €) factor over the course of conditioning on the rest of F, the total normalized
potential of all deferred edges is at most O((|D| + A” (S, S) + AH(S,5"))e™!) at the
end of the algorithm.

e By Markov’s inequality, at most O((|D] + AP (S, S) + A (S, 5"))e™?) of the deferred
edges have any endpoint with normalized potential in the interval [e,1 — ¢]. Con-
ditioning on the rest of the edges therefore decreases the s — s’ resistance in H' by
at most a factor of (1 — O(e)) by Proposition Letting F’ be the remain-
ing O((|D| + AH(S',S) + AH(S,S"))e?) edges yields the desired result by Rayleigh
monotonicity.

4.10.3 Reducing the fixing lemma to the existence of stable
oracles

We prove Lemma[4.10.1{ using the algorithm Fix with the oracle SlowOracle. This algorithm
picks edges to condition on in F' one by one in the graph I. It selects edges that do not
change the following quantities very much:

o AI\P(S 5
o AINP(S.9)
o \P(S 8"
e Various sums of potential drops

The key idea is that there always is an edge that does not change any of these quantities
very much. Unlike in the special case when S and S’ are single vertices, conditioning might
decrease the effective resistance in expectation. We show that the same choice of edge that
does not change these quantities also leads to a very small change in the expectation.

Stability implies concentration

We now formalize the concept of low-change edges using stable functions:

Definition 4.10.3 (Stable functions). Call a function g on graphs electrical if g is preserved
under two operations:

e cdge subdivision; that is replacing an edge e with a path of length two consisting of
edges with resistance r./2

e cdge splitting; that is replacing an edge e with two parallel copies with resistance 2r.
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A set of edges X C F is called a (pr, pg,d)-stable subset of ' for an electrical function
g if
o lg(H/f) — g(H)| < Bhg(H) + 8 for all edges f € X
o [g(H\f) —g(H)| < thg(H) + 0 for all f € X

51 Srex |9(H) = Byniplg(H)]| < fEg(H) +6

An set X s called (pr,, pr)-stable for g if it is (pr, pp,0)-stable for g.

Definition 4.10.4 (Multiplicative functions). A function h : R, — Rsg is called ~-
multlipschitz if the function h'(xq, ..., x4) = log h(exp(x1),exp(z2), ..., exp(xq)) is y-Lipschitz
in the {1 norm.

We encapsulate our use of standard concentration inequalities into one proposition. This
proposition is used to show that conditioning on a long sequence of edges that are stable for
the functions {x, 'L, and {y,};2, does not change the value of any of these functions by a
large amount with high probability. This proposition allows the stability to depend on the
1z, functions, which one should think of as being related to AN\P(S, S").

Proposition 4.10.5. Consider two collections of electrical functions {x,}._, and {yy}i2,.
Fix a graph Iy = I and a set Fy = F C E(I). Consider two sequences of random graphs
{L}:, {1l}:, edges {f:}i, and edge sets {F;};, {X;}; with the following properties for all i:

o [ ~ L[fi]] for a uniformly random edge f; € X;

o Fiii:=F,NE()

e X;CF

o X, is (Il, pr, pi, 0)-stable for all functions x, and (I}, F}) := Split(l;, F;)

o X, is (I, pr, pi,6)-stable for all functions y

e |[Fj| >0

o p; = pp({z.(H;)}a); that is p; is only a function of the values of the x,s on H;.

e pg is a y-multlipschitz function.

Let g := max;(p; /| X;|). Then with high probability, all of the following bounds apply for
all i:
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o Forallw € {x4}a,

3/2
lw(I) —w(l)| <O (TE + %) w(H)

o For all w € {yp}s,

3/2
(D) — w(L)| < O <E N %) W(H) + 0o 1| FI5)

Before proving this, notice that f; € F;, if and only if the edge set of I; doesn’t change,
i.e. one of the following two conditions holds:

e levy(f;) <1/2 and f; is contracted to form I;q

e levy(f;) >1/2 and f; is deleted to form ;4

The proof of Proposition [4.10.5| uses Azuma’s Inequality.

Proof of Proposition[{.10.5. Break up the sequence of edges to condition on into a small
number of subsequences with guaranteed small changes in x,(I) and y,(/) values. Then,
apply Theorem [£.9.10] to each subsequence. Specifically, let ip = 0 and i;;; be the maximum
value for which |F; [ > |Fj,[(1 — 1/(16v£1pr)). Concentration bounds will be shown for
each subsequence of is between i; and 7;;.

We start with bounds on [i;4; — 4;|. Consider the random variable |F;|. By the fourth
property of stable edges, E[|Fi;1||F;] < |F;| — 1. In particular for any z > i;,

: 1 :
E[|E[|F;, 5] < [Fy| = 7(2 =)

X, = |Fi| — E[|F;|] is a martingale with ¢; = 1 for all ¢, so by Theorem [4.9.10

1 ) .
FL < 1Byl = (= i) + /(= = i) logn

. 1. 1
with probability at least 1 — Soiv (e

O As long as z —i; > 8logn, the above inequality
implies that

|2 =5 < 8[| — | F])

For z = ’ij+1, ’?:jJrl — ZJ‘ S ﬁ‘ﬂA with hlgh probablhty
By the first two properties of stable edges and the fact that | F;| is nondecreasing,
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oL L1155
o) <o) | 1
wlh) <) {1+

1
< 1—|—— Tq [Z
_< 751) )

and z,(l;) > (1 — 7%)xa(lij) for all i € [i;,4;+1] and all @ with high probability. By the
multlipschitzness of pg,

pi < (L+1/(v00)" pi; < epi,
for all ¢ € [i;,4;41] with high probability. Similarly,

yo(1i) < (1+1/(v61))(we (L) + | F|6)
for all ¢ € [i;,4;41] and b with high probability.
We now use these worst-case bounds on z,s and y,s within each interval to get a better
bound using the expectation. By the third property of stable edges and the definition of 7,

. . T
\E[w (L, )Li;, 4] — w(li))| < (6501 — )|FE | e(w(l;;) +[F|0) + |F|0
1541
TE
< 2e w(l;.) + O(|F|6
< 2052 u(l,) + O(|FI9)

for functions w € {yp},. For functions w € {x,},, a similar bound holds:
. TE
[Blw( i) iy 4] = w(ly)] < (G0 = 45) 7——ew(ly;)
‘ Z]+1’

TE
< 2e w(1;,
— ~vbhipr (L)

Therefore, by Theorem [4.9.10],

lw(I;

1j+1

1Fi,| po ~
+ 2¢e4/ (logn ! w(l;,) + O(|F|d
)+ 20 (o8 n) 5 (1) + O P19
with high probability for w € {y},, with analogous statements for z, with 6 = 0 (see
proposition guarantees). Since |Fj_ 41| < [Fj[(1 — 16,0“%1) Jj < 16pryli(logn). Since
|F;| > o for all i, the total change is

TE
—w(l;)| < 2e w(l;,
) = wlly)| < 272,
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3 3/2 /=7 .
O ( .+ LY ) ap(1) + O(pryta | F10)
Jo

as desired. O

Stable oracles and their use in proving the fixing lemmas

In this section, we exploit Proposition to reduce Lemmas [4.10.1| and 4.8.2| to the
construction of a certain oracle. This oracle outputs a set of edges remains stable for the
main objective bL,L};b.y, the “Size” bound, and an auxilliary objective that bounds the
endpoint potentials of two sets of “deferred” edges.

Before defining the oracle, we define a proxy for the degree function, called the normalized
degree, that will be more convenient to control directly than A# (X, Y):

Definition 4.10.6 (Normalized degree). For a graph H with disjoint vertex sets X, Y, let

5X,Y(H> = ﬁH(())((,;:))

It is easier to control due to the following representation, which involves quantities whose
change can be easily analyzed using rank 1 updates:

Remark 9. 0xy(H) can be written in a different way:

T oot by Ly (xuv)be
oxy(H) =D D (o Liyxbew) —— =

Te
weY ecogw

where x and y are the identifications of X and Y respectively in H/(X UY) and e is
oriented towards w.

Proof. By Proposition 4.9.2] for each w € Y,

T 7+ Schur(H/X,XUY)
Z b LH/ XUY)b o Czw
- Schur(H/X,XUY)
T )
ecoygw € Zw’EY Co!

Since Schur complement conductances do not depend on edges with endpoints that were
not eliminated,

Z CSchur(H/X XUY) (X, Y)

Tw’
w'ey

Combining these equalities shows that
bT LT

be _ AM(X,)Y)
T 7+ H/(XUY)~ e )
2 (L) 2 re - XY

weyY e€cogw
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as desired. O

Now, we define an oracle that generalizes the concept of picking the minimum energy
edge that was so important to SpecialFix:

Definition 4.10.7 (Stable oracles). An (p, K(z))-stable oracle, is a function

Z < Oracle(l,S,S',D, A, B,W) that takes in a graph I, two disjoint sets of vertices
S, 8" CV(I), aset of deleted edges D C E(I), two sets of deferred edges A, B C E(I), and
a set of edges W to condition on. K s allowed to be a function of some parameter z. This
oracle is given inputs that satisfy the following conditions:

o (Bounded leverage score difference) For all e € W, |levp p(e) — levys,sy(e)| < 1/16

e (Narrow potential neighborhood) There is a p < 1/4 for which one of the following
conditions holds:

. . v, Lt ((bsu+bsv)/2)
— (s narrow potential neighborhood) —=* Ing\DL)i(S’S')
SSI

(1\D)/(5,5")Pss’

€ [p, 2p] for all {u,v} €

w.
Vi . . bT/L+I D S.s’ ((bus/+bus/)/2)
— (s’ marrow potential neighborhood) == (bj\ )L/J(r = ; € [p, 2p] for all {u,v} €
W ss' (I\D)/(5,5")"ss’

It outputs a set Z C E(I) of edges to condition on.
Let Iy = I and for each v > 0, obtain I; by picking a uniformly random edge f;_1 € Z,
letting I; < I;_1[[fi_1]], and removing f;_1 from Z.

Oracle satisfies the following stability-related properties with high probability for all i <
K([W1):

e (Size of Z) |Z| > |W|/(log" n)
o (Leverage score stability)

— (Upper leverage score stability) |levi\p(f;) — Levpp(fi)| < 1/16

— (Lower leverage score stability) |Levy, js,s(fi) — Levrys,sn(fi)| <1/16
o (Midpoint potential stability)

— (s midpoint potential stability) Let f; = {u;,v;}. Then

bss Lt m) (.51 Bsus & bsui) /2

T +
bssr L1\py (5,9 s

> p/2
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— (s’ midpoint potential stability) Let f; = {u;,v;}. Then

bT L (I:\D)/(S, S/)(buisl + bu,sr) /2

> p/2
+ puiy
bes L1 (5,5 bss'

o (S — S'-normalized degree change stability)

— (S — 5" conductance term stability)

|bg;'L+- S,S! bfi||bT;L+- S,/ be |
S Bh Ll pysbew) Y RS S S IAD S |W|5SSI<I\D>

TeT
we S’ eealiw file

— (S — S conductance term stability)

|bg;'LEL1~\D)/(S S’)bfi | |b? L?—[-\D)/(S’ s')b |
(bsTwL+ by w) - : - - : 55” ([\D)
1; (I;\D)/S ee(;w T ]W\

— (S =S energy term stability)

be P sea(I\D
DU < s (1\ D)

T 7+ 2 T 7+
Z (bswL(Ii\D)/Sbfi) Z bss’L(I,-\D)/(S,S’)
wes! "'fi eeajiw

— (S' — S energy term stability)

IN

T 7+ 2 T o7+
(bs’wL(Ii\D)/S’bfi) bss’L(Ii\D)/(S,S/)be p 5 I\ D
2 > Tt s\ D)

T T
weS fi eeafiw ¢

e (Deferred endpoint potential change stability)

bj, L+1 (D) /(5.5 (bsu + bsu)|

Z [ L+1 (I\D)/( S,S’)bfz

{u,v}€A Tf;
+ Z |bT L+I (I:\D) /(S,S/)bfz‘ biL&\D)/(&S/)(busl + by )|
{U’U}GB Tfi
“ 3 T T'min
< W Z b /L (I\D)/(S,S") (bsu + bsv + Z b 'L(I\D)/(S,S’)(bus/ + bvs’) + >

{uv}eA {u,v}eB
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e (Main objective change stability)

T 1+ 2
(bss’L(Ii\D)/(S,S/)bfi) < P T Lt

>~ ss ’ bss’
" W s D)5

|W| in each of the above quarantees refers to the original size of W.

We now use this oracle to prove the following result, which will later be used to show

Lemmas 4.10.1] and 4.8.2¢

Lemma 4.10.8. Given a (p, K)-stable oracle Oracle, there is an algorithm Fiz(1, J,S, S €, F, D)

that takes in a graph I, a random graph J that is a valid sample from the distribution I[F],
a set D C E(I) of deleted edges, S,S" C V(G), FF C E(I)\ D, and an accuracy parameter
e € (0,1). With high probability on J, there is a set F' < Fiz(I,J,S,S" e, F, D) C F with
two properties:

e (Conductance) ¢"\P\" (S, 5") < (1 + €)c\P(S, S")
o (Size) [F'| < O(p’e 3 (ANP(S,8") + ANP(S, S) + D))

Futhermore, Fiz takes O(m + (max.<|p| % + log?n)(m + T (Oracle))) time, where
T (Oracle) is the runtime of Oracle.

The runtime in the above guarantee corresponds to running Oracle % times. Later in
this section, we implement a simple (O(polylog(n)), 1)-stable oracle called SlowOracle. This
oracle is sufficient to prove Lemmal[4.10.1] However, T (SlowOracle) = ©(m?). Furthermore,
K = 1. As a result, the runtime of the algorithm could be as high as ©(m?). To reduce
this runtime, we exploit Theorem and sketching techniques to obtain FastOracle.
Sketching allows us to make 7 (FastOracle) = m!'*°() and Theorem allows us to
reuse Z for many iterations. Specifically, FastOracle is an (m"(l),zm_”(l))—stable oracle.
Therefore, plugging in FastOracle to Fix proves Lemma [4.8.2]

To prove Lemma [£.10.8] proceed as described in Section [£.10.2] At any given point,
bucket edges in F' by their maximum normalized endpoint S — S’ potential. Let [p,2p] be
the potential range with the most edges of F' in the corresponding bucket. If this bucket
W has more than p*((AN\P(S,S") + ANP(S')8))/p + |D|), call Oracle to produce a subset
Z C W and split and condition on a uniformly random sample of K elements from Z.
Otherwise, “defer” conditioning on all edges of Z by adding them to A or B, depending
on whether they are closer to S or S’ respectively in the potential embedding. Once all
remaining edges of F are in either A or B, delete the ones with an endpoint with normalized
potential in the interval [, 1 — €] and condition on all others.
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We now give pseudocode that implements the above description:

Algorithm 14: Fix(1, ., 5,5, ¢, F, D)

1
2

3
4

15
16
17
18

19
20

21
22
23
24
25

26

Data: two disjoint sets of vertices S and S, the graph I, the random sample
J~I[F],e€(0,1), F,D C E(G)

Result: the set F’

// edges whose endpoint potentials we want to control

A B«

while |F| is not empty do

// identifications s,s

I'«<~ (I\D)/(S,5)

foreach i <— 0,1,... do

b Lt (bsu-+bsy)/2
. . _ss! QI \TSU v
X; + {{u,v} € F: T
ZS/L}—/ (bus’+bv5’)/2

T 1+
bSS/LI/bss’

c (2—1‘—2’ 2—1‘—1] }

Y, « {{u,v} e F:°

end

Tmax < 2logn

Xiow = UisipaXi

Yiow ¢ Uisipa Yi

W 4= arg Maxive{Xo,Yo, . Ximax Yimax - XiowYiow} | W]

1 < index of W as X, or Y}, with i <= i, + 1 if W is low

D 2—i—2

if || < 10000(log n)&2, 1.,..0°€ 2(ATVP(S,8") + AT\P(S'S) + |D|)2° then
// defer all edges in W

F+—F\W

Add edges of W to A if W = X, otherwise add W to B

else

Remove all edges e from W for which levpp(e) — levy/(ssy(e) > 1/32 using
Johnson-Lindenstrauss with e = 1/64

Z < Oracle(I,S,S',D, A, B,W)

7" < a uniformly random subset of Z with size K (|W|)

// can be implemented using J in O(|Z'|) time

L 1I[[2]]

F« FnE()

end

c [2—1‘—27 2—i—1)}

end

F'" + set of edges in AU B that have some endpoint with normalized I” potential
between €/2 and 1 — €/2

return F’

Our analysis of this algorithm centers around applying Proposition 4.10.5| Specifically,

Proposition [4.10.5| is applied to show that the electrical functions
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[ ] 65751<H\D)
o dg5(H\ D)

T +
® Doy L) (5,8 Pss

* (Zuevm) bsTuLTH\D)AS,S/)bSS’) + (ZUEWB) bgs’LTH\m/(s,s')b%’)

do not change much over the course of conditioning on many edges. We focus our
discussion of intuition on the first two functions, since the others are easier. The first two
functions are very similar, so we focus our discussion on the first one. Furthermore, bounding
pE is in Proposition is more difficult than bounding py,, so we focus on that.

To bound expected changes in dgg/(H \ D), it helps to define a quantity related to
the discrepancy between leverage scores in H (the graph a tree is being sampled in) and
(H\ D)/(S,S") (the graph in which quantities of interest are defined):

Definition 4.10.9 (Leverage score change). Consider an edge e in a graph H obtained by
identifying vertices and deleting edges in a graph G. Define

re — bt Lgbe b LEbe _ ro(bY L}b. — I LEb,)

re —bILEb.  bILEb.  (re — bT Libe)bT Li;be

Levenge () =

It is also helpful to define the following maximum energy fraction, which is used to define
a generalization of the fact that the effective resistance is the sum of energies on all edges:

Definition 4.10.10 (Maximum energy fraction). For a graph H, a setY C V(H), a vertex
xo € Y, and some edge f € E(X), let
(b2gwlirbr)”

Tow

bT L[_;bwow)rf

Tow

Oy (F) = 2 ¢

Remark 10. When v < levg(e) <1 —~ for some v € [0,1/2],

|levg(e) — levy(e)| < |leveng,_ y(e)| < 2|levg(e) — levy(e)|/y

Consider any edge f € E(H) \ D. One can write the expected change in g ¢ (H \ D)
after conditioning using rank-one updates:
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Epremdss (H \ D)] — 65,5 (H \ D)

H\D)/Sb PN ([ bar Linoys.n e
= —1evcngHﬁ(H\D /S Z Z 4

weS’ e€dgw
) (s Ly 5,500 (OF Lt py 5,51 be)
Tf?“e

— levengy ,m\py/( SS’ Z Z (bT L+H\D /sbsw

weS’ e€dygw

( levy(f) 1 —levy(f) )
levinpy/s(f)levinpys,sy(f) (1 —Levinpys(f))(1 — levinpy/s,.s)(f))

\
Z Z (b LH\D)/Sbf) ) ((bT L+H\D s,S')bf)(b?L?rH\D)/(S,s')bff))
TiTe

weS’ e€dgw

(H\D)/S
By the triangle inequality and the definition of a s> )/ (f),

[Enni[0s.s (H'\ D)] = 0s.5(H \ D)|

b2\ (VL] be
H\D /80f ss'(i\D)/(SUS")
< Rovagyanos 1 Y 3 (5 ) (et

weS’ e€dyw
|1evcngH_) (H\D)/( 55/ | Z Z ( sw (H\D /Sbsw> ( TfTe
weS’ e€dgw

+ +
(leV(H\D)/s(f)leV(H\D)/(s,s')(f) (1 = Tevinpys(f))(1 — levin by s,sy(f))

b, Lt b HbTLJr b ]
(H\D) s | ss' H(H\D)/(S,s""f H\D)/(S,5")"e
sS> )/ }: 2: (bT L+H\D /Sbsw> ( (H\D)/(5,5) \D)/(5,5")

Tl
weS’ e€0gw fle

levy(f) 1 —1levy(f) )

The stable oracle guarantees can be used on all of the quantities in the above sum. The
“S — S’ normalized degree change stability” guarantees bound the double sums in each of
the three above terms. The “Leverage score stability” guarantees bound the leverage score
quantity in the second order term. Initially, the leveng and a quantities may seem trickier
to bound. Luckily, we can prove bounds on their average values in terms of A#\P(Ug, S") +
AT\P(Ug, S), where Ug and U} are the sets of vertices with normalized potential less than
1 — p and greater than p respectively, with s and s assigned to 0 and 1 respectively. These
A quantities are in turn bounded using the “Midpoint potential stability” guarantee, along
with the following:
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Proposition 4.10.11. Consider two disjoint sets of vertices X and Y in a graph G. Let
G'=G/(XUY), with z and y the identifications of X and Y respectively. Let Z be the set
of wertices v with electrical potential p, < 7 for some v € (0,1) with boundary conditions
Pz =0 and py, = 1. Then

1
AG<Z7 Y) < 1—AG(X7 Y)
-7
where z is the identification of Z in G/Z.

This bound on A is then used in conjunction with the following to bound levcng and a:

Lemma 4.10.12 (Bounding first order terms, part 1). Consider a graph G and two sets
X, Y C V(G) with XNY = 0. Let H = G/Y with y the identification of Y in G. Let
A =A%X,Y). Then

> Levengg ()] < 324
FEGIX|UG X 11/4< Levg (f)<3/4

Lemma 4.10.13 (Bounding first order terms, part 2). Consider a graph G and a set of
edges D C E(G). Then

> |[tevengg,\ple)| < 4D

e€E(G)\D:1/4<levg(e)<3/4

Lemma 4.10.14 (Bounding the second order term). Consider a graph G and two disjoint
sets of vertices X, Y C V(G). For any s € X,

Y ahe = Y max B e axy)
s,Y ey (bZ;LJCSbst)re = buckets )

€€Eg(X)UagX GEEg(X)UagX

where Epyckers = log(ma).

Appendix is dedicated towards proving these bounds. Notice that in Line the
algorithm chooses edges to condition on randomly. This allows us to exploit the above
bounds in order to eliminate the leveng and o dependencies. This completes the outline of
the proof of the bound on pg for the normalized degree and illustrates how we prepare to
apply Proposition 4.10.5|in general.

We now state all of the stability results that a stability oracle implies in the algorithm
Fix. These are shown in Appendix These propositions analyze of Lines by

conditioning on a uniformly random sample one edge at a time.
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Definition 4.10.15 (Stability propositions setup). Let Zy = Z < Oracle(I,S,S’, D, A, B,W)
and Iy = I, where Oracle is (p, K)-stable. Assume that the input to Oracle satisfies the
conditions described in Definition [{.10.7,

Obtain Zy and Iy, for k > 0 by choosing a uniformly random edge fr_1 € Zi_1, letting
Zk — Zk—l\{fk—l}; and lettmg Ik — Ik—l[[fk—l“~ Let Ak = AIk\D<S, S/)+Alk\D(S/, S)+|D|

Notice that the set Z’ defined in the algorithm Fix could analogously be defined by
letting 7' < Z \ Zx. We now show that the following stability properties hold:

Proposition 4.10.16 (Stability with respect to A). For all k € {0,1,..., K(|W]) — 1}, the
set Zy is a (O(p), O(pAy/p),0)-stable subset of W for the electrical functions
ds.s(H \ D)

and

of H with high probability.

Proposition 4.10.17 (Stability with respect to sums of deferred potentials). For all k €
{0,1,..., K(|W|) =1}, the set Zy is a (O(p), O(pAx/p), Tmin/n*)-stable subset of W for the

electm'cal function

> b Linoyssn s+ ba) | + 1 D0 bhLinpyjs.sr (Bus + bus)

{u,v}eA {u,v}eB
of H with high probability.

Proposition 4.10.18 (Stability with respect to the main objective). Forallk € {0,1,..., K(|W|)—
1}, the set Zy is a (O(p), O(pAx/p),0)-stable subset of W for the electrical function

T
bysr LDy (5,51 bss

of H with high probability.
Now, we use Proposition [4.10.5|to show the following result:

Proposition 4.10.19. Immediately before Line of the algorithm Fiz, the graph I and
the sets A and B have the following properties with high probability:

e (Muain objective) Let Iy be the graph supplied as input to Fiz. Then bz;,L;r\Dbssl >
(1—e)b?, L;“\Dbssx
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e (Normalized potentials of deferred edges are not too high on average)

1
m Z bT L}_\D bsu + bSU) + Z bT'L;_\D us’ r+ byS’)
I\DYss {u,v}cA (unleB

< O(p*e 2(ANP(8, 8') + AP\P(S',S) + |DI))

The first condition of the above proposition states that the value that Fix needs to
preserve (bl L[\Dbss = m) is in fact similar to its value at the beginning of the
algorithm. This is not enough, however, because the deferred edges have not been conditioned
on before Line The second condition of Proposition [4.10.19| ensures that contracting
or deleting all but O((AN\P(S,8") + ANP(S'S) + |D|)e!) of the deferred edges does not
decrease the main objective by more than a factor of 1 — e. Setting the remaining edges to
be F’ shows the desired result.

We now show Proposition [4.10.19

Proof of Proposition[{.10.19. Number of “If” block visits. Start by bounding the number of
times the “If” block in the algorithm Fix is entered. Each time the “If” statement is entered,
Line 15[ removes W from F'. By construction, |W| > |F|/(2imax) = |F|/(2logn). Therefore,
this removal can only take place (log|F|)(2logn) < 2log”n times, so the “If” statement
only executes 2log®n times over the course of Fix.

Verifying stable oracle input conditions and size of W. After Line [I8, W only contains
edges for which |levpp(e) — levy/g,s)(e)] < 1/32+2(1/64) < 1/16. Therefore W satisfies
the “Bounded leverage score dlfference condition. W satisfies one of the “Narrow potential
neighborhood” conditions by definition of the X;s and Y;s.

Now, we lower bound the size of W after Line Let Ug and Ug be the vertices with
(I\ D)/(S,S")-normalized potentials greater than p and less than 1 — p respectively, with
5 < 0 and s’ < 1. By Proposition with v < 1 — p,

ANP(Ug, §) < ATVP(S,5") /p

and

AN (U, §) < AP (Ugr, §) < ANVP(S',9) /p

Every edge in W has an endpoint in Ug N Ug by the bucketing definition. Applying
Lemma [4.10.12| twice and the first inequality of Remark [10[ shows that

Z levI\D(e) — 1ev(I\D)/(57S/)(e) S SQ(AI\D(S, S,) + AI\D(S,, S))/p

By Lemma [4.10.13] and Remark [I0]
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> levinpyyssn(e) — leviyss(e) < |D|
eeW

Therefore, by Rayleigh monotonicity,

Z ‘1eV[\D( — leV]/ S,87) ( )| < 32(AI\D(S S/) AI\D<S/,S) + |D|)/p
ecW

By the “If” condition,

W] > 4096(ATNP(S, 8') + AN(S', 8) + D)) /p
before Line [18 In particular,

> levin(e) — levyys.s(e)| < [W]/128
ecW
which means that Line (18| can only remove (|WW|/128)/(1/32) < |W|/4 edges from W.
Therefore, Line [18| only decreases the size of W by a factor of 3/4. In particular, |W| >
Q(pPe2(ANP(S, ") + ANP(S', S) + | D|)/p) after Line .
Concentration in “Else”-only intervals. Now, define the functions

IO(H> = bZ;IL(H\D)/(S’S/)bSS/ = 1/CH\D(S, S/>
ZL‘l(H) = (5575!(H \ D)

£L'2(H) = 55/’5([‘[ \ D)

and

vo(H) = [ Y bl plbau+0w) | + [ D 0L Ly p(bus + bow)
{uw}eA {u,v}eB

All of these functions are electrical functions for the graph H, as they are preserved under
splitting edges in series and in parallel.

We now check that Proposition 4.10.5| can be applied between “If” block executions to
show that xg, 1, T, and gy do not change by more than a (1 + ¢/(2log®n))-factor over
each “Else”-only interval. Line is equivalent picking uniformly random edges from 2’
without replacement K times. Let A := ANP(S,8") + ANP(S’.S) + |D|. By Propositions
[4.10.164.10.17, and [.10.18] each of the selected edges is sampled from a set that is a
(O(p), O(p(A/p)),0)-stable subset of W for the x;s and (O(p), O(p(A/p)), Tmin/n*)-stable
for yo. Therefore, we may apply Proposition with
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pe({za(H)}a) = O(p(AT\P(S,8") + AP (5", S) +|D|)/p))
O(p(6s,5(H \ D) + 8s1.s(H \ D))/ (bl Lisp py (5.5 bss))
O(p(a1(H) + w2(H))/(pzo(H)))

PL < O(P)

- rmm/n4

and

o (/)

because pg is a l-multlipschitz function in its inputs. In order to apply Proposition
4.10.5) we need to bound 7. By the “If” statement and the “Size of W” bound earlier in
this proof, 7z < ¢/(1001log®n) and \/%pi/z/\/g < €/(1001log*n). Therefore, Proposition
implies that each x; function changes by at most a factor of (1 + ¢/(8log?n)) during
each “Else”-only interval. Furthermore, 3, changes by at most an (1 + ¢/(8log?n)) factor
during each interval, along with an additive change of at most O(prmin|F|/n*) < rmin/n>.
This is the desired change in each “Else”-interval.

Main objective. Each “Else” interval causes xo(H) = bfs,Lg\ pbss to change by a factor
of at most (1+¢/(8log?n)). By “Number of If block visits,” there are at most 21log? n of these
intervals. Therefore, 2(I) > (1 — ¢/(8log?n))2°8" (1) > (1 — €)zo(I). In particular,
bSTs,L}“\DbSS/ > (1— e)bZ;,LZ\DbSS/, as desired.

Normalized potentials are not too high on average. Each “Else”interval causes
the quantity AN\P (S, S") +ANP (S, S) to increase by a factor of at most (1+¢/(8log®n)) by
Proposition [4.10.5| applied to all of the x;s. Therefore, the total increase over the course of
the entire algorithm is at most a factor of (14 ¢€) < 2, since there are at most 2log®n “Else”
intervals. Therefore, I in the bound of the “If” statement can be replaced with I, with at
most a factor of 2 increase in the value.

Each “If” statement adds at most O(pe 2(A%\P(S,8") + AT\P(S' ) 4 |D[)2") edges
to A or B. Each of these edges contributes at most 27~ >(bj, L, pbss) < 277 (biy L\ phss)
(by Proposition to the sum, so each “If” block increases yo by at most

O(p*e 2(APN\P (S, 8") + APV (S,.5) + |D))2")27 (0L, L\ pbasr)
< O(pPe2(APNP(S,8") + ATVP(S,S) + [D) (bl L\ pbss)
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additively. Each “Else” statement increases the value of yy by at most a factor of (1 +
¢/(8log®n)) along with an additive increase of at most 7, /n°. Therefore, the value of 1 im-

mediately before Line is at most O(pPe 2(AT\P (S, §") 4 Al\P (5" ) 4 1 D) (b L\ phsst);
as desired. Dividing both sides by (bg;,L;;\ pbss) and using the concentration of x( gives the

desired result. ]
We now use this proposition, along with the following result:

Proposition 4.10.20. Consider two disjoint sets of vertices X and Y in a graph G. Let
G' = G/(X,Y), with x and y the identifications of X and Y respectively. Let A and B be
sets of edges for which both endpoints have normalized L{, by, potential at most v and at
least 1 — 7y respectively for some v € (0,1/2). Arbitrarily contract and delete edges in A and
B in G to obtain the graph H. Then

HAX,Y) < (—r

to show Lemma [4.10.8| using the intuition given earlier:

“(X,Y)

Proof of Lemma[{.10.8 Correctness and runtime of conditioning. The conditioning process
given in Fix can be written in the form described in Proposition |4.9.9, Therefore, by Propo-
sition [£.9.9] its output is equivalent in distribution to sampling from I[F]. Furthermore,
Line [21] can be implemented using the sample J in constant time per edge by Proposition
4.9.8

Conductance. By the “Main objective” condition, the s—s’ effective resistance in I\ D is
at least (1—¢) times its original value right before Line[25] Contracting or deleting (AUB)\ F”
in I only decreases the resistance by a factor of at most (1 — ¢/2)? > (1 — €) by Proposition
4.10.20, By Rayleigh monotonicity, deleting F” only increases the s — s’ resistance. The
total decrease due to all of these changes is at most a factor of (1 —€)> > 1 — O(e). Taking
reciprocals and using the fact that ¢/\P\M" (S, S") = 1/ (bg;,L}“\D\F,bSS/) yields the desired
result.

Size. By Markov’s Inequality and the “Normalized potentials of deferred edges are
not too high on average” guarantee of Proposition , only O(p*e3(AN\P(S,S") +
ANP(S' ' S) 4+ |D|)) edges in AU B can have any endpoint with normalized potential in
the interval [¢/2,1 — €/2]. Therefore, |F'| < O(pPe3(AN\P(S, S") + ANP(S,S) 4 |D|)), as
desired.

Runtime. Each “While” loop iteration takes O(m + T (Oracle)) time, so it suffices to
bound the number of “While” loop iterations. Each “If” block “While” loop iteration reduces
the size of |F| by a factor of 1 — 1/(inay) < 1 —1/(2logn), so only O(log®n) such iterations
can occur. Each “Else” block “While” loop iteration decreases the size of F' in expectation
by at least K (|F|)/4 by Proposition [£.9.6] By Chernoff bounds, for K(|F|) > polylog(n), F
decreases in size by at least K (|F|)/8 with high probability. Therefore, each “Else” iteration

reduces the size of |F| by a factor of (1 — %) with high probability. Therefore, only
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O(|F|/K(|F])) “Else” iterations can occur. All “While” loop iterations either call “If” or
“Else,” so we have finished the runtime analysis. O

4.10.4 Warmup: A (polylog(n),1)-stable oracle

We now give a stable oracle SlowOracle that suffices for proving Lemma[4.10.1] SlowOracle
is similar in concept to picking the minimum energy edge in W. However, it needs to do
so for multiple functions simultaneously and for more complicated functions than effective
resistances. To cope with these complexities, we exploit Theorem in place of the fact
that the sum of the energies on edges is the effective resistance.

Algorithm 15: SlowOracle(/,S,S’, D, A, B,W), never executed

1 Return all edges in W that satisfy all of the inequalities in the “S — S’-normalized
degree change stability,” “Deferred endpoint potential change stability,” and “Main
objective change stability” guarantees of Oracle with p = 400 log(Sn)

Proposition 4.10.21. There is a (400log(sn), 1)-stable oracle SlowOracle.

Proof. Everything besides size of Z. Let Z <« SlowOracle(I,S,S’, D, A, B,W). By
construction, all edges in Z (in particular fy) satisfy the “S — S’-normalized degree change
stability,” “Deferred endpoint potential change stability,” and “Main objective change stabil-
ity” guarantees of Oracle. The “Midpoint potential stability” and “Leverage score stability”
guarantees follow from the fact that K = 1.

Size of Z. In each of the “Conductance term stability” quantities, the edge e has s’ as
an endpoint in the graph (/o \ D)/(S,5’). Furthermore, in the “Deferred endpoint potential
change stability” quantity, b, + bs, has one source that is the same as b,y ’s source. Similarly,
bus + bys and byy have the same sink. Therefore, Theorem applies with 7 = 2n!?
and shows that
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where the second-to-last inequality follows from the fact that effective resistances in any
graph are within a factor of n?3 of one another. Similarly,

b5 L I \D)/(S.,8") bf||bf (I \D)/(SS’)b |
D D (bl Liipysbew) D : o < 24log(nf)ds,s(I\D)
fEW wes €D, w fle

T T+ L
33 bswL(zo\D sbs)” 3 o L\ ) 5.5 e < ds,5(I\ D)

few wes’ e€dp,w Te

2 T
3 Z by IO\D)/S/b ) 3 Do L) (5.5 be < 655(I\ D)
FEW weS e€dryw Te

T 1+ 171+
B> [Bssr L i\ D) (5.5 21 10F L) 5,51 (s + B

few \{up}eA s
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By Markov’s Inequality, only |1W]/16 edges in W can violate any one of the six conditions
tested in SlowOracle. Therefore, |Z| > |W|—6|W|/16 > |[W|/2, as desired.
O

Proof of Lemma |4.10.1]. Follows directly from Lemma [4.10.8 with SlowOracle substituted
in for Oracle by Proposition 4.10.21} O
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4.11 Efficient construction for the conductance
concentration inequality

To accelerate Fix, we need to construct an almost-linear time (m°®, [IW|m=°W)-stable ora-
cle. To do this, we need to do the following:

e Compute a large subset of W consisting of edges that respect all of the conditions of
stable oracles in almost-linear time.

e Show that this large subset of W continues to satisfy the stable conditions even after
conditioning on a significant fraction of W.

The first objective boils down to computing approximations to moments of Laplacian
inner products. This can be done using techniques from streaming algorithms; for example
[6, 44]. Specifically, we use Theorem |4.9.13] The second objective boils down to showing

that a set of stable edges remains stable for many iterations. To show this, we use Theorem

.41l

4.11.1 Exploiting localization
Concentration preliminaries

In this subsection, it is helpful to have a few concentration inequalities that allow us to
control the ¢, norm of certain vectors. We apply Theorem [4.9.11|to obtain two concentration
inequalities that will be applied directly:

Proposition 4.11.1. Let {M®}, € R™" be a sequence of symmetric, nonnegative random
matrices, {Z®}, € {0,1}", and S® C [n] with the following properties:

o Forallien], Y70, Mi(jo) < o where o < 0o. Furthermore, S = ().

o The random variables { Z®}, are defined by making Z*+1) the indicator of a uniformly
random choice w 1) € [n] \ S®). Let S*+D .= SR {p+11,
o Foralli,j € [n] and k, MID < MP + 40 MP 25V MP.

With probability at least 1 — 1/n%,

for alli ¢ S® and all k < n/2.

We also need a bound on how M affects a random vector v:
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Proposition 4.11.2. Let {M®}, € R™" be a sequence of symmetric, nonnegative random
matrices, {v®}, € R™ be a sequence of nonnegative random vectors, {Z®}, € {0,1}", and
{S®} C [n] with the following properties:

e Foralli€ [n] and all k, 32, iasm Mi(f) < o;.

o The random variables {Z"®)}, are defined by making Z*+V) the indicator of a uniformly
random choice w 1) € [n] \ S®). Let S*+D .= Sk {p+11,

e Forallie[n], v <r.
e Foralli € [n] and k, vz-(kﬂ) < vgk) +> 0 Mi(lk)Zl(kH)(vl(k) + vl(k)),

With probability at least 1 — 1/n%,

for alli ¢ S® and all k < n/2.

We prove both of these propositions in Appendix [B.6.1}

Flexible functions

We now discuss how to exploit the concentration inequalities from the previous subsubsection
to make stable sets of edges remain stable for an almost-linear number of iterations. The
bounds below are motivated by applications of Sherman-Morrison.

Definition 4.11.3 (Flexible families of functions). Let G’ be a graph and consider any minor
H of G'. Let X C E(G") and consider a family of electrical functions {ge}tecx on minors of
G' along with a function ¢ that maps minors H of G' to graphs with a subset of the edges in
H. This family is called flexible if for any graph H and any edges e, f € X N E(H), all of
the following hold:

e (¢ commutes with modifications) For any minor H of G' and any edge f € E(H),
(H/f) = ¢(H)/f and $(H\f) = d(H)\f.

b2 L 11 b1]

o (Contractions) |ge(H/ f) — ge(H)| < e\/%% (le%(i)(f))? (gf(H) + g.(H))
108 L a1 b | 3

e (Deletions) |g.(H\f) — g.(H)| < reyrr (T levyn ()2 (97(H) + ge(H))
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Crudely controlling flexible functions

We now make use of Theorem to find a set of edges for which flexible functions do not
increase much if one splits and conditions for a linear number of iterations.

In the Fix algorithm, edges were split in one of two ways before conditioning on them.
This ensured that they had a leverage score that was bounded away from both 0 and 1. In
order to decide which way to split an edge, the algorithm must approximately know its effec-
tive resistance. Naively, this requires recomputing approximate effective resistances during
each iteration. One can avoid recomputation for a linear number of iterations, however, by
showing the following:

Proposition 4.11.4. Given any set X C E(G') in some graph G’ along with a graph G” on
a subset of the edges of G' with the following property:

e Fach edge e € X has levgr(e) € [1/4,3/4]

there is a set Y < VeryStable., (G",X) with Y C X and the following additional
properties:

o (Size) |Y| > |X|/polylog(n) with probability at least o/(160(log®n)).

e (Leverage score bound) Pick a subset Yo CY and sample a random sequence of edges
Jo, fi, -, fivol 2 without replacement. For any integer 0 < i < |Yy|/2, let GY denote
the graph obtained by arbitrarily deleting/contracting the edges fo, fi1,..., fic1 in G”.
Then, with probability at least 1 — 1/n5,

|Levgr(e) — levgn(e)| <

o |

fO?" all e € Y[) \ {an fla s 7fi—1}-
o (Flexible function bound) For any flexible family of functions ({ge}eex, @) with G" =
o(G),

max (G < 2max g.(G’
eeYO\{fO:flw--,fiﬂ}g ( Z) T e€Yy 9 ( )

with probability at least 1 —1/n®.

e (Runtime) The algorithm takes O(m~+T (ColumndpzPreprocessing)+|X|T (Columndpz))
time.
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To apply this proposition, one just needs to run it O((log®n)/o) times to obtain the
desired set with high probability. We encourage the reader to ignore the approximation
aspect of the v.s this is only included for efficiency purposes later on:

Algorithm 16: VeryStable,, (G”, X)

Data: An ambient graph G’, a graph G” that stable functions are “defined” in (is the

image of ¢), and a set of edges X € F(G’) for possible conditioning

Result: Theset Y C X

1 Z < subset of edges e € X, with each edge independently added to Z with
probability o/(80(log?n))

2 ColumnApxPreprocessing(G”, 7)

3Y <« 10

4 foreach e € Z do
bTLY,,b
// multiplicative 2-approximation to the quantity > ,., .. |\/ﬁc\’ﬁf‘

v, < ColumnApx(e)
AddetoY ifv. <o
end
return Y

0w N O O

Proof. Size. By Markov’s Inequality and Theorem applied to the vector w = 1y, the
subset Xo C X consisting of edges e € X with } . \ﬁG\/”E| < 20(log® n) has size at least
| X|/2. For any edge e € X,

bILELb

=Ez
ez, fe VT

3 b chfbf|]
feZ, fe \/T_e\/ﬁ
__ 7y leledd
- 2

80(log” n) 1T T e NN
<

19

where the first equality follows from the fact that edges in X are added to X, indepen-
dently. Therefore, for e € Xy, E[v.|e € Z] < ¢/2 and
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PZr[eeY] :PZr[GEY,eGZ]
:(1—1:;r[e§éY\e€Z])P;r[e€Z]

1—Pr[ve>a|e€Z])Pr[e€Z]
Z Z

N — A/~

> —Prle € 7]
Z

g

160(log” n)

where the inequality follows from Markov. Since |Y N Xo| < | Xy,

a|Xo| a|Xo|

et 1ol 4 o T oo
(320(log” n)) (320(log” n))

Pr||Y N Xo| > PP e
Z | o (160(log” n))

> Ez[|[Y N Xo|] >

and

o] X| ] - o
(640(log®n))| ~— (320(log®n))

Pr {|Y| >
zZ

thus completing the size bound.
Leverage score bound and continued electrical flow sum bound. We now show induc-
tively that for all k < |Yy|/2 and e € Yy \ {fo, f1, ..., fx—1}, both

) 1% Ly bs o
NV 4.1
fevo\{e,fo,fi,-»fx—1} \/T_e\/'r'—f
and
1
|1eVGg (e) - 1eVG//| S g (42)

where G is a graph obtained by contracting or deleting the edges fo, fi,..., fr—1 in G".

We start by checking the base case. The base case for follows immediately from the
approximation lower bound on v.. The base case for follows from the input condition
to Proposition [4.11.4]

Now, we continue on to the inductive step. By the input condition,
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|sz+//bf‘
for all e € Yj,. Let Me(’;) — ——b 8 and 0 + 20 (last one uses the lower bound

VN
for v.). Notice that

(k+1) (k)
MG <M+

g€Yo

1
min(levcg (9), nonlevgr (9))

7 k+1) g r (k) g p (k)
g

eg ~gf

by Sherman-Morrison and the triangle inequality. Z®**1) is the indicator for the edge fy1.

By the inductive assumption and the triangle inequality, min(levgr(g),nonlevegr(g)) >
1/8 = 1/~. Therefore, Proposition [4.11.1| applies. It shows that for all £ < |Y5|/2 and all

e%f()?"'afk—la
T 71+
Z |b—e LngH <o
fevo\{efo,.sfe—1} \/7”_6\/7“_]0

with probability at least 1 — 1/n®. This is (4.1). Now, we bound how much e’s effective
resistance can change using martingale concentration. The above inequality implies that

17+ Tr+ T+ 2
bELEy be 1 BILED (be Ly br,) 16
E¢r | ———— |Gyl — < 8Egr < oh
. Te e e TeT £y, ‘Yb,
bILE, b [0I'LL, b, bTLY,b
Vel e el e aVe
VaI'G// — M | GI]; = VaI'G// mtl - . ‘ G;C
k+1 fre k+1 Te Te
[(bILEby, )
< 64Eqy,, | ——5 55— | G
ey,
< 12807
— Yl
bTL+// b T +//
€ Gk ¢ be LGkbe < 80’%
Te Te

if e # fx. By Theorem , Pr[|levgr(e) — levan(e)| > 160(logn)oi] < 1/n'. Since
levgr(e) € [1/4,3/4] and 160(logn)o; < 1/8, |levgr(e) — leven(e)| < 1/8 for all k and
all e # fo, fi,..., fr1 with probability at least 1 — n?/n!® = 1 — 1/n®. This verifies the
inductive hypothesis and proves .

|bgL+//bf|
Flexible function bound. Set Me(l;) — %\}%, o 9e(GY), v < 300, 01 < 0y
(using (4.1))), and 7 <= max.cy, g.(G’). Notice that
T+
M(k) _ |be L¢(G§€)bf‘

SN
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as well by the “¢ commutes with modifications” property of ¢. By definition of flexibility

and ,

3
1) < (W () 0 () 4 ()
Ve = U, + X Me Z (U +Ue )
}g;omm(leng(f),l—leVGg(f)) U
<ol 30y MPZP O o)
feYs

In particular, Proposition [4.11.2| applies and shows that

Uék) <7

for all e € Yy \ {fo, f1,---, fx_1}, as desired.
Runtime. ColumnApx is called at most |X| times and ColumnApxPreprocessing is
called once. O

4.11.2 A (m°Y, |[W|m~°W)-stable oracle that runs in almost-linear
time (FastOracle) given fast approximations to certain
quantities

Now, we implement FastOracle modulo some subroutines that efficiently return approxi-

mations to certain quantities. We start by intuitively discussing how to make each of the

quantities that FastOracle needs to control not change for multiple iterations.

The “Bounded leverage score difference” condition ensures that when an edge is split, it
can be split in the same direction for all graphs whose edge resistances are between those in

I\ D and I/(S,S5"). Specifically, in all graphs between I\ D and I/(S,5’), splitting an edge
e in one particular direction ensures that its leverage score is bounded away from 0 and 1.

Leverage score stability intuition

This bound follows immediately from returning a subset of VeryStable(I\ D, VeryStable(//(S,S"), W)).
The “Leverage score bound” of Proposition [4.11.4] yields the desired result.

Midpoint potential stability intuition

By Theorem [4.9.12] for any {u,v} € W,

> 1055 Ly /(5,50 071107 L{n oy 5,90 (o + bs0) /2]

0 ry S bz;/LEr]\D)/(&S/)(bsu+bsv>/2 S O(log(n/p))p
€
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In particular, using the birthday paradox (as in VeryStable), one can find a 1/polylog(n/p)
fraction W/ C W for which

125 L{r 0y 5,59 1105 Lin by g, (Bsu + bs0) /2] o
s ~ logn

for all pairs of distinct edges e = {u,v}, f € W’. Passing W’ through VeryStable makes
it so that the following flexible functions of H do not change by more than a factor of 2 over
the course of many edge contractions or deletions:

) = ’bg;’L?-H\D)/(S,S’)bH

Vi
0©(H) = (H\ D)/(S,5")
|b?L(+H\D)/(SVS,)(bsu + b)) /2]

g;l),x,s<H) — Z N

{u,v}eX\ f f

T+
g (H) =Y 105 Ly s, (Dust + besr) /2]
{u,v}eX\ f \/ﬁ

oW(H) = (H\ D)/(S,5")

for some set of edges X C V.

We have to bucket edges by similar value of these functions in order to fully exploit this
(since the bound at the end is in terms of the maximum). Therefore, we can find a relatively
large subset of W for which random sampling will on average causes a (1 —O(1/|W|))-factor
decrease in the function bz;/Ler\ D)/(, S,)(bsu + bsy)/2 and in the worst case only decreases it

by a (1 —1/(logn)) factor. Therefore, by Theorem [4.9.11], bgjs_/La\D)/(S,S’)@SU + b.sv)/2 only
decreases by a small constant factor over the course of conditioning on this relatively large

subset of W.

Main objective change stability intuition

gj(co)(H ) is the square root of the quantity that needs to be bounded here. Therefore, we are
done by the discussion of the previous subsubsection.

Deferred endpoint potential change stability intuition

Exploit bucketing and Theorem [4.9.12] as discussed in Subsubsection 4.11.2] In particular,
we will control the function
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@1 - 107 L0y 5,5 (bsu + s0)| 107 L i\ py (5,80 (bus' + bus')|
{u,v}eA \/_f {u,v}eB \/_f

o@(H) = (H\ D)/(S,5)

S — S’ normalized degree change stability intuition

The only complication over the previous subsubsection is that the coefficients bswL( 1\D)/sPsw

T , be
and Ve Ly s can increase. We show using Theorem |4.9.12|that stopping after ]W\m_

o
samples does not result in an overly large increase in the coefficients. This is the only part

of this section that requires p = m°".
Specifically, the following proposition will help us. Think of v*) = b7, LE} \pysbsw and

vk = bg;,LjLI D)/(s, S,)be in two different applications of Proposition 4.11.5] It is proven in
Appendix

Proposition 4.11.5. Consider a random sequence {U(k)}kzo generated as follows. Given
(k)
v )

o(1)

e Pick {uik Mk and {w }fil, with ZZ L l ) < o)

o Let Z*+1) € {0,1}% denote the indicator of a uniformly random choice over [{}]

o Pick v+ < y®) +721 Ll Zl(k+1) Z(k)

Let mg = ming {, and My = maxy {.. Then with probability at least 1 — 27,
v*) < (29m)P0®

(m/M§)!/?)

. 1 1
for all K" < my mln((log(Mg /7))y 200072 log (Mg /7)

We use this proposition to show that controlling the following functions with constant

coeflicients suffices:

P 167 L 11\ ) (5,5 Ve
=D WLy shsw Y e
wesS’ e€dygw TfTe
T
Z b I\D /5! s w Z |b L H\/D)/(S7S/)be|
wesSs e€dgw TfTe

0¥ (H) == (H\ D)/(S,5)
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T 7+ 2 T r+
(s 7y _ |50 L)1 by L) (5,5 e
g7 " (H) =) >

V7 2

wes’ e€drw

¢W*(H) = (H\ D)/S

T 7+ 2 T 7+
@' () — ’bS’wL(H\D)/S’bf’ bss/L(I\D)/(S,S’)be
gp " (H) = : 2. ;
weS \/_f e€Edw €

oW (H) = (H\ D)/S"

164
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Tying the parts together

Now, we implement FastOracle. This oracle is similar to SlowOracle but restricts the set
W up front using VeryStable in order to take care of the flexibility of the g0 functions.

Algorithm 17: FastOracle([,S,S’, D, A, B,WW) part 1 (everything but return state-
ment)

Data: graph I, sets S, S’ C V([) for identification, deleted edges D C E(I), deferred
edges A, B C E(I), input edges W C E(I)
Result: a relatively large subset Z C W for which objectives remain stable
1 I’ + graph obtained by splitting each edge of W
2 W' < arbitrary copy of each edge in W in I’
// leverage scores
3 W' < VeryStable,(I'\ D,W’)
4 W' < VeryStable,(I'/(S,S"), W’)
// controlling flexible functions
W' < VeryStable,((I'\ D)/(S,S"), W’)
W' < VeryStable,((I'\ D)/S,W')
W' < VeryStable, ((I'\ D)/S', W’)
ApxPreprocessing(l’, S, S, D, A, B,IW')
foreach e € W’ do
// ApxQuery returns multiplicative 2-approximations h) to each gé)
10 hO(I') + ApxQuery(g¥(I'))
11 end
// bucketing for deferred, degree, and midpoint objectives
12 foreach i € {0,1,... i := log(n®a*)} do

© 0w N o o«

13 W, < edges f € W’ for which
14
O . A
~ +f ( ) c [2—1—1’ 2—1}
\/bss'L(F\D)/(s,Sf)bss’
15 with no lower bound for 7 = 4,42
16 end

17 W' <= the W/ with maximum size
// midpoint objective downsampling
18 W' « uniform random sample of 1/(10001log*(n/p)) fraction of W’
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Algorithm 18: FastOracle part 2 (return statement)
// final output
1 Z <+ edges e € W’ with all of the following properties:
. . 0 W' s row
. (Mldpglnt 5? (IR (1) < p(bE, LJ}\D)/(S snbss)/(1001ogn) if “s narrow
potential neighborhood” input condition is satisfied

. . 0 1),W’ s’ «
(Mldp(?lnt s’) Al )(I’)hg ) . (I < ]_)(.bz;,,.LE}\D)./(S’S,)Z)SS/)/(NO logn) if “s’ narrow
potential neighborhood” input condition is satisfied

(Conductance s — ') A (IR (I') < %5&9(1/ \ D)

(Conductance s' — s) A (I)AE* (1) < %g,m)a s(I'"\ D)

(Energy s — ) pb)s (I < |%/8(’) ds,s'(I'\ D)

(Energy s’ — s) h (I < ﬁ/g(,) dsrs(I'\ D)

(Deferred) A" (1A (1) <

100(log(an
(|+ (Z{u vyea Uss Loy s, (ou + 0s0) + X upen Ui L py s 50 (bust + b”S’)> *

T'min / n

o (Main) (h(1"))? < 2007, L+

o bss L(n\ oy (5,5 bss

return 7

Now, we outline the analysis of this algorithm. Simple calculations involving Sherman-
Morrison show the following proposition:

Proposition 4.11.6. For any graph J with S,S" C V(J) and A,B,D,X C E(J), the

families of functions

o Foi=({¢"(H)}eex, 0)

o Fioi={g I (H) e x, 60)
Fro = ({g P (H)Yeex, M)

2 = ({0 (H) }eex, 6?)
= ({g""*(H) }eex, 6®)

Fsw = ({g&" (H)}eex, 6®)
Firs = ({0 (H) eex, 99)
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o Fuw = ({g"" (H)}eex, o0
are flexible for the graph J.

We prove the above proposition in Appendix [B.6.1} Proposition therefore implies
that the maximum values of the functions in each family do not change by more than a factor
of 2 with high probability over the course of |[W’|/2 edge contractions and deletions. The
bucketing lower bound for h&‘”([ ") together with the upper bounds given in bullets implies
an upper bound on the values of all of the Ry functions, which in turn gives upper bounds
on the gé) functions. This essentially completes all bounds besides the “Midpoint potential
stability” bounds. We prove these bounds using a simple application of Theorem [4.9.11]

Now, we just have to check the “Size of Z”7 guarantee. This proof of this guarantee is
similar to the analysis of SlowOracle.

Proposition 4.11.7. There is an (m°®, |[W|m=°W)-stable oracle FastOracle with runtime

O(m + T (VeryStable) + T (ApzPreprocessing) + |W|T (ApzQuery))

In the following proof, notice that some statements have been reordered from their ap-

pearance in the definition of stable oracles. The statements are roughly stated in order of
difficulty.

Proof. Algorithm well-definedness. By Proposition , the h functions are indeed approx-
imations to the g functions. Therefore, to check that this algorithm is well-defined, it suffices
to check that the input condition of VeryStable described in Proposition is satisfied.
The “Bounded leverage score difference” input condition and Rayleigh monotonicity imply
that all leverage scores levy(e) in graphs H used in calls to VeryStable are within 1/16
additively of lev;(e). Therefore, by Proposition , after splitting, all leverage scores are
within 1/8 additively of levy (e). Also by Proposition[d.9.6] levy (e) € [1/4,3/4]. Therefore,
levy:(e) € [1/8,7/8], where H' is the graph with W split for each graphs H supplied as an
argument to VeryStable. In particular, splitting using I satisfies all of the input conditions
to the VeryStable calls.

Runtime. ApxQuery is called O(|W|) times while ApxPreprocessing and VeryStable
are only called a constant number of times. The rest of the algorithm takes O(m) time, as
desired.

Leverage score stability. Notice that VeryStable is applied with both I’ \ D and
I'/(S,S") as arguments. Therefore, the desired result follows directly from the “Leverage
score bound” guarantee of Proposition applied to I’ \ D and I'/(S,5").

(1)\/Iain objective change stability. By the “Flexible function bound” on the family
{geo }eGZ:
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e

O (V)2 < (0) [ 7/\\2
(9, (1))" < 4max(g.” (1))

1600, .
|Z| (b L I\D)/(SS’)b )

<16 maZX(hg))(I’))2

for any ¢ < |Z|/2 with high probability, where I/ is the graph I; with edges in Z split.
By definition of g( )(I /) and the fact that the g functions are electrical,

b L(I’\D)/(S,S’)bf bss’L I \D)/(S,S’)bfi

VT VT

so plugging this in completes the stability proof since 1600 < p.

g (1) =

Main objective change. By “Main objective change stability,” “Leverage score stability,”
and the fact that f; is split before contraction or deletion, each contraction or deletion causes
a maximum change of

160067, L, b
by — BT, L boo| < 8 (1\D)/ (8,53

T o7+
[bsw Lz (1:\D)/(,5 s | 7]

Li41\D)/(S.5")

for all i. Therefore, since K = |[W|m=°®) < |IW|/12800, the main objective can only
increase by a factor of 2 over the course of conditioning on the f;s.

Deferred endpoint potential change stability. Suppose that W/ is the bucket
in W’ that is chosen in Line |17 in Part 1 of FastOracle. For edges e € Z, hgo)(f’) >

2_"“_1\/ bZ;,L(*I,\ DY/(S, S,)bssf by the bucketing lower bound. Therefore, by the “Deferred” con-

dition on edges in Z,

a+2
§A(I) < MBIy < —— 2 Hion)
T 17+
\/bss’Lw\D)/(s,s')bss’

Z bT’L(I’\D SS’ (bsu + bsw) + Z bT/L (I'\D)/(S,S") (bus' + bus)

{u,v}eA {u,v}eB

By the bucketing upper bound,



CHAPTER 4. RANDOM SPANNING TREE SAMPLING 169

0 —a+1
gO(I')y <27°* \/bz;’L—;’\D)/(SS’)bSS’

These bounds hold for all e € Z. Therefore, by the “Flex1ble functlon bound” of Propo-
sition 4.11.4] applied to both of the flexible families {g6 }ee 7 and {ge )}ee 7,

o (1) < max 290 (1) < 275 Jo L o

and

(2) I < 2 (2) I
95, (1i) = max2¢.”(I')

< 203 100(log(an))
- T 7+ Z
VP Linmyssnber 17!

Z b I’\D SS’ b5u+bsv Z b I/\D /(S,8") (bus’+bvs’)
{uv}eA {u,v}€B

with high probability for all i < |Z|/2. Therefore, since the gs are electrical functions,

Z |bZ;/L?}i\D)/(SaS')bfiHb;{iL?}i\D)/(S,S’)(bSU+b$v)|

{U,U}EA rfi
+ Z |bT/L(I \D)/(S,5") by, bflL(I \D)/(S, S/)(buS’ + byt )|
{u,v}eB r'f
0 2
= g ()9 (1)
3200(log(amn))
< T Z b I\D SS’ bsu + bsv Z b I\D /(S,5) (bus’ + bvs’)

{u,v}eA {u,v}eB

as desired, since K < |Z]/2.

S — S’-normalized degree change stability. We omit the S’ — S guarantees, as their
proofs are the same with s and S swapped for s" and S’ respectively in all places.

S — S’-conductance term stability. We break this analysis up into two parts.
Bounding increases in effective resistances. We show that with high probability, for all

w e S and all i <m~°W|Z],
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<m°1bTLJr

T
bl L I\D)/Sb

(r\D)/bsw
We use Proposition with

e p<+/logn

o 7« 1/nf

e 78

o ul = wl VT, L ) sbel /v/Te
T o7+

b bswL(I \D)/Sb

e 1) < 1 (which works because the sum of energies on edges is at most the overall energy)

{; <— number of remaining edges in Z in I;

By electrical functions, Sherman-Morrison, and the triangle inequality,

(z+1) T 1+
= b L1y, \py/sbsw

(b3 L—;’\D)/Sbfi)Z/Tfi
min(lev(p\D /S(fz) 1 — leV(IZf\D)/S(fi))
< bsTijI,\D) J5bsw + 8(bT L pyysbs)? /s,

< ol +72u ’+1

T
< e L pysbsw +

Therefore, Proposition applies, which means that
T ViegnpT 7+
bswL(I \D)/sbsw <16 bswL(I\D /Sb

for all i < |Z]n_6/vl°g” = |Z]276VIe" with high probability (at least 1 — 1/n5). This is
the desired result for this part since K < |Z[276Viesn,
Bounding increases in flows with constant coefficients. We now show that

155 L (1) (5.5
> (0 Linpysbsw) D ’

TsT
wesS’! eE@IZ.w file

Tr7+
b1, L{1\n)/(5,5 el < O( 1 ds.5(1'\ D)
- \|Z

with high probability for all ¢ < |Z|/2. Assume that W is the bucket chosen on Line[17]
Then, by the lower bound on hgo)(] ",
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a+2
(1) < 21O < 2 100 1|oZg’(an)
\/bss’ (I'\D)/(S,8") b

for any e € Z. By the bucketing upper bound,

ds.5/(I'\ D)

g£0)([/) < 2h((30)<[/> < 27a+1\/bZ;/Lir[/\D)/(S,S’)bSSI
By the “Flexible function bound” of Proposition [4.11.4]

gy (IDgg* (1)) < d(max gl (I')) (max g(I"))
3200
(I'\ D
- log(om)|Z|5S’S( \ D)

for all i < |Z|/2 with high probability. Substituting in the definitions of ¢\ (/) and

(3) *(I!) yields the desired result for this part.
Comblmng the parts. By the first part,

T, AL e
Z(bT Lﬁ\p)/sbsw) Z [bs I\D)/(Ss fill? 5 2(1,\D)/(8,8") e |

TeT
wesS’! e€dr,w file

T 17+ T 7+
W30, 5 bssr L (100 (8,97 01:l 01, L (1) 5,1 be|
I\D sgbsw T

wesS’! e€dr,w

By the second part,

bl L nby| 107, L el 3200me®)
o(1) T (I \D)/(8,8") " Fil1"fi (I \D)/(S,8")"¢
m E (bswL(J\D)/sbsw) E T e < Z] 05,5/ (I\D)

weS’ eeajiw 4

The desired result follows from substitution since 3200m°® < p.

S — 5" energy term stability. As in the previous bound, we break the analysis up into
two parts:
Bounding increases in flows to S’ vertices. We show that with high probability, for all

w e S and all i <m™°W|Z],
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T + T
Z bso L I\D)/(SS’)b < mem Z b, ’L (I\D)/(S,8")"¢
Te - Te

e€or,w e€orw

We use Proposition with
o p< /logn

° T(—l/n6

be

o v+ 8

. T 7+
o 1Y st LDy /(5.5
f VTF
Tr+
(Z Y 195 L(1\p) /(5.5 ]
6681 w \/TfTe

T +
b L1\ D)/ (5,57)

U(Z) A Zeeafiw - Te

n < O(log(na)) (which works by Theorem 4.9.12)

e /; < number of remaining edges in Z in I;

be

By electrical functions, Sherman-Morrison, and the triangle inequality,

bT L b
- 4 5,51 Ve
L+ — Z (I741\D)/(8,5")
66(9]2+1’LU Te
T +
< Z bss/L(I;\D)/(S,s')be 1
=~ 5 Te min(leV([l{\D)/(S’S/)(fi), 1-— 1eV(I§\D)/(S,S’)(fi))
> V55 L1v0) (5.9 25 105 L1 ) 5.5 e

668[11} /rfi V fz €

< p® +72u ’+1)

Therefore, Proposition applies, which means that,

; bZ;,L (1\D)/ (5.5 e oz bsTs/LJ}\D)/(S 57)Ve
@ = Z < (16logn)vien Z
Te Te

be

e€d,w e€orw
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for all i < |Z|n=6/Vieen — | 7|276VIee™ with high probability (at least 1 — 1/n°). This is
the desired result for this part since K < |Z[276Viesn,
Bounding increases in energies With constant coefficients. By the “Flexible function bound”

of Proposition [4.11.4 applied to ¢‘¥»*, with high probability for all 4,

gjcj)’s(f) < 2max gV (I')

ecZ
< 4max h{Y*(I")
ecZ
400
< —dg5(l'\ D)
|Z]

as desired.
Combining the parts. By the first part,

v, LY

(1\D)/(5.5e

T + 2 + T + 2
3 (bsw L 1,\)/505:) y b Limypssnbe oy 3 (bsus L7\ )/501:) 3

T, T Tfi
fi eealiw ¢ we S’ fi eE@IZ.w

T
wesS’ e

By the second part,

(oL Lt by,)? ey nbe  400me
o(1) sw—(I;\D)/S"Ji ss'Z(I\D)/(S,S") < ) I\ D
m ’
Z T, Z r. = ‘Z’ S,S ( \ )
weS’ 4 eeajiw
The desired result follows from substitution since 400m°®) < p.
Midpoint potential stability. We assume that the “s narrow potential neighborhood”
input condition is satisfied. The “s’ narrow potential neighborhood” case is the same with

s and s’ swapped.
Suppose that bucket W/ was chosen on Line . Then for all e € Z,

gO(I') < 2hO(I') < 2~ a+1\/bT Lz py s, bss

and

gél),Z,s(I/> S 2hgl),W’,s<I/)
20+ P(b5s L1y (5,5 bss') + L

<
T o7+ 100 log n ©) (s
\/b LDy 5.5 s g 200(log n)he ™ (1")

by the bucketing upper and lower bounds respectively. By the “Flexible function bound”
of Proposition 4.11.4] and the “Midpoint s” bound, for all i < |Z|/2, with high probability
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©) 77\ (1. 2\{fo.frorfio1}s 32 n
g5, (I} gy, () < 10000z )" P(bes L py 5,51 Dss')
FOY any {U,U} € Z \ {f07f17 se . >f’ifl}>
T, L+/ £ 10% Lianpy(s,s1) (Dsu + bev) /2] :
(I/\D)/(S,5") fiZ(I\D)/(8,5") < g}?)(I{)gj(cj)’z\{fo’fl""’f’_l}’s(I{)

T'f
32 T o1+
< 100<10g TL) (b L I\D)/(S,S/)bss’)

ss!

Therefore, Theorem 4.9.11|applies with expectation change O((log(n/p))(3p)(bL, L J(5.51P

stepwise variance (O((log(n/p))(3 )(bg;,LJ}\D)/(S 1)s «)))%/1Z] (both by Theorem [4.9.12 and
an upper bound inductive hypothesis with base case that is the upper bound of “s narrow po-

tential neighborhood”), and maximum change p(b7, L bss'). Theorem 4.9.11

100 10gn (I\D)/(S,8")

shows that

Pr{| (05 L 0y 5.5 BsuiH050:) /2) = (b3 L 1y 5.5 (Bsui 050 ) /2)| > D/8b3 L7 1y 5.9 ssr] <

Therefore, since 2p + p/8 < 3p < 1 — (p/2) (because p < 1/4 by the “Narrow potential
neighborhood” condition), the inductive hypothesis is verified and the “s" midpoint potential
stability” guarantee is satisfied. Furthermore, by the “s narrow potential neighborhood”
lower bound, the normalized potential of the midpoint of f; is at least p — p/8 > p/2, as
desired.

Size of Z. We show that |Z| > |W|/polylog(n) with constant probability. This can be
boosted to high probability by running FastOracle O(logn) times, since all other guarantees
are satisfied with high probability.

By the “Size” guarantee of Proposition |[W'| > |W|/(polylog(n))® immediately
after all applications of VeryStable. After Line [I7]

[W'| > [W|/((polylog(n)) imaz)
Let W be the version of W’ immediately after Line [18. Then

[W”| = [W1/((polylog(n))®ima:1000log* (n/p))

Now, we just need to upper how many edges in W are not in Z. We bound this on a
constraint-by-constraint basis.

1/nf

Midpoint constraints with the “s narrow potential neighborhood” input condition.This part

is very similar in spirit to the “Size” bound proof in Proposition 4.11.4] This part under the

s ))/1Z];
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“s’ narrow potential neighborhood” assumption is the same with s and s’ swapped, so we

focus on the s case.
Start by exploiting how W” was sampled from W' on Line |18, which we denote by W, ;.

for clarity. By Theorem {4.9.12} for any e € W,

|5y L \D /(5,5 e b7 L (D) /(5.5 (Osu + bsv) /2]

> o Y Y !

BGWémg eEWC’mg f={u, U}EWémg\{e}
< Z O(log(n/p))bZ;/LZ-,\D)/(S’S,)(bsu + bsy) /2
f={uvewy .

By the “s narrow potential neighborhood” condition,

Z O(log(n/p))bs, (]’\D)/(S7S’)(bsu+bsv>/2 < O(log(n/p))(2pb, 'L (I'\D)/(5,5") bss')| orzg’
f={u,v}ew’

orig

Therefore, there is a set Wy, € Wy, with [W,, | > [W; . |/2 with the property that

orig

(1) Wo’r‘zg
ggo)(]/)g () < 0(105—’;(”/29))(4PbZ;ILJ3/\D)/(S S’)b )

for all e € W},,. We now upper bound the expected number of edges in W}, that violate
the “Midpoint s” condition. First, for any e € W/,

Ey[gl (1)g™ (1) e € W) = g (I') By [glP "2 (1))

1 ( )W/,
— (0) I/ omq ]’/

p T 1+
= T001og ) )

The first equality follows from the fact that the sum in g. does not include e. The second
equality follows from the definition of W” on Line[18 The last line follows from the definition
of W/ . By Markov’s Inequality, for any e € W/,
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Il;’/;/ [e satisfies “Midpoint s” condition and e € W"|

II;}"/ [e satisfies “Midpoint s” condition|e € W] I/I‘D/}rl[e e W"]

1 1
> 1= PrlgO(I)gOW "o (I') > —L— (7, LY, bes)|e € W
= W}",[ge ( )ge ( ) 200<10gn)( ss"=(I'\D)/(S,5") )|€ ]1000 logQ(n/p)

> 12
~ 20001log*(n/p)

Let Z,,;4 be the set of edges in W/

orig

satisfying the “Midpoint s” condition. Then

Eywo(|Zmiall > ) Prle € Zuid

ecW/

low

= Z VP[’/}", e satisfies “Midpoint s” condition and e € W"|
eeVVl,ow
[Wiow|
~ 200010g”(n/p)
|Wc;rig|

~ 40001og?(n/p)

Since |Zmial S [Wiigls |Zmial 2 800|W$'g‘ with probability at least as

1
0log?(n/p) 8000 log?(n/p)’

desired.
Conductance s — s’ constraint. We upper bound the number of elements in Z,,;4 that do

not satisfy this. By Theorem 4.9.12]

> gOI)gP(I') < (log(na))ds,s(I'\ D)
€€Zmid
By the approximation lower bound, for all edges e with A (I’)hé?’)’s(]’) > Wé&sl (I'\
D),

mi

s 25(log(no
gO(I)g®(I') > %

By the previous inequality, only | Z,,:4|/25 edges in Z,,;4 can satisfy the above inequality,
as desired.

Conductance s’ — s constraint. Same as above, but with s and S swapped for s’ and S’
and vice versa.

ds.5/(I'\ D)
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Energy s — s’ constraint. Since the sum of energies on edges is at most the overall energy,

Z 94) <5SS’(/\D)

e€Zmid

For all edges with A" (I') > \Zli?d\(SS,S’(I/ \ D),

50
dgg(I'\ D
|Zmzd| 5,8 ( \ )

By the previous inequality, only | Z,,:4|/50 edges in Z,,;4 can satisfy the above inequality,
as desired.
Energy s’ — s constraint. Same as above, but with s and S swapped for s’ and S’ and

vice versa.
Deferred constraint. By Theorem 4.9.12]

() (]/)

Z ge I/ (2) () < (log(na)) Z b I’\D SS’ (bou + bsw) + Z bT LJ’}/\D (S,5") (bus' + bus)

€€ mid {u,v}eA {u,v}eB
+ Tmin/n6
Therefore, only |Z,,:4|/25 edges e € Z,,;4 can have

100(log(an))
RO(IAD(T') > W Z bT,L inoy/s, S, (bsy + b)) + Z bT'L(I’\D (5.5 (bus' + Dysr)
{u,v}eA {u,v}eB
+ 7hmin/n4

as desired.
Main constraint. Since the sum of energies on edges is at most the overall energy,

Z (1) < bl L (1\D)/ (8,5 Dss’

eeZmzd

For edges e with (h”(I))2 > 10 _pT, L{p pybssts

|Zmzd| 58’

2% .
(g(1"))* > Zoal o LDy (5,9 bss

By the previous inequality, this can only occur for |Z,,4|/25 edges in Z,,4, as desired.

Combining the parts. Adding all of the guarantees from the previous parts about Z,,iq
25

shows that at most edges in Z,,;,q are removed by those constraints. This leaves a
set Z with |Z| > 19|Z,:a|/25. Therefore, with probability at least 1/polylog(n), |Z] >
|W|/polylog(n). Repeating FastOracle polylog(n) times therefore finds a set Z with the
desired size lower bound with high probability.

]
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4.11.3 Efficient approximations to required quantities

Now, we just need to efficiently compute approximations hg) to the functions gé) used in

FastOracle. We do this by observing that

e FEach of the functions are weighted ¢; or 5 norms of columns of a matrix M with
entries M;; := vl Lv;.

e /1 and {5 norms of columns can be approximated using O(logn) “linear queries” of the
form v" L}v; by Theorem [4.9.13) All linear queries for all v;s can be computed using
one Laplacian solve with demand vector v (preprocessing) and a constant amount of
work for v; (query). One can extract the desired information from the queries by taking
the median, which takes O(1) time per query.

While this is good enough for some of the functions we need to compute, we also need
to leave out elements on the diagonal in some cases. To do this, we use the above idea
to efficiently compute row sums for entries in some off-diagonal rectangle in the matrix.
We show that all off-diagonal row sums can be approximated using O(logn) off-diagonal
rectangle queries.

Full row norm approximations

In this subsection, we describe how to obtain 2-approximations for the functions géo), géz)
g,g?’)’s, and g£4)’s for arbitrary query edges e. géo)(H ) for all e can be computed using one
Laplacian solve for the demand bsy on the graph (H \ D)/(S,S5"). gg)(H) and gé?’)’s(H) are
each weighted ¢; norms, while g§4)’S(H ) is a weighted f5 norm.

We now implement the first parts of ApxPreprocessing and ApxQuery that compute

’
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these functions:

Algorithm 19: ApxPreprocessing(H, S,S’, D, A, B, X) part 1 (functions with diago-
nal terms)

Input: a graph H, S,S" CV(H), D,A,B,X C E(H)
Result: an implicit data structure for use by ApxQuery
// main terms

X()<—L( by

H\D)/(5,5")"8

// deferred terms

2 C® « SketchMatrix(|A| + |B|,1/n5,1,1/2)

D@ « the n x (|A| + |B|) matrix with columns by, + bs, for {u,v} € A and b,y + by
for {u,v} € B
X2 L(H\D)/(S S/)D(2)(C(2))T

// conductance terms

5 C®)% « SketchMatrix(|0yS'|,1/n%, 1,1/2)

6 D@ < the n x |0yS’| matrix with columns b7 L (i1\Dy/sbsw 2

eean 7= for edges
e € Ogw for some w € S’, where the effective resistance value is 1.1-approximated
using Johnson-Lindenstrauss

)8 3),s\T
X2 = L ) 5,9y D (C9)

8 O3 < SketchMatrix(|0yS’|,1/n% 1,1/2)
9 Compute X" in the same way as X ®)* with 5,5 and 5,5’ interchanged

10

11

12

13
14

// energy terms
C™» ¢ SketchMatrix(|S’|,1/n%,2,1/2)

o T, LY, be
DW=« the n x |S’| matrix with columns (\/Eeean s moyssnte )y g

Te

w € S, where the flow values are computed using the vector L(+H\ D)/(S, S,)bss/ with one
Laplacian solve

X @) LZFH\D)/SDM)’S(CM)’S)T |

CW+" + SketchMatrix(|S’|,1/n% 2,1/2)

Compute X®+" in the same way as X*»*, with 5,5 and §',S" swapped
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Algorithm 20: Apruery(g](c)(H)) for non-g(!) functions

Input: a function gj(c)(H )
Output: a 2-approximation to the value of the function
1 d < number of columns of C'0
2 p < 1 or 2, depending on whether ¢* is being used
3 return Reco'uerNo'r*m((X())T(bf/\/ﬂ), d,1/n® p,1/2) or this value squared if p = 2

Row with diagonal element left out

Now, we compute g™ and implement ColumnApx. These quantities differ from the ones
discussed in the previous subsubsection in that they leave out one “diagonal” element in
each row. One could try to subtract out this element, but this destroys multiplicative
approximation.

Instead, we use sketching to approximate sums of rows of random off-diagonal submatri-
ces. Specifically, the algorithm does the following for ColumnApxPreprocessing:

e Do O(logn) times:

— Pick a random balanced partition (Zy, Z;) of Z
|bng/bf‘
Ve

— For each e € Zj, approximate a, < »_ rez using sketching

e For each e € Z, average the a.s together and scale up the average by a factor of 4 to
‘bgLElb.f‘

obtain an estimate for Z#SGZ NN

This algorithm takes O(m) time thanks to the sketching step. To show correctness,
think about the indicator variable Y, that is 1 if and only if e € X, and f € X;. This event
happens with probability 1/4 in each of the ©(logn) trials if e # f and with probability
0 otherwise. Since the trials are independent, the weight in front of each off-diagonal term
concentrates around 1/4. Scaling up the average by a factor of 4 yields the desired result.

Now, we formally implement this idea. We analyze these implementations in the proof
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of Proposition [4.11.8]

Algorithm 21: ColumnApxPreprocessing(G’, 7)
Input: a graph G’ and Z C E(G’)
Result: nothing; implicit data structure
K « 100logn
a. 0 foreachec 7
foreach £+ 1,2,..., K do
Zo, Z1  uniformly random partition of Z with |Zy| — |Z1| < 1
C « SketchMatrix(|Z;|,1/n% 1,1/4)
D «+ n x |Z;| matrix of columns by/,/7¢ for f € Z,
U+ L, DCT
foreach e € 7, do
| Increment a. by RecoverNorm(U (b./\/Te), |Z1|,1/n°,1,1/4)
end
11 end

© 0N O R W N =

[y
=]

Algorithm 22: ColumnApx(e)

Input: an edge e € 7
R 1t: 9 : : h 1 f |bng/bf|
esult: a 2-approximation to the value o Z#eez NN

1 return 4a./K
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Algorithm 23: ApxPreprocessing(H,S,S’, D, A, B, X) part 2 (functions without di-
agonal terms)
Input: a graph H, S,S" CV(H), D,A,B,X C E(H)
Result: an implicit data structure for use by ApxQuery
// code for s only given for clarity; swap s,S for &5
K < 100logn
a. < 0 foreacheec X
foreach £+ 1,2,..., K do
Xo, Xj < uniformly random partition of X with |Xo| — | X;| <1
C + SketchMatrix(|X;|,1/n® 1,1/4)
D < n x | X;| matrix of columns (bs, + bsy)/2 for {u,v} € X;
U ¢ Limpys.50PC"
foreach e € X, do
| Increment a. by RecoverNorm(U” (b.//7e), | X1|,1/n 1,1/4)
end

© W N O AR W N =

[y
(=]

end

[
=

Algorithm 24: ApXQuery(gél)vXVS)

Input: the function gél)’X’S

Result: a 2-approximation to its value on H
// code for s only given for clarity; swap s,S for &5
1 return 4a./K

Combining the parts

Proposition 4.11.8. The following guarantees hold for ApzQuery, ColumnApz, ApzPreprocessing,
and ColumnApzPreprocessing:

o (Correctness) Fach call to ApzQuery and ColumnApz returns a 2-approzimation to the
correct value.

e (Query runtime) Each call to ApzQuery and Columndpz takes O(1) time.

e (Preprocessing runtime) Each call to ApzPreprocessing and ColumnApzPreprocessing
takes O(m) time.

Proof. Correctness for ApxQuery for all but ¢(!). Follows directly from the “Approxima-
tion” guarantee of Theorem [4.9.13]

Correctness for ApxQuery for ¢g) and ColumnApx. We focus on gél)’X’s, since an
intuitive overview for ApxQuery was given earlier and the proof is very similar in both
cases. Let Ye(f) be the indicator variable of the event {e € Xy and f € X;}. By the
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“Approximation” guarantee of Theorem [£.9.13] at the end of the outer foreach loop in
ApxPreprocessing,

bIL, (H\D)/(5.,5") (bsu + bsy) /2| ([ E
e3/a5/4( Y D) N Sy
f={uw}eX € k=1

for each e € X. Since Ye(ek) =0 for all k and e € X,

=

> 67 Ly 5.5 (Do + ) /2] <§Y< >
W“_e P

f
f={uw}eX
T K
_ Z |b L(H\D) (bsu + bsv /2| (Z Y(;g )
F={up}eX\e \/T_e 1

Notice that E[Kff)] = 1/4 if e # f and that for any fixed e, f, the collection of random

variables {Ye(f)}kK:l is independent. Therefore, by Chernoff bounds (using the value of K)
and a union bound over all pairs e # f € X,

K
3K/16 < Z v <5K/16

Therefore,

T7+
€ [9K/64,25K/64] | ) 10 Loy /(s.51) (Dsu + bsv) /2]
I={uotex\e Ve

which means that 4a./K is a 2-approximation, as desired.

Query runtime. ColumnApx and ApxQuery for g™ just return precomputed values, so
they both take constant time. ApxQuery for other functions computes a matrix-vector prod-
uct with a vector that is supported on only two entries. Therefore, this product only takes
time proportional to the number of rows of the matrix, which is ¢ = O(logn) by Theorem
[1.9.13] RecoverNorm only take poly(¢) = polylog(n) time by the “Runtime” guarantee of
Theorem . Therefore, all queries take polylog(n) time, as desired.

Preprocessing runtime. Each X matrix computation takes near-linear time, as it in-
volves a ¢ sparse matrix-vector products to compute DCT and ¢ Laplacian solves to compute
L*DC. Each SketchMatrix call takes O(m) time by Theorem |4.9.13, All other operations
take O(m) time, so the total precomputation runtime is O(m), as desired.

O
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4.11.4 Proof of Lemma (an algorithm for the fixing lemma
with almost-linear runtime)

Now, we combine all of the results of this section to prove Lemma [4.8.2}

Proof of Lemma[4.8.9 The result follows immediately from Lemma [4.10.8] and Proposition
4.11.7| with FastOracle substituted in for Oracle in the Fix algorithm. Call this algorithm
FastFix. FastOracle’s runtime is bounded using Proposition 4.11.8| O]
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Figure 4.8.2: The first step in bounding conductivity. To bound the Y — S” conductance in
Schur(He, Y U S U (V(H) \ X)), it suffices to bound the Y — (V(H) \ Z)-conductance in
Schur(He, Y U(V(H)\ Z)), which is bounded because Z is 1/4th of the way from Y to 0X.
More formally, we apply Lemma with p = 1/4.
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~

Figure 4.8.3: The second step in bounding conductivity. To bound the direct Y —V(H)\ X
conductance, it suffices to bound the direct Z — V(H) \ X conductance. This is bounded

using Lemma on X \ Z with p = 3/4.



CHAPTER 4. RANDOM SPANNING TREE SAMPLING 187

Figure 4.8.4: The third step in bounding conductivity. The light dashed edges are the
direct Y — V(H) \ X edges, whose total conductance was bounded in the second step.
The dark dashed edges obtained by eliminating S’ have smaller total conductance than the
direct dark dashed edges to S’ by Lemma |4.8.3 The total conductance of these edges in
Schur(H;, YUS'UV (H)\X) is bounded by the first part and Lemma[d.8.2] The end goal was
to bound Y — (V(H)\ X) conductance in the Schur complement Schur(H/},Y U (V(H)\ X))
obtained from the fixed graph H/,, so we are done.
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__________

Figure 4.10.1: Why Lemma has a dependence on A!(S,S"). In this diagram, let F' be
the set of all edges and D = (). Conditioning on a random spanning tree in I contracts all of
the edges in F. In order to make the S — S’ conductance finite, all of the edges in F' must
be deleted. There are A’(S,S") of these edges, no matter what the conductances of these
edges are.
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split

condition

Split and
condition all 1
edges

Figure 4.10.2: The SpecialFix algorithm for |F|/2 iterations. In the above example, each
of the dashed edges is in F'. During each iteration, one edge is chosen, split, and conditioned
on. During the first conditioning round in this example, the chosen edge is deleted. In the
last diagram, all contracted edges yield self-loops with resistance k, which are irrelevant for
the s —t resistance. With high probability, roughly k/2 edges are left in F after conditioning
on each edge once. Furthermore, the s — ¢ resistance is extremely close to its original value
by martingale concentration.
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Figure 4.10.3: Depiction of Lemma 4.10.12 When Y is identified, the expected number of
random spanning tree edges decreases.

Figure 4.10.4: Depiction of Lemma |4.10.14L When A%(X,Y) is low, the vertices in Y are
similar to each other from the perspective of s — Y demand vectors.
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Chapter 5

Spectral Subspace Sparsification

5.1 Introduction

Graph sparsification has had a number of applications throughout algorithms and theoretical
computer science. In this work, we loosen the requirements of spectral sparsification and
show that this loosening enables us to obtain sparsifiers with fewer edges. Specifically,
instead of requiring that the Laplacian pseudoinverse quadratic form is approximated for
every vector, we just require that the sparsifier approximates the Laplacian pseudoinverse
quadratic form on a subspace:

Definition 5.1.1 (Spectral subspace sparsifiers). Consider a weighted graph G, a vector
space S C RS that is orthogonal to 1Y%, and € € (0,1). For a minor H of G with
contraction map ¢ : V(G) — V(H), let P € RVEVE) pe g matriz with P, = 1{u = ¢(v)]
for all w € V(H),v € V(G). A reweighted minor H of G is a called an (S, €)-spectral
subspace sparsifier if for all vectors x € S,

(1—e)z"Liz <azhLizy < (1+e)a' Lix
where xg = Px.

[52] also considers a form of specific form of subspace sparsification related to controlling
the k smallest eigenvalues of a spectral sparsifier for S = RY(®). When S is the dimen-
sion |S| — 1 subspace of RI¥l x 07715! that is orthogonal to 1V(%), a (S, ¢)-spectral subspace
sparsifier is a sparsifier for the Schur complement of G restricted to the set of vertices S.
Schur complement sparsifiers are implicitly constructed in [58] and [59] by an approximate
Gaussian elimination procedure and have been used throughout spectral graph theory. For
example, they are used in algorithms for random spanning tree generation [33, |32], approxi-
mate maximum flow |77], and effective resistance computation 37, |38} [33].

Unlike the existing construction of Schur complement sparsifiers [33], our algorithm (a)
produces a sparsifier with vertices outside of S and (b) produces a sparsifier that is a minor
of the input graph. While (a) is a disadvantage to our approach, it is not a problem in
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applications, in which the number of edges in the sparsifier is the most relevant feature
for performance, as illustrated by our almost-optimal algorithm for e-approximate effective
resistance computation. (b) is an additional benefit to our construction and connects to the
well-studied class of Steiner point removal problems [22, 34].

In the Approximate Terminal Distance Preservation problem [22], one is given a graph
G and a set of k vertices S. One is asked find a reweighted minor H of G with size poly(k)
for which

dg(u,v) < dg(u,v) < adg(u,v)

for all u,v € S and some small distortion o > 1. The fact that H is a minor of G is
particularly useful in the context of planar graphs. One can equivalently phrase this problem
as a problem of finding a minor H in which the ¢;-norm of the ¢;-minimizing flow between
any two vertices s,t € S is within an a-factor of the /; norm of the ¢/;-minimizing s — t flow
in G. The analogous problem for /,, norms is the problem of constructing a flow sparsifier
(with non-s — ¢t demands as well). Despite much work on flow sparsifiers [79, (65, [20} 74} 34,
25, 110, 83|, it is still not known whether a@ = (1 + ¢)-flow sparsifiers with size poly(k,1/e)
exist, even when the sparsifier is not a minor of the original graph.

5.1.1 Our Results

Our main result is the following;:

Theorem 5.1.2. Consider a weighted graph G, a d-dimensional vector space S C RV(&),

and € € (0,1). Then an (S, €)-spectral subspace sparsifier for G with O (””;,gd) edges exists.

When S is the maximal subspace of RS x 0@\ orthogonal to 1V(%) for some set of
vertices S C V(G), (S, €)-spectral subspace sparsifiers satisfy the same approximation guar-
antee as Schur complement sparsifiers. The approximation guarantee of a spectral subspace
sparsifier H of G is equivalent to saying that for any demand vector d € S, the energy
of the lo-minimizing flow for d in H is within a (1 + €) factor of the energy for the (-
minimizing flow for d in G. This yields an near-optimal (up to a logd factor) answer to
the (1 + €)-approximate Steiner vertex removal problem for the /5 norm. The ¢ version is
substantially different from the ¢; problem, in which there do not exist o(k?)-size minors
that 2-approximate all terminal distances [22].

Unlike Schur complement sparsifiers, (R, ¢)-spectral subspace sparsifiers may contain
“Steiner nodes;” i.e. vertices outside of S. This is generally not relevant in applications,
as we illustrate in Section [5.6] Allowing Steiner nodes allows us to obtain sparsifiers with
fewer edges, which in turn allows us to obtain faster constructions. Specifically, we show the
following result:

Theorem 5.1.3. Consider a weighted graph G, a set of vertices S C V(G), and € € (0,1).
Let T,5(G) denote the time it takes to generate a random spanning tree from a distri-
bution with total variation distance at most 1/m*° from the uniform distribution. Then
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(R% x 0V NS ¢)-spectral subspace sparsifier for G with min(m, O <]5\%§g(”))) edges can
be constructed in T, (G) + O(mpolylog(n)) < m'T°W) time.

This sparsifier has as many edges as the Schur complement sparsifier given in [33] but
improves on their O(m + n/e?) runtime. An important ingredient in the above construction
is an algorithm for multiplicatively approximating changes in effective resistances due to
certain modifications of G. This algorithm is called with 6 = ©(1) in this paper:

Lemma 5.1.4. Consider a weighted graph G, a set of vertices S C V(G), and do, 1 € (0,1).

There is an O(mpolylog(n)log(m/d,)/62)-time algorithm DiffApz(G,S,do,d1) that outputs

numbers v, for all e € E(G) with the guarantee that

T+ bILY,  be

be Lgbe Ve fays <
Te Te
Finally, we replace the use of Theorem 6.1 in [33] with our Theorem in their im-

provement to Johnson-Lindenstrauss to obtain a faster algorithm:

(1 —50)1/6—51 S 1+50)Ve+61

Corollary 5.1.5. Consider a weighted graph G, a set of pairs of vertices P C V(G)xV(Q),
and an € € (0,1). There is an m'*°Y) + O(|P|/e?)-time algorithm ResApz(G, P,¢) that
outputs (1 + €)-multiplicative approximations to the quantities

bl LEbu,
for all pairs (u,v) € P.

This directly improves upon the algorithm in [33], which takes O((m+(n+|P|)/e?*)polylog(n))-
time.

5.1.2 Technical Overview

To construct Schur complement sparsifiers, [33] eliminates vertices one-by-one and sparsifies
the cliques resulting from those eliminations. This approach is fundamentally limited in that
each clique sparsification takes ©(1/¢?) time in general. Furthermore, in the n+1 vertex star
graph with n vertices vy, vs, ..., v, connected to a single vertex v,,1, a (1 4 €)-approximate
Schur complement sparsifier without Steiner vertices for the set {vq,vs, ..., v,} must contain
Q(n/e*) edges. As a result, it seems difficult to obtain Schur complement sparsifiers in time
less than O(m + n/€?) time using vertex elimination.

Instead, we eliminate edges from a graph by contracting or deleting them. Edge elimina-
tion has the attractive feature that, unlike vertex elimination, it always reduces the number
of edges. Start by letting H := (. To eliminate an edge e from the current graph H, sample
X, ~ Ber(p.) for some probability p. depending on e, contract e if X, = 1, and delete e if
X.=0.
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To analyze the sparsifier produced by this procedure, we set up a matrix-valued mar-
tingale and reduce the problem to bounding the maximum and minimum eigenvalues of a
random matrix with expectation equal to the identity matrix. The right value for p. for
preserving this matrix in expectation turns out to be the probability that a uniformly ran-
dom spanning tree of H contains the edge e. To bound the variance of the martingale, one
can use the Sherman-Morrison rank one update formula to bound the change in L}; due to
contracting or deleting the edge e. When doing this, one sees that the maximum change in
eigenvalue is at most a constant times

TL+b€2
max (z" Libe)

zeS r.min(levy(e), 1 — levy(e))(zT L)

where levy(e) is the probability that e is in a uniformly random spanning tree of H. This
quantity is naturally viewed as the quotient of two quantities:

(a) The maximum fractional energy contribution of e to any demand vector in S’s electrical
flow.

(b) The minimum of the probabilities that e is in or is not in a uniformly random spanning
tree of H.

We now make the edge elimination algorithm more specific to bound these two quantities.
Quantity (a) is small on average over all edges in e (see Proposition , so choosing the
lowest-energy edge yields a good bound on the maximum change. To get a good enough
bound on the stepwise martingale variance, it suffices to sample an edge uniformly at random
from the half of edges with lowest energy. Quantity (b) is often not bounded away from 0, but
can be made so by modifying the sampling procedure. Instead of contracting or deleting the
edge e, start by splitting it into two parallel edges with double the resistance or two series
edges with half the resistance, depending on whether or not levy(e) < 1/2. Then, pick
one of the halves ey, contract it with probability p.,, or delete it otherwise. This produces
a graph in which the edge e is either contracted, deleted, or reweighted. This procedure
suffices for proving our main existence result (Theorem . This technique is similar to
the technique used to prove Lemma [4.1.4]

While the above algorithm does take polynomial time, it does not take almost-linear
time. We can accelerate it by batching edge eliminations together using what we call steady
oracles. The contraction/deletion/reweight decisions for edges in H during each batch can
be made by sampling just one 1/m!'%-approximate uniformly random spanning tree, which
takes m!*t°™M) time. The main remaining difficulty is finding a large set of edges for which
quantity (a) does not change much over the course of many edge contractions/deletions.
To show the existence of such a set, we exploit electrical flow localization (Chapter [3)). To
find this set, we use matrix sketching and a new primitive for approximating the change in
leverage score due to the identification of some set of vertices S (Lemma , which may
be of independent interest. The primitive for approximating the change works by writing
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the change in an Euclidean norm, reducing the dimension by Johnson-Lindenstrauss Lemma,
and then computing the embedding by Fast Laplacian Solvers in near-linear time.

We conclude by briefly discussing why localization is relevant for showing that quantity
(a) does not change over the course of many iterations. The square root of the energy
contribution of an edge e to z’s electrical flow after deleting an edge f is

xTLj[I\fbe _ 2T LD, N (2" Lybs) (b7 Libe)
Ve Ve (rp = bpLybs)\/Te
_ |2 Libe N 1 «T Ly b7 Libe
Ve  L—=levu(f) 7 T1/Te
2T LEb, 1 b Libe

IN

Z’TLJ}rlbf‘

\/7’_6 1 —levH(f) \/T_f \/ﬁ\/T_e

by Sherman-Morrison. In particular, the new energy on e is at most the old energy plus some
multiple of the energy on the deleted edge f. By Theorem [3.3.1] applied with edge weights

1, the average value of this multiplier over all edges e and f is O(ﬁ), which means that

the algorithm can do O(|E(H)|) edge deletions/contractions without seeing the maximum
energy on edges e change by more than a factor of 2.

5.2 Preliminaries

5.2.1 Graphs and Laplacians

For a graph G and a subset of vertices S, let G/S denote the graph obtained by identifying
S to a single vertex s. Specifically, for any edge e = {u,v} in G, replace each endpoint
u,v € S with s and do not change any endpoint not in S. Then, remove all self-loops to
obtain G/S.

Let G = (V(G), E(G)) be a weighted undirected graph with n vertices, m edges, and
edge weights {we}eeE(G). The Laplacian of G is an n X n matrix given by:

— W) if u# v and (u,v) € E(G),
(LG)U,’U = Z(U,W)EE(G) w(u’w) lf u = 'U7
0 otherwise.

We define edge resistances {re} .y by re = 1/w. for all e € E(G).
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If we orient every edge e € E(G) arbitrarily, we can define the signed edge-vertex inci-
dence matrix Bg by
1 if u is e’s head,

(BG)ew := 1< —1 if uis e’s tail,

0 otherwise.

Then we can write Lg as Lg = BLWgBg, where W is a diagonal matrix with (Wg)ee = we.

For vertex sets S,T C V', (Lg)sr denotes the submatrix of Lg with row indices in S and
column indices in T'.

L¢ is always positive semidefinite, and only has one zero eigenvalue if G is connected.
For a connected graph G, let 0 = A\ (Lg) < X2(Lg) < ... < Ay(Lg) be the eigenvalues of
Lg. Let uq,us,...,u, be the corresponding set of orthonormal eigenvectors. Then, we can
diagonalize Lg and write

Lo =Y M(Le)u] .
i=2
The pseudoinverse of L¢ is then given by

n
+
LG h—
i=2

In the rest of the paper, we will write Apin(+) to denote the smallest eigenvalue and Apax(+)
to denote the largest eigenvalue. We will also write opax(+) to denote the largest singular
value, which is given by

Umax(A) = )\max(ATA)

for any matrix A.
We will also need to use Schur complements which are defined as follows:

Definition 5.2.1 (Schur Complements). The Schur complement of a graph G onto a subset
of vertices S C V(G), denoted by SC(G,S) or SC(Lg, S), is defined as

SC(Lg,S) = (La)s,s — (La)sr(La)rr(La)r,s,
where T :=V(G) \ S.
The fact below relates Schur complements to the inverse of graph Laplacian:

Fact 5.2.2 (see, e.g., Fact 5.4 in [33]). For any graph G and S C V(G),

(I — ﬁ‘]> (L&) 6.5 (I - ’—;J) = (SC(Lg,9))",

where I denotes the identity matriz, and J denotes the matrix whose entries are all 1.



CHAPTER 5. SPECTRAL SUBSPACE SPARSIFICATION 197

5.2.2 Leverage scores and rank one updates

For a graph G and an edge e € E(G), let b, € RV(® denote the signed indicator vector of
the edge e; that is the vector with —1 on one endpoint, 1 on the other, and 0 everywhere

else. Define the leverage score of e to be the quantity
b Lib,
levg(e) (= &<

T@

Let dq,ds € R™ be two vectors with dq,ds L 1V Then the following results hold by the
Sherman-Morrison rank 1 update formula:

Proposition 5.2.3. For a graph G and an edge f, let G\ f denote the graph with f deleted.

Then T 7+ 71+
(dl Lbe)<bf LGd2)

T’f — b};Lgbf

dy L, sds = di Ldy +

Proposition 5.2.4. For a graph G and an edge f, let G/f denote the graph with f con-

tracted. Then o _—
(d1 Lbe)(bf LGd2)

bT LGy

di L, ;dz = di Lds —
5.2.3 Random spanning trees

We use the following result on uniform random spanning tree generation:

Theorem 5.2.5 (Restatement of Theorem |4.1.2)). Given a weighted graph G with m edges, a
random spanning tree T' of G can be sampled from a distribution with total variation distance
at most 1/m' from the uniform distribution in time m'+To®),

Let T' ~ G denote the uniform distribution over spanning trees of G. We also use the
following classic result:

Theorem 5.2.6 ([51]). For any edge e € E(G), Prrgle € T] = levg(e).

For an edge e € E(G), let G[e] denote a random graph obtained by contracting e with
probability levg(e) and deleting e otherwise.

5.2.4 Some useful bounds and tools

We now describe some useful bounds/tools we will need in our algorithms. In all the following
bounds, we define the quantities W, and wy;, as follows:

Wpax ‘= Max {1, MaXee () 1/r6} ,
Wipin = Min {1, miNee (@) 1/r6} )

The following lemma bounds the range of eigenvalues for Laplacians and SDDM matrices:
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Lemma 5.2.7. For any Laplacian Lg and S C V(G),

M (Lg) > Winin /17, (5.1)

)\min ((LG>S,5’) Z wmin/nQa (52)

)\max ((LG>S,S) S /\max(LG) S NWmax- (53)

Proof. Defered to Appendix [C.1] O

The lemma below gives upper bounds on the largest eigenvalues/singular values for some
useful matrices:

Lemma 5.2.8. The following upper bounds on the largest singular values/eigenvalues hold:

Tmax (W Be) < (moma) 2,
Amax(SC(LGy S)) S NWmax,

Umax((LG)S,T) = Umax((LG)T,S> S NWmax,
where T := V(G) \ S.
Proof. Defered to Appendix [C.2] O

We will need to invoke Fast Laplacian Solvers to apply the inverse of a Laplacian of
an SDDM matrix. The following lemma characterizes the performance of Fast Laplacian
Solvers:

Lemma 5.2.9 (Fast Laplacian Solver [91, 26]). There is an algorithm & = LaplSolve(M,b, €)
which takes a matrix M, «, either a Laplacian or an SDDM matrix with m nonzero entries,
a vector b € R, and an error parameter ¢ > 0, and returns a vector © € R™ such that

Iz =2l < ellzlly

holds with high probability, where ||z|,, :== VaT Mz, x :== M~'b, and M~ denotes the pseu-
doinverse of M when M is a Laplacian. The algorithm runs in time O(mpolylog(n)log(1/¢)).

The following lemmas show how to bound the errors of Fast Laplacian Solvers in terms of
{5 norms, which follows directly from the bounds on Laplacian eigenvalues in Lemma [5.2.7}

Lemma 5.2.10. For any Laplacian L, vectors x,x € R™ both orthogal to 1, and real number
e > 0 satifiying

lo =2, < ellllg,

the following statement holds:

1/2
o — & < en'? (wm) Jal.
w

min
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Proof. Defered to Appendix [C.3| O

Lemma 5.2.11. For any Laplacian Lg, S C V., vectors x, & € RIS

satifiying

, and real number € > 0

[ = 2]l 5 < €l

where M = (L¢)s.s, the following statement holds:

1/2
o — 3| < en' (“’“‘“) Jal.

Proof. Defered to Appendix [C.3] O

When computing the changes in effective resistances due to the identification of a given
vertex set (i.e. merging vertices in that set and deleting any self loops formed), we will need
to use Johnson-Lindenstrauss lemma to reduce dimensions:

Lemma 5.2.12 (Johnson-Lindenstrauss Lemma [45, [1]). Let vy, vs,...,v, € R? be fived
vectors and 0 < € < 1 be a real number. Let k be a positive integer such that k > 24logn/e?
and Qrxq be a random £1 matriz. With high probability, the following statement holds for
any 1 <1,5 <n:

(1= e) o = vyll* < 1Qui — Quyll* < (1 +€) Jlu — vyl|*

5.3 Existence of sparsifiers

In this section, we reduce the construction of spectral subspace sparsifiers to an oracle that
outputs edges that have low energy with respect to every demand vector in the chosen
subspace §. We prove it by splitting and conditioning on edges being present in a uniformly
random spanning tree one-by-one until O(d/ €%) edges are left. This construction is a high-
dimensional generalization of the construction given in Section [4.10.1] We use the following
matrix concentration inequality:

Theorem 5.3.1 (Matrix Freedman Inequality applied to symmetric matrices [93]). Consider
a matriz martingale (Y )r>0 whose values are symmetric matrices with dimension s, and let
(Xk)r>1 be the difference sequence Xy := Yy, — Yi_1. Assume that the difference sequence is
uniformly bounded in the sense that

>\max<Xk> S R

almost surely for k > 1. Define the predictable quadratic variation process of the martin-
gale:
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k
Wy = E[X]|Y; ]

j=1
Then, for allt >0 and o > 0,

—t2/2
Pr[3k > 0: Apax (Vi — Yo) >t and Mpax (W) < 02] < se _
52 0 (Vi ) 2 1) < o] < sewp (i)

Now, we give an algorithm SubspaceSparsifier(G, S, €) that proves Theorem[5.1.2, The
algorithm simply splits and conditions on the edge that minimizes the martingale difference
repeatedly until there are too few edges left. For efficiency purposes, SubspaceSparsifier(G, S, e)
receives martingale-difference-minimizing edges from a steady oracle O with the additional

guarantee that differences remain small after many edge updates. This oracle is similar to
the stable oracles given in Section

Definition 5.3.2 (Steady oracles). A (p, K(z))-steady oracle is a function Z < O(I,S)
that takes in a graph I and a subspace S C RV that satisfy the following condition:

o (Leverage scores) For all e € E(I), levi(e) € [3/16,13/16].

and outputs a set Z C E(I). Let Iy = I and for each i > 0, obtain I; by picking a
uniformly random edge f;_1 € Z, arbitrarily letting I; < I, 1 \ fi_1 or I; < I,_1/fi_1, and
letting Z < Z \ {fi_1}. O satisfies the following guarantees with high probability for all
i < K(E(I)):

o (Size of Z) |Z| > |E(I)|/p

o (Leverage score stability) levyr,(f;) € [1/8,7/8]

. . (] L7 by,)? dim(S)
e (Martingale change stability) max,es @) = ’)|E(I)‘

We now state the main result of this section:

Lemma 5.3.3. Consider a weighted graph G, a d-dimensional vector space S C RV(®),
and € € (0,1). There is an algorithm SubspaceSparsifier(G,S,¢) that, given access to a
(p, K(2))-steady-oracle O, computes a (S, €)-spectral subspace sparsifier for G- with

O (p2dlog d)

€2

edges in time
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@) ((logn)( max)‘ 2/ K(2))(Trst + To + m))

2<|E(G

2<|E(G)]

<0 ((log n)( max z/K(z))(m'*°® 4 729))

where Trq 15 the time required to generate a spanning tree of G from a distribution with
total variation distance < n=1% from uniform and To is the runtime of the oracle.

The algorithm will use two simple subroutines that modify the graph by splitting edges.
Split replaces each edge with approximate leverage score less than 1/2 with a two-edge
path and each edge with approximate leverage score greater than 1/2 with two parallel
edges. Unsplit reverses this split for all pairs that remain in the graph. We prove the
following two results about this subroutines in the appendix:

Proposition 5.3.4. There is a linear-time algorithm (I, P) <— Split(H) that, given a graph
H, produces a graph I with V(H) C V(1) and a set of pairs of edges P with the following
additional guarantees:

e (Electrical equivalence) For all x € RVW that are supported on V(H), 2" Lix =
vt Lhry.

e (Bounded leverage scores) For all e € E(I), levs(e) € [3/16,13/16]

e (P description) Every edge in I is in exactly one pair in P. Furthermore, there is a
bijection between pairs (eg,e1) € P and edges e € E(H) for which either (a) ey, €1 and
e have the same endpoint pair or (b) eg = {u,w}, e; = {w,v}, and e = {u,w} for
some degree 2 vertex w.

Proposition 5.3.5. There is a linear-time algorithm H < Unsplit(I,P) that, given a
graph I and a set of pairs P of edges in I, produces a minor H with V(H) C V(I) and the
following additional guarantees:

e (Electrical equivalence) For all x € RVW that are supported on V(H), x'Liz =

e (Edges of H) There is a surjective map ¢ : E(I) — E(H) from non-self-loop,non-
leaf edges of I such that for any pair (eg,e1) € P, ¢(eg) = ¢(e1). Furthermore, for
each e € E(H), either (a) ¢~ '(e) = e, (b) ¢~ (e) = {eg,e1}, with (eg,e1) € P and
eo, €1 having the same endpoints as e or (c) ¢~ (e) = {eo,e1}, with (eg,e1) € P and
eo = {u,w}, ey = {w,v}, and e = {u,v} for a degree 2 vertexr w.
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Algorithm 25: SubspaceSparsifier(G,S,¢€)

Input: A weighted graph G, a vector space S C RV(%), ¢ € (0,1), and (implicitly) a
(p, K(z))-steady oracle O

Output: A (S, €)-spectral subspace sparsifier for G

H+ G

while |E(H)| > 10000p*(dim(8S) log(dim(S)))/€* do

(I,P) < Split(H)

Z <+ O(I,S)

7" < a uniformly random subset of Z with size K(|E([)])

T < a spanning tree of I drawn from a distribution with TV distance

< kg := 1/n' from uniform

7 I’ < the graph with all edges in E(T") N Z’ contracted and all edges in Z'\ E(T)

deleted

H « Unsplit(I',P)

9 end

10 return H

S Uk W N

We analyze the approximation guarantees of H by setting up two families of matrix-
valued martingales. In all of the proof besides the final “Proof of Lemma [5.3.3]” we sample
T from the uniform distribution rather than from a distribution with total variation distance
ko from uniform. We bound the error incurred from doing this in the final “Proof of Lemma
(.33

We start by defining the first family, which just consists of one martingale. Let Hy := G
and let Hj, be the graph H between iterations k and k+1 of the while loop of SubspaceSparsifier.
Let d = dim(S). Since S is orthogonal to 1V dim((L})'/2S) = dim(S) = d, which means
that S has a basis {y;}%, for which y/ L5y, = 0 for all i # j € [d] and y! Liy; = 1 for
all i € [d]. Let Y} be the |V(H)| x d matrix with ith column (y;)g, and let Y := Y¥j. Let
M, = YkTLj{IkYk — YTLLY. Since the y;s form a basis of S, there is a vector a, for which
x = Ya, for any v € §. Furthermore, xy, = Yia, for any £ > 0. In particular,

T 1+
kaLHka:Hk

T+
x! Lix

T
a, Mya,

a1

so it suffices to show that Ap.x(My) < € for all k < kgnay, where kgpa is the number of while
loop iterations.

In order to bound the change between M), and M, we introduce a second family of mar-
tingales consisting of one martingale for each while loop iteration. Let I o := I during the
kth iteration of the while loop in SubspaceSparsifier. Generate Z' in Z during iteration k
of the while loop by sampling a sequence of edges fy o, fr,1,- - - fu,x(E1))—1 Without replace-
ment from Z. Let Iyy = Ij;—1[frs—1] for all ¢ > 0. For a vector v € RV(®, let vy, , € RV ko)
be the vector with vy, (p) = vg, (p) for p € V(Hy) and vy, ,(p) = 0 for p € V(Iio) \ V (Hg).
For t > 0 and v € RV, let vy, == (vg,,)1,,. Let Y, be the [V (L) X d matrix with
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ith column (y,-)lk,t. Let Ny = Y,&L;;JYW — YTLgY. For any x € §,t > 0, and k£ > 0,
zr,, = Yiia,. In particular,

xiiLZ’t‘flk,t _ _ agNk,tam
xTLg:E llae|[3

Next, we write an equivalent formulation for the steady oracle “Martingale change stability”
guarantee that is easier to analyze:

Proposition 5.3.6.
(w1, L1,

2 T7+ T 1+
i 00" Ly YedYi, Ly by
M (T L) "
Proof. Notice that
T+ Ty T 1+ T+
<x1k tLIk tbf)2 (azYk,tLIk tbf)(blethk,taac>
max 7T—7+ = max > 5 )
z€S Tf((l] LG(L’) €S erazHQ
TvT 7+ T7+
~ max a Yk,tLIkﬂﬁbfbf le’tYk,ta
acR rellall3
T+ T7+
— )\ YkthIk,tbfbf le,tYk7t
max /rf
T7+ T 7+
byl ey, Ly by
Ty
as desired. O

Now, we analyze the inner family of matrices Ny ,. Let Zj; denote the set Z during
iteration k of the while loop after sampling ¢ edges without replacement.

Proposition 5.3.7. Y, := Ny, for fivzed k > 0 and varying t > 0 is a matriz martingale.
Furthermore, if

x,};@,sL};,sxlkvs < 10
:ETLg:E -
forallz € S, k>0, and s <t for somet > 0, Apax(Xi11) < % and Amax(E[ X7, |Y]) <

g?&ogé, where X1 is defined based on the Y;s as described in Theorem |5.3.1.

Proof. We compute the conditional expectation of X, = Y11 — Y given Y; using Sherman-
Morrison:
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E[Xi1|Y] = E[Nk t+1 — Nit| Ni g
Z bTL}; by Y&L}: bbeL};etYk’t
" 12k k:t|

f€Z1 4 bTLZHbf
bELY b\ (YELE bOFLY Vi
"”'fezzz < )( —bp Ly, by )
=0

Therefore, (Y;):>o is a martingale. Since Iy is the output of Split, all edges in Ij,
have leverage score between 3/16 and 13/16 by Proposition In particular, the input
condition to O is satisfied. Furthermore,

)\max<Xt+1) S )\max(Nk t+1 — th)

Z A\ ( YthLi,tbfb?LZc,tkat >
ez, max min(b?L};tbf,rf—b?L};tbf)
<Yk€L}:€’tbfb?L};7tkat>
Ty
(2% L}thbf)2

Iy ¢

_’ kt’

< 8 max Apax
f€Zy 4

=8 max max ———————
f€Zy, weS Tf(xTLJ(';x)

(xl 1 bf)
< 80 max max ;t bt
feZn xS rp(x], OLIkaIk,O)

90pd
~ E(ko)]

where the third inequality follows from “Leverage score stability,” the equality follows
from Proposition [5.3.6 the fourth inequality follows from the input condition, and the last
inequality follows from “Martingale change stability.” Also,
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)\max(E[Xt2+1|Y;f]) = )\max (E[(Nk,t-l—l - Nk,t)2|Y;f])

256 1
= |Zkt|/\][naX Z r_QY’gtLZwbfb?Lﬁ,tkatYthLﬁ,tbfb?L}Lk,tYk,t

f€Z 4 f

256d Lor T+ Loz iy arre
S |Zk.t| (}ggsi Eblek,tYk’tYk’tLIk,tbf Amax f; T_Y;CvtLIk,tbfblek,tkat
' €Lt

2560pd
< B (it Yie)
2560pd o1, L1, o,
TN Zud|E(Ino)| 68 aTLix
25600p%d
= [E(Iio) 2

where the second inequality follows from Sherman-Morrison and “Leverage score stabil-
ity,” the fourth follows from “Martingale change stability,” and the last follows from “Size
of Z”7 and the input condition. O]

Now, consider the sequence of matrices ((Nkﬁt)fi%E(Ik‘t)D)kzo obtained by concatenating

the (Nj.); martingales for each k. We now analyze this sequence:

Proposition 5.3.8. The sequence of matrices (Yit)r+ ordered lexicographically by (k,t) pairs
defined by Yy, := Ny, is a matriz martingale. Furthermore, if for any k > 0,t > 0, any pairs
(1, s) lexicographically smaller than (k,t), and any x € S,

T +
xll,sLIl,sxll,S

e s TP )
ITLJCSI -
then 90d
)\max Xy < =
Xee) < (BT )
Amax(BIX 0| Yid]) < iy, and
256000%d
/\max(szt) S Z —pz
(1,8)<(k,t) | E(Ls)|

where (K',t') is the lexicographic successor to (k,t) and Xy = Yy — Y as described in

Theorem [5.3.11
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Proof. Consider a pair (k',¢') with lexicographic predecessor (k,t). If k = K/, then ¢/ =t +1,
which means that
E[View|Vie] = B[Npo1| Nt = Nio = Yo

s Amax (Xprp) < |E<1° 37> And Ao (E[X7 | Yia]) < 25;60% )72 by Proposition[5.3.7, If k = k' —
then = 0. As a result, Y, = Ni: = Mj by the “Electrical equivalence” guarantee
of Proposition and My = Npy = Yy by the “Electrical equivalence” guarantee of
Proposition [5.3.4 In particular, X, = 0 and satisfies the desired eigenvalue bounds. The
bound on A (Wy) follows directly from the stepwise bound Ayax(E[XZ,|Yi]) and the

definition of Wy, as the predictable quadratic variation. n

Now, we are ready to prove Lemma [5.3.3]

Proof of Lemma|5.53.5. H a minor of . It suffices to show that for every k > 0, Hy, is
a minor of Hy. I’ is a minor of I, as I is only modified by deletion and contraction. Now,
we show that the unweighted version of Hy,; can be obtained from Hj by contracting each
edge e € E(Hy) with an I’-self-loop in its pair (e, e1) € P and deleting each edge e € E(Hy,)
with an ['-leaf edge in its pair. Let Hj_, be the result of this procedure.

We show that Hj , = Hjy, without weights. We start by showing that V(Hyi) =
V(H,,,). Each vertex v € V(Hj41) corresponds to a set of vertices in V/(H}) that were
identified, as the “Edges of H” requirement ensures that Hjp,; contains no vertices that
were added to Hjy by Split. Since T is a tree, each vertex v € V(Hyyq1) corresponds to
a subtree of identified vertices in Hy. Since Z only contains one edge for each pair in P,
the self-loop edges in I’ match the edges contracted to form the subtree for v, which means
that V(Hys1) = V(H},,). E(Hgw1) C E(Hj,,) because for every e € E(Hy1), ¢~ '(e) does
not contain an I’ self-loop or leaf by the “Edges of H” and “P description” guarantees.
E(H;,,) € E(Hyq1) because each e € E(H ) does not map to a self-loop or leaf in I,
which means that ¢~!(e) exists by surjectivity of ¢. Therefore, Hj,, = Hyyq. Since H_, is
a minor of Hy, Hy, is also a minor of Hy, as desired.

Number of edges. This follows immediately from the while loop termination condition.

Approximation bound. Let (k;, ;) be the final martingale index pair that the while
loop encounters before termination. We start by obtaining a high-probability bound on
Wi+ given that T is drawn from the exact uniform distribution on spanning trees of I. By
Proposition |5.3.8],

Z 256000%d
|E(k)[?

The process of generating Iy 441 from I, does not increase the number of edges and decreases
the number of edges by 1 with probability at least 1/8, by “Leverage score stability.” There-
fore, by Azuma’s Inequality, |E(Ii)| < 2|E(G)| — ct/8 4+ 10/log d, /G; with probability at
least 1 — 1/d®, where ¢y, is the number of pairs that are lexicographically less than (k,t).
Therefore, as long as |E(G)| > 20log d, which is true when d > 10000000 = ©(1),

[E(Ika)| < 2|E(G)| = c.t/16

Wi, <
(k,t)<(kr,tr)



CHAPTER 5. SPECTRAL SUBSPACE SPARSIFICATION 207

with probability at least 1 — 1/d® for all pairs (k, ). This means that
Ch . < 32000000 E(G))|

and that
32000000000p%d

|E(Lk 1. )|

Wi t, < < €?/(10logd)
with probability at least 1 —1/d°.

Now, we apply the Matrix Freedman Inequality (Theorem [5.3.1)). Apply it to the martin-
gale (Yj)r.t to bound Apmax (Y, . — Yoo). By Proposition and the termination condition

for the while loop, we may set R < ¢/(10logd) > IE(ngot - By Theorem [5.3.1}

—62/2 i
€2/(101og d) +€2/(3010gd)) <1/d

Pr [Amax(Yert,) > € and Apax(Wi, e, ) < €/(101logd)] < dexp (

Therefore,
Pr Pmax(Yeoe) > ¢ <1/d* +1/d* < 2/d?

T uniform
Now, switch uniform spanning tree sampling to kg-approximate random spanning tree sam-
pling. The total number of iterations is at most m, so the total TV distance of the joint
distribution sampled throughout all iterations is at most mrqg. Therefore,
Pr o Pmax(Yeor,)] < 2/d? +mrg < 3/d>

T kg-uniform

In particular, with probability at least 1 — 3/d?,

JF
JIHkT LHkT JIHkT

—1
ITLgI

< )\max(MkT> = )\max(Yth.,-> <e

for all x € S, as desired.
Runtime. By Azuma’s Inequality,

IB(H)| < 1B(Hi1)| = K(B(Hy2)])/32 < (1 - min K (2)/322) | E(Hy )|

for all k& < k, with probability at least 1 — 1/d?. Therefore,

|E(Hy)| < (1—min K(2)/(322))"|E(G))|

220

which means that the termination condition is satisfied with high probability after

O((logn) max lz/K(z))

2<|E(G)

iterations with high probability. Each iteration samples one spanning tree, calls the oracle
once, and does a linear amount of additional work, yielding the desired runtime. O
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5.3.1 Slow oracle and proof of existence

In this section, we prove Theorem by exhibiting a (2, 1)-steady oracle MultiDimSlowOracle(I,S).
The oracle just returns all edges in the bottom half by maximum energy fraction:

Algorithm 26: MultiDimSlowOracle, never executed

Input: A graph I and a subspace S C RV()

Output: A set Z of edges satisfying the steady oracle definition
(2T L} be)? 2dim(S)
re(xTLiz) — |E(I)]

1 return all edges e € E(I) with max,es

To lower bound the number of edges added to Z, we use the following result and Markov’s
Inequality:

Proposition 5.3.9.

TL+b 2
magc% = dim(S)
S T ri(zTL]x)

Proof. Let Y; be a V(I) x dim(S)-matrix consisting of a basis (y;); for S with y/ LTy, = 0
for all i # j € [dim(8S)] and y/ LT y; = 1 for all i € [dim(S)]. By Proposition

max (@ L7bs)* _ Z by Ly Y1/ Ly by
o €S ri(eT L] x) 1B Ty
5 [0
seB(n &
= trace (L;FYIYITL;bfbtJF>
FeBn &
= trace(L}Y7Y])
d
=> y'Liy
i=1
= dim(S)
as desired. ]

Now, we prove Theorem [5.1.2;

Proof of Theorem[5.1.4 By Lemma/[5.3.3] it suffices to show that MultiDimSlowOracle is a
(2, 1)-steady oracle.
Size of Z. By Markov’s Inequality and Proposition [5.3.9} |Z| > |E(I)|/2.
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Leverage score stability. We are only interested in ¢+ = 0, for which the “Leverage
score” input condition immediately implies the “Leverage score stability” guarantee.

Martingale change stability. We are only interested in ¢ = 0. The return statement
specifies the “Martingale change stability” guarantee for p = 2. O]

5.4 Fast oracle

In this section, we give a (O(log®n), Q(z/log®n))-steady oracle MultiDimFastOracle that
proves Theorem when plugged into SubspaceSparsifier. To do this, we use localiza-
tion (Chapter |3)) to find a set of edges whose leverage scores and martingale changes do not
change much over time. We use sketching and Lemma to find these edges efficiently.
This section can be described using the flexible function framework given in Chapter [4] but
we give a self-contained treatment here.

5.4.1 Efficient identification of low-change edges

MultiDimFastOracle needs to find a large collection of edges whose electrical energies do
not change over the course of many iterations. This collection exists by the following result:

Theorem 5.4.1 (Restatement of Theorem [3.3.1)). Let I be a graph. Then for any vector
w e REU),
|bZL;rbf‘ 2 2
S wan P < flog? )l
e,fEE(I) VreVTs
for some constant cipcal-
Plugging in w + 1) shows that at least half of the edges e € E(I),

bI'LTh
Z M S 2Clocal 10g2 n

semn VTeVTr

We decrease this bound by subsampling the edges in I to obtain Z. To identify the edges
with low sum, we use matrix sketching:

Theorem 5.4.2 (Theorem 3 of [44] stated for ¢1). An efficiently computable, polylog(d)-space
linear sketch exists for {1 norms. That is, given a d € Zs1, § € (0,1), and € € (0,1), there
is a matriz C' = SketchMatriz(d,d,¢) € R and an algorithm RecoverNorm(s,d,d, ) with
the following properties:

o (Approximation) For any vector v € R%, with probability at least 1 — & over the ran-
domness of SketchMatriz, the value r = RecoverNorm(Cv,d,d,¢€) is as follows:

(1= allvfy <r < (A +6)[v]l
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o [ =c/e*log(1/9)

e (Runtime) SketchMatriz and RecoverNorm take O(ld) and poly(l) time respectively.

Approximation of column norms

Consider a graph I and a set W C E(I). We can obtain multiplicative approximations the
" T LT by . . . .
quantities » few \/E\I/r*f for all e € W in near-linear time using Theorem [5.4.2, However, we
[be Ly byl
Ve Tf T B
— |be L bf| 3
= \/7"75—[\/77 with the
diagonal left out. To do this, we tile the matrix as described in the proof of Proposition

4.11.8 (self-contained treatment below):

actually need to multiplicatively approximate the quantities ) FEW. fe In particular,

we need to estimate the ¢; norm of the rows of the matrix M with M,

e Do O(logn) times:

— Pick a random balanced partition (Wy, W) of W

b2 L} by
VTe\/Tf
e For each e € W, average the a.s together and scale up the average by a factor of 4 to
|6 L7 by|
Ve Tf

— For each e € Wy, approximate a, < fez using sketching

obtain an estimate for >,

The expected contribution of each off-diagonal entry is 1, while no diagonal entry can
contribute. After ©(logn) trials, the averages concentrate by Chernoff and a union bound.
Now, we formally implement this idea:

Proposition 5.4.3. There is a near-linear time algorithm (ae)ecw < ColumnApz(I, W) that
takes a graph I and a set of edges W C E(I) and returns estimates a. for which

b LTh
a/2< Y b f|<3ae/2
f#eeW \/_

for alle e W.
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Algorithm 27: ColumnApx ([, W)
Input: a graph [ and W C E(I)
+
Output: approximations to the values {> Fobeew ‘%%' Yeew

K « 100logn
ke < 0 for each e € W
foreach £+ 1,2,..., K do
Wy, W1 < partition of W with e € Wy or e € W i.i.d. with probability 1/2
C « SketchMatrix(|WW;],1/n® 1/4)
D « V(I) x |[W;| matrix of columns b/, /ry for f € W,
U+ LfDCT
foreach e € W, do
| Increase k. by RecoverNorm(U” (b./\/rc), [Wi|,1/nf, 1/4)
end

© 00 N O Ok W Ny =

[y
=]

end
return (4x./K)cew

— e
N =

Proof of Proposition[5.4.5. Approximation. Let Y ) be the indicator variable of the event
{e € Wy and f € W in iteration k}. By the “Approx1mat10n guarantee of Theorem m,
at the end of the foreach loop in ColumnApx,

BTL by (o
. 6[3/4,5/4]< ( v ))
2 v (&

for each e € W. Since Ye(ek) =0 for all k and e € W,

bTLEb| [
_ Z |be L7 by (anf))
fHeeW \/T_em k=1
Notice that for e # f, {Y. k)} k 1s a family of independent Bernoullis with mean 1/4. There-

fore, by Chernoff bounds and our choice of K, K(1/4)(7/8) < 1 Y(k < K(1/4)(9/8) for
all e # f with probability at least 1 — 1/n°. As a result,

K b7 LT bs|
ke € —[1/2,3/2] ( P
4 heow VTeTE

with high probability, as desired.
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Runtime. Lines [5| and @ contribute at most O(|E(I)|) to the runtime of ColumnApx by
the “Runtime” guarantee of Theorem [5.4.2| Line (7 only takes O(|E(I)|) time to compute U
because CT only has O(logn) columns. All other lines take linear time, so ColumnApx takes
near-linear time. [

Construction of concentrated edges

Now, we subsample localized sets:

Proposition 5.4.4. Given a graph I and v € (0,1), there is a set of edges W C E(I) with
two properties:

o (Size) W] = (v/4)|E(I)|

o (Value) Foralle € W, 371, ey |§é\’7%‘ < 4 for alle € W, where 1 := 100¢;peqry(log?® n)

Furthermore, there is an O(|E(I)|/v)-expected time algorithm Subsample(I,~) that pro-
duces W.

Algorithm 28: Subsample(/,~)

1 while W does not satisfy Proposition do

Wy < random subset of E(I), with each edge of e € E([) included i.i.d. with
probability 2y

3 (@e)eew, < ColumnApx(l, W)

4 W < set of edges e € Wy with a, < /2

5

6

N

end
return W

Proof. We show that each iteration of the while loop terminates with probability at least
1/polylog(n). As a result, only polylog(n) iterations are required to find the desired set. We
do this by setting up an intermediate family of subsets of F(I) to obtain W.

Size. Let X; C E(I) be the set of edges e with ZfEE(I) ‘%%' < 2Ci0car l0g®n. By
Theorem [5.4.1] | X1| > |E(I)]/2.

Let Wy := X;NW,. Wi can alternatively be sampled by sampling W, from X7, including
each element of X; in W i.i.d. with probability 2v. Furthermore,
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% — —|€ 1| — &w
1 f#eeWo \/E” "t 1

5 |bZLrbf|]
f#eeWy \/T_GW

bI'LTh
_ 2'7 Z ’ e I f’
f#e€E(I) \/T_e\/r—f

< 4ﬁyclocal(log2 n)
By the approximation upper bound for a. and Markov’s Inequality,
Prle ¢ Wle € W;] < Pr[a. > ¢/2|e € W]
W1 Wl

<pr| Y b Libyl W/Ale € W
>~ Ir e —— € 1
W iy VTV
47Clocal (log2 n)
B ¥ /4
<1/2

for every e € X;. Therefore,
E[[W|] > (1/2)E[|[Wi[] = ~[Xa] = 7| E(T)]/2

Since 0 < |W| < |E(I)], |W| > ~|E(I)|/4 with probability at least /4, as desired.
Value. By the upper bound on a, due to Proposition [5.4.3, all edges e € W have the

property that
3 lbe L1yl _ 3 [be L1yl _ y
fFeeW VreyTs f#eeWo VTe /s
as desired.
Runtime. Each iteration of the while loop succeeds with probability at least /4, as dis-
cussed in the “Size” analysis. Each iteration takes O(|E(I)|) time by the runtime guarantee

for ColumnApx. Therefore, the expected overall runtime is O(|E(I)|/7).
[l

5.4.2 MultiDimFastOracle

We now implement the (6(log®n),O(z/logn))-steady oracle MultiDimFastOracle. It
starts by finding a set W guaranteed by Proposition with v = ©(1/log®n). It then
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further restricts W down to the set of edges satisfying “Martingale change stability” for I,
and returns that set. The “Value” guarantee of Proposition [5.4.4] ensures that these edges
continue to satisfy the “Martingale change stability” guarantee even after conditioning on
edges in Z.
Algorithm 29: MultiDimFastOracle(/,S)
Input: a graph [ with leverage scores in [3/16,13/16] and a subspace S C V(1) with
S :=R% x 0V for some S C V()
Output: a set Z C FE(I) satisfying the steady oracle guarantees
1 W < Subsample(I,v), where 7 := 1/(100000000¢i,ca1(log® 1))
2 {Ve}teer) < DiffApx(I,S,1/4,1/m>)

3 return all e € W for which v, < %

To ensure that DiffApx is applicable, note the following equivalence to what its approx-
imating and the quantity in the “Martingale change stability” guarantee:

Proposition 5.4.5.

T+
A (@' Libs)? biLiby  pLiyyshs
zerS 1p(aT Lix) Ty Ty

Proof. Define an n x (|S| —1) matrix C with signed indicator vectors of edges in a star graph
on C. For every x € R® with 271 = 0, x = C¢, for some unique ¢, € RISI=1. Therefore,

max (I’TLEbf)Q _ CTOTLEbfb?LECC
2eRS rp(zTLhx)  cerisi-t 1y (TCTLECo)
1
= EAmax((CTL};C)‘l/zOTL}}bfb? LLC(CTLEC)™1?)

1
= E(b?LEO(CTLEO)‘IOTLEbf)
_ bF L}by - bJTeL;}/Sbf

Ty Ty

where the last equality follows from the Woodbury formula. O

To analyze MultiDimFastOracle, we start by showing that any set of localized edges
remains localized under random edge modifications:

Proposition 5.4.6. Consider a graph I and a set of edges Z C E(I) that satisfy the following
two initial conditions:

o (Initial leverage scores) levy(e) € [3/16,13/16] for all e € Z.
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b LT by

NN <71 foralle € Z, where T =

e (Initial localization) Zer _1000310gn'

Sample a sequence of minors {I; }i>0 of I and sets Zy, C E(1Iy,) by letting 1y := I and for
each k > 0, sampling a uniformly random edge ey, € Zy, letting Iy 1 < Ix\ex or Ijyq < Ii/ex
arbitrarily, and letting Zyy1 < Zi\exr. Then with probability at least 1 — 1/n?, the following
occurs for all i:

o (All leverage scores) levy, (e) € [1/8,7/8] for all e € Zj.

b L7, byl

’ r_
NN <71’ for all e € Zy, where 7" = 27.

o (All localization) 3 sy 120

To prove this result, we cite the following submartingale inequality:

Theorem 5.4.7 (Theorem 27 of [24] with a; = 0 for all 7). Let (Y;)i>o be a submartingale
with difference sequence X; :=Y; — E[Y;|Y; 1] and W; := 37| E[X;|Y; 1]. Suppose that
both of the following conditions hold for all i > 0:

o W; <o?

Then

)\2
PrlY; - Yy > A <exp | —
Yi=Yoz A < p( 2(02+M>\/3))
Proof of Proposition[5.4.6. We prove this result by induction on k. For k = 0, “Initial
leverage scores” and “Initial localization” imply “All leverage scores” and “All localiza-
tion” respectively. For £ > 0, we use submartingale concentration to show the inductive

step. For any edge e € Zj, define two random variables Ut = levy, (e) and v =
b L7, byl

ZfEZk,fyée \/Fe—\/ﬁ Let
k—1
09 = U9 — S B — U0
=0
and .
- Tr+
VE =y k) S E |V 0 [be L7,be| v
=0 \/T_e\/ 7,61

(f]\e(k))kzo is a martingale and (Ve(k))kzo is a submartingale for all e € Z;. Let
XU,” = 0~ E0P|0¢Y) = U - U= — BU®) — Ut U]

XV 0 W0 — k) _ k) gyt pken k)

€ € €
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W, =S BT )00
j=1
and
) tm e () s
WV, => E[XV, )V
j=1

By Sherman-Morrison and the inductive assumption applied to the edges e, ex_1 € Z_1,

|)/((\]£k)’ < ‘Uék) _ Ue(k—l)‘ + EHUe(k) N Ue(kfl)HUe(kfl)]
(bgL}:_lbek,1>2
remin(bl L} b Ter . — b LT b )

ep—1""Ip_1 Ck—1? ep—1""Ir_1 Ck—1
< 16(7)?

<2

Tr+
VI — v<’H>_M
e e \/7”_6 e

Tr+
)/(‘\/ik) _ Ve(k) . ‘/.e(k,l) . ‘be le,lbekfly _E
\/T_e\/ Tep_1

T 7+
<9 Z |bZLZ€bg| B ‘beL bg’

Iy

9gEZy,g#€

< 2 Z ’bZL}:,lbek—l||b£€_1L};,1b9|

< = VTeler min(1 — 1eV1k,1(€k—1), 1eV[k71(ek;_1))\/r_g
LD VL b

<1 I ek—1| Z
T VTeVTar o e VTV

< 16(7)?
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——(k -~
E(XU 200 e £ ey, e+ e
<AE[(UR — Uk gt=D) e L, 1 ... e # e
(bE Ly, bey,)*
< 4E, bl _
kot r2r2 min(l — levy,_ (ex—1), levy,_ (ex—1))? €7 er
(OE LY, bery)?
< 256E,, _, e ‘e % ep1
T+ !
_ 256 3 |be L7, byl
|Zia] =1 jezergre VTeVTS
256(7')*
| Zy4| -1

5 975 (k—
E[(XV, VHE Y ey, ... e+ e

( BILi, b\
<4E | [ v® — (V(k—l) _ e ekl VED Lo 1 e e
>~ e e \/r—e\/m e

Tr+ T 7+ 2
< 4E Z |b€ leilbeklebekflL1k71b9| e # er_1
B o 9EZr gFe \/T_(ﬂ”ek_l min(l - levfk—1(6k—1)7 1ev[k—1(€k_1)>\/@ -
2
(be L7, ,be,—,)? be,_ L7, byl
< 256E,, , ( U Z skt e 9 ‘6 # €1
T6T6k71 gEZL g€ V rek*l\/ﬁ
4
Tr+
< —256 max Z —‘bf leflbg|
" 2l = L ree 9EZk—1.9#f VIiVTs
256(r')*
STz =1

— —— (k
Therefore, for all k < |Z|/2, \WUik)| < 256(7)* and ]VVVE3 )\ < 256(7")* given the inductive
hypothesis. By Theorem

P U — Dol > 2000(log n)(~)*] < exp( (2000(log m)(7')?)” ) 1

- 512(7)* + 512(7)2(2000(log n) (7/)2/3) ) = n®
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and

(2000(logn)(7")?)?

Pr[Vi, — Vo > 2000(log n)(7")?] < exp (

TB12(7) 1 512()2(2000(log n) (7112 /3)) =%

218

Now, we bound U, — ﬁk and V, — ‘A/k By Sherman-Morrison and the inductive assumption

for Zy_1,

(b L

E[|U® — UV UED e # ex1] < E

€ Ul remin(l — levy,  (ex_1),levy,  (€r_1))Ter .
< 8(7')?
| Z_1] — 1
and
I L7 be, |
E Ve(k) — Ve(k_l) o Mt Ve(k_l), e enq
VTer/Ter s
. Bt I i
>~ k—1 o \/T’_ereIﬁl min(l — levy, , (ekfl), levjkfl(ek,l))\/r_g
8(7')?
= | Zk| -1

e# €k—1]

e# €k1]

so for k < |Z|/2, |Ux — U] < 8(7)2 and Vj, — Vj, < 8(7')%. In particular, with probability at

least 1 —2/n5,

[1evy,(e) — Levy(e)| = [US — UL

< U~ 00| 4109 — O]+ 10 — U

< 8(7")% +2000(log n)(7')? + 0

<1/16

Therefore, levy, () € [1/8,7/8] with probability at least 1—2/n® for all e € Z;. Furthermore,
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3 |bTL \ _y®
9€Zx, gsﬁe
— (VB PO 4 (TH _§O) 1 (PO _ Oy 4 O
< 8(7")% +2000(log n) ()2 + 0+ 7
<2r=1

This completes the inductive step and the proof of the proposition.
m

Now, we prove Theorem[p.1.3} By Lemmal.3.3} it suffices to show that MultiDimFastOracle
is a (O(log®n), Q(z/log® n)))-steady oracle with runtime O(|E(I))).

Proof of Theorem[5.1.5 Size of Z. By Proposition [5.3.9] Proposition and the ap-
proximation upper bound for v,,

> v < (5/4)[8] +1/m* < (3/2)[9]

ecE(I)

Therefore, by Markov’s Inequality, |Z| > 5|W|/8. By the “Size” guarantee of Proposition
B.44 (W| > Q(1/(logn)®)|E(I)], so |Z] > Q(1/(logn)3)|E(I)], as desired.

Leverage score stability. We start by checking that the input conditions for Proposi-
tion [5.4.6| are satisfied for Z. The “Initial leverage scores” condition is satisfied thanks to the
“Leverage scores” input guarantee for steady oracles. The “Initial localization” condition
is satisfied because of the “Value” output guarantee for Subsample applied to W. There-
fore, Proposition applies. The “All leverage scores” guarantee of Proposition is
precisely the “Leverage score stability” guarantee of steady oracles, as desired.

Martingale change stability. Let (y;)%; be a basis of S for which y;L}y; = 0 for i # j
and y; Ly, for all i € [dim(S)]. Let Y; be a V(I;) x dim(S) matrix with columns (y;);,. By
Proposition [5.3.6| applied with G < I,

ax (C(]ItLbe) _ b?LZEYtTLbe
ves (2T L} ) ry

for all f € E(I;). We now bound this quantity over the course of deletions and contractions
of the edges e; by setting up a martingale. For all t > 0 and f € E(I), let

A0 . G LYY LY
f o

rf
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and

H—
,_A

0. 40 _ N7 A<s+1 PRI

s

Il
o

TAY . AW _ G140 _ 4 () _ 7(t=1)) 4(t-D)
XA, =AY - A = AP Al _gAl Al Al

and

— () s
WA, : Z E[( \A( Y]
We now inductively show that for all f € Z; (which includes f;),

A(t) S|
= B

where & := 8L‘) < O(log®n) and ¢ := 2¢. Initially,

8IS _ €l5]

A(O
= wl o w]

for all f € Z by the approximation lower bound for v,, completing the base case. For
t > 0, we bound A for f € Z; by usmg martingale concentration. We start by bounding
differences using the “All leverage scores” guarantee of Proposition [5.4.6, Sherman-Morrison,
Cauchy-Schwarz, and the inductive assumption:
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HLLYYILLy  VLE YYD LE by
Ty Ty
b?LZ—lbft 1b3:t 1LZ—1Y2_1Y£1LZ—1bf
T 1min<1 - leV]t 1(ft—1> 1evIt—1(ft—1))rf
bTL}_ 1bft 16? 1L}t 1Y; 1Y;5T1L1t 1bft—1b3;t—1L}t—1bf
r7, (min(1 —levy, ,(fi-1),levy, ,(fi-1)))*ry
|bTL}t 1bft 1||bft 1L}tfl)/t_1Y;£1LZ71bf|

-1
AP — ALY =

<2

<16
T Ty

+ 64(1)?[/;;71()]% 1)2b}; 1LZ,1}/75_1)/1‘,?1LZ,1bft71
r?ct Ty

Lt b
§16’f “”“',/ fi SRV

164 ‘f Iy by, /| (t—1)
NN
b7 L7, bsil €8]

N N ]

By the “All localization” guarantee of Proposition [5.4.6|

XA < 14D — AU 4 E[AY - AL V)AL
15
E(D)

< 1607

and

() A~y - -
E[(XA, 2|AY ] < 4B [(AY — A2 AL, F £ fid)

6400(7)2 [/ €15 \?
| Ze—1| =1 (IE(I)\)
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Since K (|Z]) < |Z]/2, |T/I//71§ct)] < 6400(7')? <“(—)‘) Therefore, by Theorem 5.4.7|applied
to the submartingales (A\Sct))tzo and (—A\Sf))tzo,

!

(€15)/GIED)])? :
BB )f””

P (_ (6400(7")* 4 160(7")) ((&'|S])/ (| E(I)]))?
Since A — AW

7 » we just need to bound |A ﬁgm. We do this by bounding expectations
of dlfferences

- - | t 1bft 1| f S
EHA?)_A? 1)||A5£t 1);f7éft—1] S8OE fT;t_l\/_ |E’ | ‘f?éft .
807’ &S|
T |Zia| = 1|E(T)

Therefore, |A(t) A(t < E[|A§f+1) - A;S)HA;S), f#f] < 5&'5‘ This means that

c 2l sl _ ¢l

A® < 14® _ 20 4 A0 _ + A0 < <
¢ < |AY - AP+ AP - AP =5Em T ED] S ED)

with probability at least 1 — 1/n°, which completes the inductive step.
Therefore, by a union bound and the fact that f; € Z; for all t > 0,

L+b 2 / 3
g LY _ 0 €151 Ollog s
veS 1y, (2T L) |E(I)| |E(I)|

completing the “Martingale change stability” proof.

5.5 Efficient approximation of differences

In this section, we show how to approximate changes in effective resistances due to the
identification of a given vertex set S, and thus prove Lemma [5.1.4 Namely, given a vertex
set S C V, we need to approximate the following quantity for all edges e € E(G):

(b LEDe) — (be L sbe)-
By a proof similar to that of Proposition [5.4.5] this quantity equals
( TL+b )2
_ZG7e) 5.7
xﬁljé(ﬂas aTLix 7 (5:7)

where 1 denotes the all-one vector.
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Lemma 5.5.1. The decrease in the effective resistance of an edge e € E(G) due to the
identification of a vertex set S C V' equals

Tr+ 2
T+ T+ _ (@7 Lbe)
(be Libe) = (be Laysbe) = s L100RS aT L

Proof. Let C' be the n x (|S| — 1) matrix with signed indicator vectors of edges in a star
graph supported on S. Then we have

(b7 LEbe) — (b2 L gbe)
= L5C(CTL;,C) 'O LEb. by Woodbury
=Amax((CTLLC)V2CT L b T LEC(CT LEC) ™Y
CTLEb I L Ce
max
c€RISI-1 CTOTLECC
(2T LEbe)?

= max -——&*
eligers zTLhx

where the last equality follows from that the columns of C' form a basis of the subspace of
R? orthogonal to the all-ones vector. O]

Let k := |S|, and suppose without loss of generality that S contains the first k vertices
in G. We construct a basis (plus an extra vector) of the subspace of R¥ orthogonal to the
all-ones vector by letting

_ 1
O i (Ikxkz lecxk) 7 (5.8)

O(n—k)xk

where I denotes the identity matrix, and J denotes the matrix whose entries are all 1.
Let P,xi := ([kxk O)T be the projection matrix taking the first k& coordinates, and let
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s = Tpxr — %kak. Now we can write 1) as
( TL+b )2
max —+
elleerS T Ljx
"CTLELSI LEC e
cerr  TCTLLCe
(CTHka) CTLgbebTLEC (Hkxkc)
= ° by Cllyxr = C
rcléif (CTHka) CTLEC (Hkxkc) Y ok
("(CTLEC)T?) CTLEWDTLEC ((CTLEC) T ?e)
ekt (cT(CTLEC)H?) CTLEC ((CTLEC) )
since (CTLEC)H? and My, have the same column space
=Anax (CTLEC)2CT LED WL LEC(CTLEC) )
=bI LLO(CTLEC)TCT LD,
=b] LEC (s PTLE Py ) PFCTLED. by Plliyy, = C
=b' LEC SC(Lg,S) CTLEb, by Fact (5.9)
To approximate (5.9)), we further write it as
bI L5C SC(Lg, S) CTLED.
=b'L,C SC(Lg, S)(SC(La, S))tSC(Lg, S) CTLEb,
=bI LEC SC(Lg, S) CTLEC SC(Lg, S) CTLED.
=bI LEC SC(Lg, S) CTLE(BEWGBg)LEC SC(Lg, S) CT LS.,
where the last equality follows from L = LELgLE and Lg = BEWsBg.

We now write the change in the effective resistance of an edge e in a square of an Euclidean
norm as

bTLED. — bULY obe = HWl/zBGLgC(SC(Lg,S))

We then use Johnson-Lindenstrauss Lemma to reduce dimensions. Let QQgyx,, be a random

+1 matrix where k > 24logn/e®>. By Lemma [5.2.12] the following statement holds for all e
with high probability:

|wé?Bartc(sc(re, )

QWY BgLEC(SC(Lg, S))

(5.10)

To compute the matrix on the rhs, we note that C'is easy to apply by applying [ and J,
and L, can be applied to high accuracy by Fast Laplacian Solvers. Thus, we only need to
apply the Schur complement SC(Lg, S) to high accuracy fast. We recall Definition of
Schur complements:

SC(Lg,S) == (La)s,s — (La)sr(La)rp(La)rs,
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where T':= V' \ S. Since (L¢)rr is a principle submatrix of Lg, it is an SDDM matrix and
hence its inverse can be applied also by Fast Laplacian Solvers to high accuracy.

5.5.1 The subroutine and proof of Lemma [5.1.4

We give the algorithm for approximating changes in effective resistances due to the identifi-
cation of S as follows:

Algorithm 30: DiffApx(G, S, dg, 01)
Input: A weighted graph G, a set of vertices S C V(G), and dy, d; € (0,1)
Output: Estimates {v.},. (e to differences in effective resistances in G and G /S

1 Let Qrxm be a random +1 matrix where k > 24 log n/5§.

2 Compute each row of Yy, 1= QWé/ZBgLJGrC<SC(Lg, S))CTLE by applying L}, and
Lx_/is,\/\s to accuracy

o1
€= .
A8k - nB5 - w25 S

max - min

3 v, « ||[Yb.|” for all e € E(G)
4 return {Ve}eeE(G)

To prove the approximation ratio for DiffApx, we first track the errors for applying Schur
complement in the following lemma:

Lemma 5.5.2. For any Laplacian Lg, S C V(G), vector b € R", and € > 0, the following

statement holds:

lz — | < en* wedwn 101l

max ~’min

where

v :=((Lg)s,s — (LG)S,T(LG);}T(LG)T,S) b,
T := (Lg)s,sb — (La)sri,
Ty := LaplSolve((L¢g)rr, (La)Tsb, €).

Using Lemma we track the errors for computing the embedding in ((5.10) as follows:

Lemma 5.5.3. For any Laplacian Lg, S C V(G), vector ¢ € R™ with entries £1, and

0<e<1l/(4n® wil w,i?), (5.11)

max -’ min
and a matriz C, . defined by

1
Csik = Tixi — %kak;

Cyvsae = 0,
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the following statement holds:
2.5
lo — & < €-8n® - (“’L) ,
where
= <qTWé/2BGLgO(SC(Lg, S))CTLg)T ,
T := LaplSolve(Lg, C,€),
i1 = (Lg)s,s(C ) — (La) s LaplSolve((Lag)rr, (La)r.s(CT ), €),
To:= LaplSolve(Lg, BgWé/zq, €).
Before proving the above two lemmas, we show how they imply Lemma [5.1.4]

Proof of Lemma |5.1.4. The running time follows directly from the running time of LaplSolve.
Let Xpxn = QW(I;MBGLZSO(SC(L@S))C’TLg. The multiplicative approximation follows
from Johnson-Lindenstrauss Lemma. To prove the additive approximation, we write the
difference between || Xb,.||* and ||Yb.|” as

X0 = [V Bell*] = 11X bell = Y Bell] - (1Xbell + [V bl -
Let u,v be the endpoints of e. We upper bound ||| Xb.| — ||[Yb.]|| by

X bell = 1Y De][] < (X =Y )bell = (X —Y)(ew — )| by triangle ineq.
<X = Y)eu|| + (X = Y)e,|| by triangle ineq.

<2 (X - YVed|* + [|(X — Y)eUHQ)l/2 by Cauchy-Schwarz

i 1/2
Va1, = (Sl

2.5
< V2% -e-8n®- (wmax) by Lemma [5.5.3

Wmin
01

S -
3\/§n1/2w*1/2

and upper bound || Xb.|| + [|Yb.|| by
HXbeH + ||Ybe|| <2 ||Xbe|| + |||Xbe|| - ||Ybe|||
1/2
<2 ((1 + 6) (bZLgbe - beTLg/Sbe» 4 {JIXbe] = Vbl by Lemma[f212
<2 ((1+ o)n/wmin) > + || Xbe|| — ||V 0| upper bounding b’ Ljb,
§3\/§n1/2w_1/2 by 6o < 1

min
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Combining these two upper bounds gives
[X0]* = Y0 |*| < 61,

which proves the additive error. O

5.5.2 Analysis of additional errors
We now prove Lemma [5.5.2] and [5.5.3]
Proof of Lemma[5.5.9. We upper bound ||z — Z|| by

lz = Z[| = || (La)sr ((Le)r(La)rsb — 1) ||
<NWpax H(LG);}T(LG)T,Sb — I H by
<en® wl? w %% ||(La)r.sb| by Lemma [5.2.11

max -’ min

<en™wplawyi” bl by (B.6).

Proof of Lemma[5.5.9, We first bound the norm of vector LEBEW,?q by

n2

lal  bY Cmax(LEBEWH?) = Anax( L) and (5.1)

Jeamaw

<
Wmin

n2.5

= since ¢’s entries are 1, (5.12)
Wmin

and upper bound the norm of vector SC(Lg, S)C’TLgB(T;Wé/Qq by

HSC(L(;, S)CTLngwé/qu <MWy

LEBEWS | vy E5)

<5 x| (5.13)

Wmin

The error of Z, follows by

HLngWg/ 20 — iy

1/2
<en!'?® <wmax) HLEBgWé/Zq ‘ by Lemma [5.2.10

Wmin
<en'wifwoi® by BI12). (5.14)
The norm of Z5 can be upper bounded by

- 1/2
|72l < | EEBEW

2n25
<

) + HLEBgWéﬂq — igH by triangle inequality

by (5.12) and (5.11). (5.15)

min
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The error of 7, follows by

|sc(re, 0T LEBEWY q - 3

<||sc(ra. S)CT <L+BTW(1;/2q — &) | + [1SC(La, $)CTE ~ &|| - by triangle ineq,
<en"wio wit? + || SC(Lg, S)CTas — &4 || by (5.14)), and 0. (C) =1

<en®wl? w 1% +e- HCTQ:QH R Vi T by Lemma [5.5.2

max max ~min

<en’wl® w15 4 e.2n% . WS w lP by ([5.15])

max ~ min max ~’min

<e-4n® - wkd w 1P (5.16)

max " min

The norm of Z; can be upper bounded by

[

T

<2n®3Tm by (5.13) and (511). (5.17)

min

|+ ||sctie. ;0T LEBEW g - 3y

by triangle ineq.

Finally, the error of z follows by

Iz — ]
<||LEC (SC(Le, S)CTLEBEWE/2q — ) || + ||LECE — ]| by triangle ineq.
<e-4n®- wfngx ;fng’ + HL+0x1 - xH by (5.16) and
<e-4n® - wid w20 4+ en'Pwd> w VP ||CE || by Lemma [5.2.10
Sedn® S E b el by
<e-8n% . wd w 2P (5.18)

5.6 Better effective resistance approximation

In this section, we use divide-and-conquer based on Theorem to e-approximate ef-
fective resistances for a set of pairs of vertices P C V(G) x V(G) in time O(m!T°®) +
(|P| /e*)polylog(n)). The reduction we use is the same as in [33]. We give the algorithm
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ResApx as follows:
Algorithm 31: ResApx(G, P, €), never executed
Input: A weighted graph G, a set of pairs of vertices P, and an € € (0,1)
Output: Estimates {7, ,} (up)ep O effective resistances between vertex pairs in P
if |P| =1 then
Compute the Schur complement H of G onto P with error €
return {7, := bl L};b,.} for the only (u,v) € P
end
Let €; :=1-¢€-(1/log|P|) and € :=¢- (1 — 1/log |P]).
Divide P into subsets P() and P® with equal sizes.
Let V) and V® be the respective set of vertices in P and P®.
Compute the Schur complement H™) of G onto V(! with error €
Compute the Schur complement H® of G onto V® with error e,
7 < ResApx(HW, PW &) UResApx(H? PP ¢))
return 7

© 0 N O Rk W N

_
- o

Proof of Corollary[5.1.5 The approximation guarantees follows from

1 log|P|—1
Tuw = (1 -5 ¢/ log |P|) : (bg,v[fgbu»v)
Z(l - E)sz;,vLJCrv'b“v”

and
1 log|P|—1
Tuw < (1 + 3 ¢/ log ]P]) . (bg}ngbu,y)

<(1+ €)b, ,Lbue.
We then prove the running time. Let T'(p, €) denote the running time of ResApx(G, P, €) when
|P| = pand |E(G)| = O((p/e*)polylog(n)). Clearly, the total running time of ResApx (G, P, €)
for any GG with m edges is at most
2. T(|P| /2,¢- (1= 1/log|P]) + O (m™*D + (|P| /)polylog(n)),  (5.19)

since the first step of ResApx will divide the graph into two Schur complements with O((|P| /€*)polylog(n))
edges each. Furthermore, we can write T'(p, €) in a recurrence form as

T(p,e) =2-T(p/2.¢- (1= 1/logp)) + O (p"**V + (p/e*)polylog(n)) ,
which gives
T(p,e) = O (p*°" + (p/€*)polylog(n)) .
Combining this with (5.19)) gives the overall running time

O (m1+0(1) + (| P| /62)p01ylog(n)) .
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Appendix A

Schur Complement Cheeger Appendix

A.1 Proof of Theorem 2.1.3

Proof of Theorem[2.1.3. For any two sets of vertices S1,Ss in a graph G,

Reff;(S1, S2) min(volg(Sy), volg(Sy)) = Ucl
51,52

Therefore, the desired result follows from Lemmas [2.4.1| and [2.3.1]

A.2 Proof of Proposition

Proof of Proposition[2.4.4. Without loss of generality, suppose that a < b. We break the

analysis up into cases:
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Case 1: a < 0. In this case, k,(a) = ¢/2 for all ¢ > 0, so

[, a2

0 q 0 q

[Pz,

q

+/2:° (q/2 —Q/2)2dq

q

2

—b* +b*(In2)
(a—b)?

2
n 2
10
as desired.

Case 2: a > 0 and b < 2a. In this case,

[l =, o=y,

q

as desired.

o LS
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Case 3: a > 0 and b > 2a. In this case,

as desired.

/°° (rg(a) — k(b)) .=
0 q

242



243

Appendix B

Random Spanning Tree Appendix

B.1 Facts about electrical potentials

B.1.1 Bounding potentials using effective resistances

Lemma B.1.1. Consider a graph I with three vertices u,v,w € V(I). Then
R
Prt, > t,] < Feffi(wv)
v Reff;(u, w)
Proof. This probability can be written in terms of normalized potentials:
bL LTb
Prlt, > t,] = Zuw T U
v [ ] bng}Fbuw
Since electrical potentials are maximized on the support of the demand vector,
br LT by < bayLibyy  Reff;(u,v)
b LTbuw ~ 0T Liby, Reffr(u,w)

as desired. ]

Lemma 4.8.6. Consider a graph I with two clusters Cy and Cy with two properties:

o The I-effective resistance diameters of Cy and Cy are both at most R.

e The minimum effective resistance between a vertex in C7 and a vertex in Cy is at least
YR for v > 4.

Let J be the graph with Cy and Cy identified to s and t respectively. Then Reff,(s,t) >
(v —4)R.

To prove this, we take advantage of the dual formulation of electrical flow given in [48]:
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Remark 11 (Equation (2) of [48]). The solution x for the optimization problem Lz = b is
also the vector that optimizes

max 2b7p — p? Lp
peER™
Proof of Lemma[{.8.0. Pick arbitrary s € C1,t € Cy in I and use the electrical potentials p =
L} b to construct a good solution ¢ to the dual formulation of electrical flows in J. Construct
J from I by adding O-resistance edges from s and t to all C; and (5 vertices respectively.
Notice that p; = min, p, and p, = max, p,. For all v, let ¢, = max(ps; + R, min(p; — R, py))-
q is feasible, so by the above remark,

Reff (s, t) > 2bL,q — q" Lsq

Notice that 2b%,q = 2(p; — ps — 2R), so we just need to upper bound ¢? L;q. Notice that
for any z € Cy, p, — ps = b, LTbs, < b LTbs, < R. Similarly, for any y € Cy, p; — p, < R.
Therefore, all vertices x € C; and y € (5 have ¢, = ps + R and ¢, = p; — R respectively.
This means that all O-resistance edges in J have potential drop 0 across them, which means
that ¢”' L ;q is defined.

No other edges were added to create J and potential drops are only smaller using ¢
instead of p, so ¢ L;q < p"Lip = p, — ps. Therefore,

Reff (s,t) >p—ps —4R > (y —4)R
as desired. ]

B.1.2 Schur complement facts

Lemma 4.8.3. Consider any three disjoint sets of vertices Sy, S1,S C V(I) and Sj C Sp.
Let J = Schur(1,SoUS; USy) and J' = Schur(l, S, US; USs). Then

7 (Ep(Sh, 51)) < ¢ (E5(S0,51))

Proof. 1t suffices to show this when Sy = Sj U {v} for some vertex v € V(I). By Remark [4]
J' = Schur(J,V(J)\ {v}). By the formula in Definition [5.2.1 each edge {u,v} for u € S; is

J J

mapped to a set of edges {u, w} with c,, = ¢’ ¢’ /¢!, where ¢ is the total conductance of

edges incident with v in J. In particular, summing over all w and using the fact that

E J J
Cow S Cy

weS

shows that the sum of the conductances of the edges created when v is eliminated is less
than the original uv conductance. This is the desired result. O

Lemma 4.8.4. Consider any two disjoint sets So, S1 C V(I) with Sj C Sy. Then ¢! (S}, S1) <
CI(S(), Sl)
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Proof. By Proposition|4.9.1} 1/¢(S), S;) = bsT{)le;r/(s(g,sl)bsam and 1/c(Sy, S1) = bsTOﬂL}“/(SO,Sl)bSOSI.
1/(Sp,S1) can be obtained from I/(S),S1) by identifying vertices. This only reduces the

quadratic form by Rayleigh monotonicity, as desired. O

Lemma 4.8.5. For any cluster S¢ in a graph I and any p € (0,1),

(O, V(I)\ Se)
p

Proof. Let J = 1/(C,V(I)\ S¢), with C and V(I) \ S¢ identified to s and ¢ respectively.
Let J' be the graph obtained by subdividing every edge that crosses the p normalized st-
potential threshold in J, identifying the vertices created through subdivision, and making .J/
the induced subgraph on vertices with normalized st-potential at most p. The st electrical

flow on J restricted to J' is also an electrical flow in J' with energy exactly p(b%,L7by).
Sc,vnse (p, C) contains all edges of J', so by Proposition and Rayleigh monotonicity,

CI(C, V([) \ S{C,V(I)\Sc}(p7 C)) <

1
I
c (C’, V(I) \ SC,V(I)\SC (pa C)) < m
By again,
bLL by, =
ST (O, V() Se)
Substitution yields the desired result. O

B.1.3 Carving clusters from shortcutters does not increase
conductance much

Lemma B.1.2. Consider a graph I and three disjoint sets Sy, S1,S2 C V(I) with Sy C Ss.
Let J = Schur(1,SoUS; USy) and J' = Schur(l,SoUS; US,). Then
! (E1(So,81)) < ¢ (Ey(So, S1))

Proof. 1t suffices to show this result when Sy = S5 U{v} for some vertex v € V/(I), since one
can eliminate the vertices of Sy one at a time to get to S;. In this case, J' = Schur(J, V(J)\

{v}) by Remark [ By Definition [5.2.1]

Ly = Li[V(D\ v}, V(D \ {v}] = LyV() \{v}, {v}L/ e Li[{v}, V() \ {v}]

where ¢/ is the total conductance of edges incident with v in the graph J. L;[V(J)\
{v},{v}] only consists of nonpositive numbers, so conductances in J' are only larger than
they are in J. In particular, summing over all edges in F,;(Sp, S1) shows that
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¢’ (E5(S0, 1)) < ¢/ (Ep(So,51))
as desired. ]

Lemma 4.7.3. Consider a graph H and two clusters C' and S¢, with C C Sg. Let C' be
disjoint from C'. Additionally, suppose that

e The effective resistance diameters of C' and C" in H are both at most R.

e The effective resistance distance between any pair of points in C and C" in H is at
least B1R.

[} CH(Sc) S }12
Then cH(Sc\ C') < —T+1/§§1_4).
Proof. Let Hy = Schur(H,CUC"U(V(H) \ S¢)). By Lemma and Proposition [£.9.1]

y 1
H(C, 0 < —(51—4)3

By Lemma [B.1.2| with [ <— H, Sy < C, S1 « C', S5 < (), and Sy < V(H) \ Se,
By, (C,C") < M (C,C)
By Lemma [B.1.2] with I < H, Sy« C, S; + V(H)\ Sc, S5+ 0 and S5 + C’
(B, (C,V(H)\ So)) < (Se)

Therefore,

S\ O =cH(C,C'"U(V(H)\ Se))
= CHO(EHO (Cv O,)) + cto (EH0<C> V(H) \ SC))
< s
(61 —4)R

as desired. O
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B.2 Deferred proofs for Section 4.5

B.2.1 Efficient construction of covering communities
(CoveringCommunity implementation)

We now prove Lemma [4.5.3] Our construction is similar to the construction of sparse covers
given in [14] and is made efficient for low-dimensional ¢3 metrics using locality-sensitive
hashing ([11]). Our use of locality-sensitive hashing is inspired by [41].

The algorithm maintains a set of uncovered vertices S and builds families of clusters one
at a time. We build each family by initializing a set S’ <— S and repeatedly building clusters
one-by-one. Each cluster is built by picking a vertex in S” and building a effective resistance
ball around it. We repeatedly consider growing the effective resistance radius of the ball
by a factor of « if it could contain a much larger number of edges (an m!/# factor). This
neighborhood can be generated efficiently (in time comparable to its size) using locality-
sensitive hashing. After generating this neighborhood, one can grow it slightly in a way that
decreases its boundary size using ball-growing (for example [66]).

Before giving the CoveringCommunity algorithm, we start by giving the ball-growing
algorithm BallGrow. Ideally, BallGrow would do standard ball-growing done by sorting
vertices z € X with respect to the values ||D(x¢) — D(x)||3. Unfortunately, ||D(z) — D(y)||>
is not necessarily a metric on X, despite the fact that it approximates the metric Reff(x,y).
Luckily, though, we only need to preserve distances to some vertex x, along with distances
between endpoints of edges. This can be done by modifying D slightly, as described in the
first line of BallGrow:

Algorithm 32: BallGrowp(zg, X, I, Ry, Rs)
1 J < the graph with V(J) = V(1) and E(J) = E;(X)U edges from x, to each edge in

X

2 dj « the shortest path metric of J with {z,y} edge weight ||D(z) — D(y)||3

3 g, T1,...,T < vertices in X in increasing order of d;(xg, x;) value

4 i* < the value for which ¢!(8{z¢, 1, ..., 7;+}) is minimized subject to the constraint
that d](l'o,l'i) € (Rl, RQ] or d](l’o, xi+1) S (Rl, RQ]

5 return {zg,x1,...,T}

Proposition B.2.1. BallGrowp(xg, X, I, R1, Ry), given the Johnson-Lindenstrauss embed-
ding D of the effective resistance metric of I with € = 1/2, returns a cluster C' with the
following properties:

o (Subset of input) C C X.

e (Large enough) C' contains the subset of X with effective resistance distance 2R1/3 of
Zo-

e (Not too large) The I-effective resistance diameter of C' is at most 4Ry.
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e (Boundary size) ¢! (0C) < % +(0C N OX).

Furthermore, it does so in O(|E;(X)U0X]) time.

Proof. Subset of input. The z;s are all in X and C' only consists of z;s.

Large enough. By the lower bound constraint on *, C' contains all vertices x € X
with dj(xg,z) < Ry. Since the edge {z¢,2} € E(J), dj(xo,z) < ||D(zo) — D(2)|3 <
(3/2)Reff(zg,z) by the upper bound of Theorem [4.3.3] For any vertex z with effective
resistance distance at most 2R;/3 from xq, d;j(zo, ) < Ry. Therefore, any such z is in C,
as desired.

Not too large. Consider any vertex x € (. By the upper bound constraint on i*,
dj(xg,z) < Ry. By the triangle inequality for the effective resistance metric, to get a diameter
bound of 4R, on C it suffices to show that for any x € X, Reff;(xg, ) < 2d;(xg, x).

Consider any path {yo = %0,¥1,%2,-..,yx = x} in J. The length of this path is
Zf:_ol [|1D(y;) — D(yi+1)||3 by definition of J. By the lower bound of Theorem ,

k-1 k-1
ZReffI<yivyi+1>/2 < Z 1D(yi) = D(yira)|I3
=0 =0

By the triangle inequality for the effective resistance metric,

k—1
Reff; (7o, 7)/2 = Reff;(yo, y)/2 < > Reff;(yi,yir1)/2
i=0
so all paths from ¢ to « in J have length at least Reff (g, x)/2. Therefore, Reff (g, z)/2 <
dj(xg,x), as desired.
Boundary size. It suffices to bound the conductance of edges in JC that have both
endpoints in X. Consider the quantity

Q = Z Cé(d](iﬁo,@j) _dJ(.CL’(],.T))
e={z,y}eL(X):d;(z0,x)<d;(z0,y)
with z closer to xy than y in d -distance. We start by showing that there is a d; distance
threshold cut with conductance at most RQC_?Rl. For any number a € R, let clamp(a) =
max(min(a, Ry), Ry). Notice that
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(Ry — Ry) min g c!
i:dj(x0,x;)€(R1,R2] or dj(xo0,x; €(R1,R:
s (@o.z:i)€(R1, Rel J(@o.@it1)€ (R, Rel e€E(X)Nd{zo,z1,...,xi }

k—1
Z clamp(d;(xo, z;41)) — clamp(d;(zo, x;))) Z c!
=0 e€Er(X)No{zo,x1,....xi}

= > ¢, (clamp(d; (o, y)) — clamp(d, (o, 2)))
e={z,y}€L(X):d(z0,2)<dj(T0,y)

<Q

Dividing both sides by (Ry — R;) shows that the minimizing cut (for defining i*) has
total conductance at most Q/(Ry — R;). Now, we upper bound Q. By the upper bound of
Theorem [4.3.3| and the triangle inequality for d,

Q< > cday)
e={z,y}cEr(X)
< ) allD@)-Dwl;
e={z.y}eE(X)
< ) cl(3/2)Reft(e)
6€E1 X)
< 2|E(X)]

This yields the desired conductance bound.

Runtime. Only | X| — 1 edges are added to I to make J. It only takes O(|E;(X)UdX])
time to compute all of the distances to xy, which are the only ones that are queried. Finding
i* only takes one linear sweep over the z;s, which takes O(|E;(X) U dX|) time. O



APPENDIX B. RANDOM SPANNING TREE APPENDIX 250

Now, we implement CoveringCommunity:

Algorithm 33: CoveringCommunity (X, I, R)

// the community that we output
1 F+ 0

// the set of uncovered vertices
2 S+ X
3 while S # () do

// set to form F;s from

4 S' S

5 for:=0,...,22, do

6 Fi<0

7 H; <+ (Ry', Ry, 1/n%7 1/n)-sensitive hash family for the ¢2 metric

1D(x) = D(y)ll3

8 H + a sample of (logn)n'/7 hash functions from H;

9 bucket all vertices by hash values for each function in H;

10 end

11 while S' # () do

12 C <+ { arbitrary vertex vy in S’}

13 C'+— X

14 C"+— X

15 1+ 0

16 while |E(C") U dC'| > m**|E;(C) UAC| do

// update C" to be the set of nearby vertices to C
17 C" < the set of vertices v € X with h(v) = h(vy) for some h € H;_,
18 C" <+ subset of C" within D-distance (2R/3)y"*! of vy found using a scan
of '

19 C + BallGrowp(vy, C", I,(3/2) Ry, 2RY")
20 11+ 1

21 end

22 Fi«— F,U{C}

23 S S\ '

24 S+ S\C

25 end

26 add all F;s to C

27 end

28 return C

Lemma 4.5.3. The algorithm CoveringCommunity,(X,I, R), when given a cluster X, a
graph I, a radius R, and a Johnson-Lindenstrauss embedding D of the vertices of V(I),
returns an poqR-community D with the following properties:
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(3/2)Ry’

Figure B.2.1: How CoveringCommunity constructs one core. When clustering stops at some
C”, a ball C with small boundary between the (3/2) Ry* and 2R radii balls centered around
Cy is found using BallGrow. C” is removed from the set S’ of candidates that are well-
separated from vy and C' is removed from the set of vertices that need to be covered.

e (Input constraint) D is X -constrained.

(Covering) FEach vertex in X is in some cluster of some family in D.

(Boundedness) Each family F € D satisfies

> (0,0) < “°|EI(X}% VaiXl (9, X)

CeF

(Well-separatedness) D is y4s-well-separated.

(Number of families) D has at most ftqy, families.

Furthermore, CoveringCommunity takes almost-linear time in |E(X) U 0X]|.

Proof of Lemma[{.5.3. iraa R-community. By the “Not too large” condition of Proposition
B.2.1], each cluster added to some family has diameter at most 8 Ry'ms < ji,.q R, where 4,4,
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is the maximum value of 7 over the course of the algorithm. To show that C is an p.qR-
community, we therefore just have to show that

imaac S 220

, where 2o = (1/10) log,, ftraa-

To do this, we show that the innermost while loop executes at most 2z times. Let C;, C,
and C! be the values of C, C’, and C” set for the value of 7 in the innermost while loop. By
the second (high distance) condition of locality-sensitive families, C] only consists of vertices
in X with D-distance at most Rvy**? from vy with high probability. By the first (low distance)
condition of locality-sensitive families, C!’ contains all of the vertices in X with D-distance at
most (2R/3)" ™ from vy. Therefore, by the “Large enough” condition of Proposition [B.2.1,
C; consists of all vertices in X with D-distance at most Ry* from vy. Therefore, C! C Cj o
for all i. By the inner while loop condition, |E(C;i2) U 0C; o] > mY/*|E(C;) U AC;] for all
i for which iteration i + 2 occurs. But |E(Cjy2) U 9C;4a] < n for all i. This means that
Tmaz < 220, as desired.

Input constraint. Each cluster consists of vertices in .S, which is initialized to X and
only decreases in size. Therefore, C is X-constrained at the end of the algorithm.

Covering. Vertices are only removed from S in Line When they are removed from
S, they are added to some cluster in F in Line The algorithm only terminates when S
is empty. Therefore, if CoveringCommunity terminates, it outputs a covering community:.

Boundedness. Let C be a cluster and consider the C’ and C” used to generate it. By
the “Boundary size” condition of Proposition [B.2.1]

4[E(C")]
Ryt
Now, we bound the conductance of the set ICNIC”. By the first (upper bound) condition

of locality-sensitive families, C” contains all vertices in X within (4R/9)y""* > 16Ry" I-

effective resistance distance of vy. By the “Not too large” condition of Proposition C

contains vertices with I-effective resistance distance 8 Ry* of vy. Therefore, by the triangle

inequality for effective resistance, each edge in 9C N 9C” with both endpoints in X has
conductance at most 1/(8R~"). This means that

(00) < + c(oC nac”)

0C"]
8R~!

The C”s for clusters C' in the same family are disjoint by Line 23] Therefore, the total
boundary size of all clusters C' in one family F is at most

3 (4|Ef}(f I Mg |4 efox n a(J)) = J(0X) + 4|EI<X}%U oX|
CeF

(dCNaC") < + (00 N OX)

since v > 1. This is the desired result.
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Well-separatedness. By the “Not too large” condition of Proposition and The-
orem [1.3.3] C' contains all vertices with I-effective resistance distance at most (2R/3)y*
from vy. The corresponding cluster C' has I-effective resistance diameter at most SR~
Therefore, if C' is added to a family F; 4, it is 7/12-well-separated from any cluster added
to F;;1 in the future.

Since F;11 only consists of clusters that were added to F;,; with separation at least
(2R/3)~"™! from the remaining vertices in S’, each cluster in F;,; is also /12-well-separated
from any cluster added to F;1 in the past. Therefore, each F; is a well-separated family.

Number of families. When a cluster C' is added to a family F;, the number of edges
incident with S” decreases by at most |E;(C") U dC’| < m**|E;(C) U dC|. The number of
edges incident with S decreases by at least |E(C) U OC|. Therefore, when S’ is empty, S
must have had at least m'~/# incident edges removed. Therefore, the outer while loop can
only execute m'/# times. Each outer while loop iteration adds 2z, families to C, so the total
number of families is at most 2zgm'/? as desired.

Runtime. The innermost while loop runs for 2z, iterations. Line [17] takes time propor-
tional to the number of elements in the bin h(vp) for the n'/7 = m°® hash functions in H,_ ;.
The runtime of the innermost while loop is therefore at most O(n'/7zy| E;(C") UOC'|) for the
final C” that it outputs by the “Runtime” condition of Proposition This runtime can
be charged to the removal of C” (and its incident edges) from S’. Therefore, each middle
while loop takes O(n'/7zo| E;(X)UOX]) time. As described in the “Number of families” con-
dition, the outermost while loop only executes 2zym!/? times. Therefore, the total runtime
is O(m'/*n!7 2 E (X)) U0X|) < |E(X)UoX|m°Y as desired. O

B.2.2 Efficient construction of Voronoi diagrams (Voronoi
implementation)

We now prove Lemma [4.5.6. Ideally, the algorithm would just compute the set of ver-
tices from which a random walk has a probability of 7/8 of hitting one cluster in F before
any other. While this satisfies the correctness constraints, doing this would take too long.
Computing the set with probability 7/8 of hitting one cluster before another would take
a Laplacian solve on Z for each cluster. This is prohibitive, as we have no bound on the
number of clusters in F. This algorithm does not take advantage of slack on the lower bound
for S¢.

Instead, we arbitrarily split the clusters into two groups (X;,Y;) in logn different ways,
generate Six, v,3(1/(8logn), X;) and Six,y;1(1/(8logn),Y;), and refine the resulting clus-
ters. This only requires O(logn) Laplacian solves on Z. The lower bound on S follows
immediately from implication. The upper bound on S¢ follows from thinking in terms of
random walks. The event in which a random walk hitting C' before any other cluster in F
is equivalent to the conjunction of the logn events in which the random walk hits C"’s half
in each partition before the other half. The probability that any of these events can bound
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bounded satisfactorially with a union bound.
Algorithm 34: Voronoi(/,F)

C1,Cs, ..., Cy < arbitrary ordering of clusters in F
Scl, .. -7SCk < V(I)
for:=20,1,...,logk do
X, < the union of clusters C; € F with ith index digit 0 in binary
Y, + {Cl, ce 7Ck}\X1,
for j=1,...,k do
Z;j < the member of {X;,Y;} that contains Cj;
SC]- — Scj N S{Xi,Yi}(l/<8 log k), Zij)
end

[y
© © W N o ks W N

end
return {Sc,,...,S¢,}

[y
[y

Lemma 4.5.6. The algorithm Voronoi(I,F) takes a family F in the graph I and outputs
a clan C in near-linear time in |E(Z) U 0Z| with the property that for each C' € F, there
is a shortcutter S € C with the property that Sx(1/(8logn),C) C Se C Sx(1/8,C), where
Z =V(I)\ (UcerC).

Proof of Lemma[{.5.0. Lower bound. We show that Sz(1/(8logk),C) C Sc for each
C € F. Consider a vertex x € Sr(1/(8logk),C). This vertex has the property that
Pr,[tc > tre] < (1/8logk). Let C; := C. Since C C Z;j, x € Six,v,3(1/(8logk), Z;;) for
all i. Therefore, it is in the intersection of them as well. Since S¢ is this intersection, x € S¢,

as desired.
Upper bound. We show that Sc C Sz(1/8,C'). Consider a vertex x € S¢. Let C; := C.
Since some {X;,Y;} partition separates C' from each other cluster in F,

lzr[tc > Zf]:\c] = IZI"EZ tZij > t]—'\ZU}
By a union bound,
log k

log k
Pr|d th;j >tr Zij < Pr tzij >tr Zi; <
x [ \Z] ; x [ 2] 8logk

<1/8

Therefore, © € Sx(1/8,C), as desired.

Runtime. Each Six,y,(1/(8logk), Z;;) can be computed in near-linear time in the
number of edges incident with Z by Remark Since there are only logk is and only 2
possible Z;;s for each 7, the algorithm takes near-linear time. O
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Figure B.2.2: How Voronoi constructs shortcutters. The horizontal and vertical dotted
boundary sets are the Six, v;1(1/(81logk), Z;1) and Six, v,1(1/(81og k), Z;2) respectively.

B.2.3 A generalization of ) 5 levg(e) =n —1 to edges between
well-separated clusters in the effective resistance metric

(Lemma 5.4
In this section, we prove Lemma

(log n)?/3

Lemma 4.5.4. Consider a g5 = 2 well-separated R-family of clusters F in a graph

G. Let H := Schur(G,UcerC). Then

R
Z %H(e) S Mapp|f|

e€E(C,C"),C4C!€F e
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We will use the Aldous-Broder algorithm for sampling random spanning trees (see The-
orem [4.2.1)) to reduce proving this result to a combinatorial problem. This problem is very
closely related to Davenport-Schinzel strings from computational geometry:

Definition B.2.2 (Davenport-Schinzel strings [31]). Consider a string S = s1s2...s, from
an alphabet of size n. S is called an (n,s)-Davenport-Schinzel string if the following two
properties hold:

® S, # Siy1 foralli

e There is no subsequence of S of the form ABA ... BA of length s+ 2 for two distinct
letters A and B. We call such a subsequence an alternating subsequence with length
s+ 2.

Davenport-Schinzel strings are useful because they cannot be long. Here is a bound that
is good for nonconstant s, but is not optimal for constant s:

Theorem B.2.3 (Theorem 3 and Inequality (34) of [31]). (n,s)-Davenport-Schinzel strings
cannot be longer than nCy(n, s) := n(3s)!exp(10+/slog slogn).

We now outline the proof of Lemma [4.5.4] Recall that the leverage score of an edge is
the probability that the edge is in a random spanning tree (see Theorem . Therefore, it
suffices to bound the expected number of edges in a random spanning tree between clusters
of Fin H.

We bound this by reasoning about Aldous-Broder. Start by considering the case in which
each cluster in F is a single vertex. Then H is a graph with k vertices. All spanning trees
of this graph have at most k£ edges, so the total leverage score of edges between clusters is
at most k.

When F consists of (possibly large) well-separated clusters, we exploit Lemma m
to show that a random walk that goes between any two clusters more than log, n times
covers both clusters with high probability. This ensures that the sequence of destination
clusters (s;); for edges added to the tree by Aldous-Broder satisfies the second condition
of Davenport-Schnizel sequences for s = log,  n = (log n)'/3 with high probability. If two
clusters did alternate more than s times in this sequence, both would be covered, which
means that Aldous-Broder would not add any more edges with a desination vertex in either
cluster.

The sequence (s;); does not necessarily satisfy the first definition of Davenport-Schinzel
because the random walk could go from an uncovered cluster C' to a covered one C” and back.
This motivates all of the pseudocode in the if statement on Line [15| of InterclusterEdges.
If C' is visited more than ¢ times in a row, the random walk must visit many clusters that
are very “tied” to C' in the sense that they have a high probability of returning to C' before
hitting any other unvisited cluster. These ties are represented in a forest 7" on the clusters
of F. Each time a sequence of ¢ Cs occurs, one can add another edge to T. T can only
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have k edges because it is a forest. These ideas show that (s;); is only ¢ times longer than
an (k,log,  n)-Davenport-Schinzel after removing ¢k additional letters that are charged to
edges of T'. Theorem applies and finishes the proof.

Now, we discuss this intuition more formally. Let k = |F|. It suffices to show that a
random spanning tree in H contains O(kCy(k,log, _n)) edges between the clusters of F with
high probability. Generate a random spanning tree using Aldous-Broder and organize the
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intercluster edges using the following algorithm:

Algorithm 35: InterclusterEdges(H, F), never executed

Data: a family of disjoint clusters F and a graph H on the vertices in UgerC
Result: A sequence of visited clusters (s;)‘_, and a rooted forest T' with V(T') = F
with all edges pointing towards from the root

11+0
2 ¢ < 100log?(na)
3 <« 1/(2logn)
// start Aldous-Broder
4 ug < arbitrary vertex of H

5 c+ 1
6 T« (F,0)
7 while H is not covered do

8 u. < random neighbor of u._; in H

9 U 4= Ue_1,V — U

10 C,, <+ cluster in F containing u

11 C, < cluster in F containing v

12 if C, # C, and C, is not covered then

13 s; +— C,

14 11+ 1

15 if s, =C, foralljeli—(,i—1], andi > ( then
// in a multiset, members can be counted multiple times

16 & < the multiset of clusters A € F for which (1) A is visited immediately
after one of the last ¢ occurrences of C,, (2) The root cluster By of A’s tree
in T is visited before the next visit to C, and (3)
Pr,[ hit C, before any other uncovered cluster] > 1 — § for any € Ba

17 while £ contains a cluster C' whose tree in T contains more than half of
the clusters in the new tree formed by attaching &£’s trees to C, do

18 ‘ Remove all clusters in C’s arborescence that are also in £ from &£

19 end

20 for clusters A € £ do

21 ‘ add an edge from B, to C, in T if one does not exist

22 end

23 remove the last ¢ occurrences of C,, from (s;);

24 14 1—C

25 end

26 end

27 c+—c+1

28 end

29 return (s;);, T
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Let (s}); be the sequence (s;); obtained by removing lines[14]to[25|from InterclusterEdges
and removing the statement “and C, is not covered” from the outer if statement; that is s is
the list of all cluster visits. We break up the analysis of this algorithm into a few subsections.

Invariants of the forest T

We start by discussing some invariants that hold for the directed graph T over the entire
course of the algorithm:

Invariant B.2.4. T is a forest of directed arborescences with all edges pointing towards the
T00%.

Proof. Initially, T just consists of isolated vertices, which trivially satisfy the invariant. Line
is the only line of InterclusterEdges that adds edges to 7. When Line 21| adds an edge,
it adds an edge from a root of one arborescence to the root of another arborescence. This
preserves the invariant, so we are done. O

Invariant B.2.5. Fach arborescence with size k in T has mazimum leaf-to-root path length
log k.

Proof. Initially, T' consists of isolated vertices, each of which has diameter log1 = 0. Line
ensures that the arborescence produced by the for loop containing Line contains at
least twice as many vertices as any of the constituent child arborescences. Furthermore, the
length of the path to the root from each leaf increases by at most 1. Therefore, the new
maximum path length is at most 1 + log x < log(2x) < log x/, where & is the maximum size
of a child arborescence and «’ is the size of the combined arborescence created by Line [21]
Therefore, Line [21] maintains the invariant. O

Invariant B.2.6. For each edge (Cy,Cy) € E(T) and any x € Cy,

Pr[hits Cy before any uncovered cluster] > 1 — 3

Proof. Initially, there are no edges, so the invariant is trivially satisfied. When an edge
(Co, C1) is added to T, property (3) on Line (16| ensures that the invariant is satisfied. As
InterclusterEdges progresses, clusters that are covered remain covered, so

Pr,[hits C; before any uncovered cluster| only increases. In particular, the invariant re-
mains satisfied. m

These invariants imply the following proposition, which will effectively allow us to replace
occurences of a cluster A € F in the sequence {s}; with the root B4 of A’s arborescence in
T

Proposition B.2.7. For each cluster A € F in a component of T with root B4 € F,

Pr[hits Ba before any uncovered cluster] > 1/2
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for any x € A.

Proof. By Invariant there is a path from A to B, in T with length at most logx <
logn. Let Cy = A,C4,...,Cy = By with £ < logn be the path in A’s arborescence from A
to By4. Notice that

Prlhits B4 before any uncovered cluster]

> Pg’cr[/\f,zohits C, after Cp_1,Cpa, ...,C1,Cy and before any uncovered cluster]
-1
= H P;r[hits Cpy1 after Cp, C,_4,...,Cy and before any uncovered cluster
p=0
lhits C,, after C,,_; after ... after Cj and before any uncovered cluster]
-1
= H Iir[hits Cp1 after C), and before any uncovered cluster
p=0

lhits C,, after C},_; after ... after Cj and before any uncovered cluster]

By the Markov property,

(-1

H P;r[hits Cp1 after C, and before any uncovered cluster

p=0

lhits C,, after C,,_; after ... after Cy and before any uncovered cluster]
-1

= H Iz:r[hits Cp11 after C), and before any uncovered cluster|hits C,, before any uncovered cluster]
p=0

Furthermore, by Invariant

Prlhits Cp41 after C), and before any uncovered cluster|hits C, before any uncovered cluster]

> max Pr[hits C,1; before any uncovered cluster]
yelp Yy

=1-p

Combining these inequalities shows that

T
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as desired. O

Number of possible alternations before coverage

Next, we show that any two clusters can alternate a small number of times before both being
covered. This is useful for bounding both the length of (s;); at the end of the algorithm and
the number of edges added to T'.

Specifically, we show the following:

Proposition B.2.8. Consider two clusters C' and C' in some graph G. Suppose that the C
and C' have effective resistance diameter YR and that min,ec yecr Reffe(u,v) > yR. Then,
for any x € C or C' and any z > 0,

1 T
Pr[C or C" is not covered after alternating between them more than T times] < n (—4>
x ’y —

Proof. Consider two vertices yo,y; € C. By Lemmas [B.1.1| and [4.8.6]

I;r[hit C’ before visiting y] o —R4)R = po—

In particular, by the Markov property,

Pr[y not visited before alternating between C' and C" T times]
x
T-1
< H max Prly not visited before alternating between C' and C’ once]
yeC v
=0

<()

If C or C’" has not been covered, then there exists a vertex in C' or C’ that has not yet
been visited. Therefore, by a union bound, the probability that there exists an unvisited
vertex in C' or C” after T alternations is at most (1/(y —4))7, as desired. O

For all subsequent sections, set 7 = 5(log(am))/(log(y —4)). This ensure that any pair
of clusters is covered with probability at least 1 —n(1/(ma)’) > 1 — (ma)* after the random
walk alternates between both of them T times. In particular, the following property holds:

Definition B.2.9 (Fresh sequences). Consider the two sequences (s;); and the supersequence
(sg)j defined using the algorithm InterclusterEdges. This pair of sequences is called fresh
if any cluster C' € F'’s appearances in (s;); do not alternate with some cluster C' more than

. . /
T times in the supersequence (sj)j.
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We exploit Proposition to show the following:

Proposition B.2.10. The pair of sequences (s;); and (s’); is fresh with probability at least
1—1/(ma)?.

Proof. (s;); is a sequence of uncovered clusters. Therefore, by Proposition , the appear-
ances of a cluster C in (s;); cannot alternate with the appearances of some other cluster C’
in (s}); more than 7 times with probability at least 1 — 1/(ma)*. Union bounding over all
pairs of clusters C' and C” yields the desired result. m

Hitting probabilities are similar within a cluster

We now show the following fact, which will allow us to turn a maximum probability lower
bound into a bound on the minimum. In the following proposition, think of 7" as being the
set of uncovered clusters besides C,,:

Proposition B.2.11. Let C,C" € F and F' C F, with C,C" ¢ F'. Then

(1-1/(y—4)) max Pr[hit C" before any cluster in F'| < min Pr[hit C" before any cluster in F']

yeC y yeC y

Proof. Let yp € C be the maximizer of Pr,[hit C' before any cluster in F'|. By Lemmas

B.1.1jand [4.8.6, Pr,[hit C" before y,] < ﬁ = ﬁ for any y € C. Furthermore,

Pr[hit C’ before any cluster in F'] > Pr[(hit C" before any cluster in F') A (hit yo before C)]
Yy Yy

= Prf[hit C’ before any cluster in F’|hit y before C']
Yy

Pr[hit yo before C']

Yy
= Prlhit C’ before any cluster in F'| Pr[hit yo before C']
Yy

Yo

> Pr[hit C’ before any cluster in F'](1 —1/(y — 4))
Yo

as desired. O

Line [21] always adds an edge

Here, we assume that the pair of sequences (s;);, (s}); is fresh in light of Proposition .
Subject to this assumption, we examine the effect of Lines and on &. Specifically,
we show that passing £ through these lines does not make it empty in a sequence of four
propositions.
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Proposition B.2.12. Let & be the multiset of clusters A € F for which Property (1) on
Line[16 is satisfied. Then |&| > ¢ —1.

Proof. The number of clusters visited immediately after each of the last ( visits to C, is at
least ¢ — 1, since all prior visits to C,, were followed immediately by a visit to another cluster.
Therefore, |£;] > ¢ — 1, as desired. O

We use the following supermartingale concentration inequality to bound the drop from

81 to 621
Theorem B.2.13 (Theorem 29 in [24] with ¢; = 0 for all ¢ and M = 0). Suppose a
supermartingale X associated with filter F satisfies, for all 1 <1i < n,

Var(X;|Fi_1) < o?

and

E[X;|Fi1] <
Then

_A2

PriX, < Xo— )\ < e2Zi (07 +ad)

Proposition B.2.14. Let & be the submultiset of & for which Property (2) on Line
is satisfied. Suppose that |E1| > 256log(ma). Then |E| > |&1]/4 with probability at least
1—1/(ma)3.

Proof. Let Ay, As, ..., Ag,| be the (possibly nondistinct) clusters in &; listed in visitation
order. For each i € {1,2,...,|E1|}, let X; be the indicator variable of the event

{Ba, is visited between A; and the next visit to C,}

and let Z; = (30,; Xi) — i/2. By Proposition [B.2.7 applied to A - A;, E[X;] > 1/2 for all
i. This means that {Z;} is a supermartingale with stepwise variance 1 and change in mean

at most 1. By Theorem

Pr[Z; = Z; — Zy < —i/4] < exp(—(i/4)*/(4i)) = exp(—i/64)

Since |&;] > 256 log(ma), at least |£1|/4 A;s visit By, before returning to C, with prob-

ability at least 1 — 1/(ma)*. Union bounding over all C,s gives the desired result that
|E,] > |€1]/4 with high probability. 0

Proposition B.2.15. Let & be the submultiset of E for which Property (3) on Line |16 is
satisfied. Then |Es| > |&| — 10(log®(ma)) with probability at least 1 — 1/(ma)*.
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Proof. Suppose that

Pr[ all roots for clusters in & hit C, before another uncovered cluster | > 1/(ma)?

Let z; be a random variable denoting the first vertex that the random walk visits in By, .
Then

Pr[ all roots for clusters in & hit C, before another uncovered cluster |

= Pr[A;.a,ee,random walk starting at x; hits C,, before another uncovered cluster]

By the Markov property applied after writing the above wedge as a product of conditional
probabilities,

max Pr[hits C, before another uncovered cluster|

€Ba, vy
Ay LT

> Pr[ all clusters in & hit C, before another uncovered cluster |
> 1/(ma)*

Therefore, for all but 101log®(ma) of the A;s,

max Prlhits C, before another uncovered cluster] > 1 —1/(4logn)
yeba, vy

For each of these A;s, apply Proposition |B.2.11| with C' <— By,, C' + C,,
and F' < {uncovered clusters besides C,} to show that

mti?n Prfhits C, before another uncovered cluster] > (1 —1/(4logn))(1 —1/(y—4)) >1-4
yeba, vy

Therefore, each of these A;s is also in &. As a result, |E3| > |&| — 10(log?(ma)) if

Pr] all roots for clusters in & hit C, before another uncovered cluster | > 1/(ma)?

The other case happens with probability at most 1/(ma)* for each C,. Union bounding
over all clusters in F gives the desired result. O

Proposition B.2.16. Let Efing be the submultiset of E that remains in € after Line .
Suppose that the pair (s;)i, (s}); is fresh. Then |Epinarl > |E3| — T(logn).
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Proof. We start by noticing that no arborescence in 7' can contain more than 7 clusters
(possibly repeated) in the multiset £. Otherwise, by Property (2), C, would alternate with
the root of that arborescence more than 7 times, which contradicts the freshness of the
pair (s;), (s7);. Therefore, each iteration of the while loop on Line [19| can only remove 7
elements from &. Each iteration reduces the size of the arborescence formed by joining £’s
arborescences to C, by at least a factor of 2. Therefore, the while loop can only execute for
log n iterations. Therefore, |Efina| > |E3| — T(logn), as desired. O

We now combine all of these propositions into one key observation:

Corollary B.2.17. &fipa # 0.

Proof. Since ¢ > 100 log®(ma), the size reductions due to Propositions|B.2.12}[B.2.14} [B.2.15]
and [B.2.16| ensure that [Efina| > 0, as desired. H

As a result, InterclusterEdges adds an edge to T every time the if statement on Line
is triggered. Therefore, the ¢ elements that are removed from (s;); can be charged to the
addition of one edge to 7. By Invariant [B.2.4] T can only have |F| — 1 edges, which means
that only (|F| — 1)C letters can be removed from (s;); over the course of the algorithm.

Tying the parts together

The upside to removing elements of (s;); is that the resulting sequence does not contain more
than ¢ consecutive occurrences of any cluster. Since (s;);, (s}); is a fresh pair, (s;); with all
consecutive duplicates removed is a (|F|, 7)-Davenport-Schinzel string. Therefore, its length
can be bounded using Theorem Since each edge in a random spanning tree can be
charged to a specific visit in s; or a visit removed from s;, we are done.

Proof of Lemmal[{.5.4 We start with the high probability regime in which all of the above
propositions hold. By Theorem [4.3.8]

Reffy(e
Z —If () = E[random spanning tree edges in H between clusters in F|

ccB(C,CN.CACIEF €

By Theorem [4.2.1] the number of spanning tree edges between clusters in F is at most
the number of clusters appended to the sequence (s;);. The number of clusters appended to
(s;); is equal to the number removed over the course of the algorithm plus the number left
at the end of the algorithm. We bound these two quantities separately:

Clusters removed from (s;);. Only Line 23| removes elements from (s;);. By Corollary
B.2.17, every ¢ deletions from (s;); result in the addition of at least one edge to 7. By
Invariant [B.2.4] only |F| — 1 edges can be added to T, so at most ¢|F| elements of (s;); are
removed over the course of the algorithm.

Clusters remaning in (s;); at the end. At the end of InterclusterEdges, no cluster ap-
pears more than ( times consecutively in (s;); by the if condition on Line [I5] Therefore,
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the sequence (s!); obtained by removing consecutive duplicates of clusters in (s;); is at
most ¢ times shorter than (s;);. Furthermore, if (s;);, (s}); is a fresh pair (which by Propo-
sition |B.2.10| occurs with high probability), (s); is an (|F|, 7)-Davenport-Schinzel string.

Therefore, by Theorem [B.2.3] the length of (s7); is at most |F|Co(m, 7) < |F|(tapp/(2¢)).
Therefore, the length of (s;); at the end of the algorithm is at most ¢|F|m°Y).
Combining the parts. Therefore, with probablity at least 1 — 1/(ma)?, the number of

random spanning tree edges in H between clusters in F is at most

CIF (prapp/ (2€)) + ¢ F]

The maximum number of edges that can be added is at most n?, as there are at most n
vertices in H. Therefore, the expected number of edges is at most

CIF 1 (papp/ (2€)) + CIF| + n?/ (ma)* < ftapp| F|
as desired. ]

B.2.4 Proof of Proposition (4.5.
Proposition 4.5.7. Consider a y-well-separated R-family F in' Y C X C V(He) and let
I := Schur(He,UcerC). Suppose that
(Sepur(He YUV N (B(Y, V(H) \ X)) < €
For any C € F, let

1
,
e€E(C,C"),C'ACEF €

Let F' .= FU{V(H)\ X} and consider any clusters Sc with Sz (p,C) C S for all
C e F. Then

A]:(C) — Z Reff[(e)

> E(Se) < (

CeF

Proof. Let J := Schur(He, (V(He)\X)U(UcerC)). By Lemmald.8.3\with I <— H¢, Sy < Y,
S(/) — UCG}‘C, and S + V(HC) \ X, and Sy + @,

Ax(C) ¢
2 p(y = 4)R> "

CeF

> J(ES(C,(V(He) \ X)) <€
CeF
By Lemmawith I+ Hc, SO — C, Sl — C/, SQ — (V(Hc)\X)U(Uc//e;,c//¢c70/0”),
and S < So \ (V(He) \ X) and Lemma [4.8.6| for any C' € F
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Yo JENC. )< ) d(E(C.CY)
c'eF\{C} C'eF\{C}
ecE(C,C")

1
Z Reff(e)c!

(’Y N 4>R ecE(C,C")
Ax(C)
(y—4)R

By definition of S¢, Sz (p,C) C S¢ for all C' € F. Therefore, by Lemma m,

Z “(Se) < Z “ (S (p,C))
CeF CeF
<> ¢ (E;(C,Ugrer crzcC'))
CeF p

Substitution shows that

Z CJ(EJ(O, Uczep,(;/#gC’)) Z CJ(EJ(C, Uclej:@'/#cc/)) I Z CJ(EJ(C, V(Hc) \ X))

CeF p CeF p CeF p
Ar(C
¢ (Z ﬁ) +
cer P77 p
as desired. ]

B.2.5 Proof of Proposition 4.5.8

Proposition 4.5.8. Consider a family F in a graph H. Let C' € F be a cluster with H-
effective resistance diameter R. Consider some S¢ for which C C S¢ C Sg(p,C) for any
p € (0,1/2). Consider a cluster C" that is tied to C. Then C' C Sx(p+ 3/10,C).

Proof. Consider a vertex z € ¢’ N Se. This vertex exists by the “Intersection” condition of
ties. Let J be the graph obtained by identifying C' to a vertex s and all vertices in clusters
of F\ {C} to a vertex t. Then bl,LTb,, < pbl,LTby since Sc C Sx(p, ).

Let y be any vertex in C". Let Hy = Schur(H, (UcrerC")U{z, y}) and let H; be the graph
obtained by identifying C' to s. By Lemma [4.8.6] and the “Well-Separatedness” condition of
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ties, bsTwL}f[l bsy > Bol2 = 100R and bSTyL}Z,1 bsy > 90R. This means that 7t > 100R and that
ng > 90R.

Let Jy = Schur(J,{s,z,y,t}). We now reason about the s — ¢ electrical flow on the
edges {s,z} and {z,y}. Since J is obtained by identifying F \ {C} to ¢, the {s,z} and
{s,y} conductances are uneffected in obtaining Jy from H;, so 70 = rfr > 100R and
rdo = rH > 90R. Let f € RF(Y) be the s — ¢ unit electrical flow vector for Jo. Since flow
times resistance is the potential drop,

o UL VLib
- ’r‘;]g — 100R

By Rayleigh monotonicity, b}, L7 by, < 10R. Therefore, either /9 < 30R or r e <
30R since ro, r;]?;’ > 90R. We start by showing that the latter case does not happen. In the
latter case, the potential drop from s to ¢ is

bZ;L}—bst - bZ;L}—ObSt
S bZ;L}_Obsx + ri??f.l‘t
S pr;L}_bst + T;cfgfsz
< (1/2+ 3/10)bL, LT by
< bLLhby

which is a contradiction. Therefore, rx‘]g < 30R. In this case, if y’s potential is less than
x’s, we are done. Otherwise, by flow conservation,

g o VL
W= = 00R
and the x — y potential drop is therefore at most
T 7+
st Jo

b L by,
Jo < S
rayfes < B0R) =50 p

In particular, y’s normalized potential is at most 3/10 greater than x’s, as desired. [

< (3/1O)bZ;Lj0bst

B.3 Deferred proofs for Section

B.3.1 Bound on the number of random walk steps before
covering a neighborhood

We prove Lemma in this section. We exploit the Matthews trick in this proof [75]:
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Lemma 4.2.3 (Key result for bounding the number of shortcutter uses). Consider an arbi-
trary vertez ug in a graph I, an edge {u,v} = f € E(I), and an R > 0. Let B(u, R) C V(1)
denote the set of vertices in I with I-effective resistance distance at most R from w. The
expected number of times that the random walk starting at ug traverses f from u — v before
all vertices in B(u, R) have been visited is at most O(c;R), where cy is the conductance of

the edge f.

Proof of Lemma[4.2.5 Let B := B(u, R). For any two vertices z,y € B, the random walk
from z to y in [ traverses f from u to v at most Reff;(z, y)cf times in expectation by
Theorem 2| By the triangle inequality, this is at most 2Rc

Pick a random bijection 7 : {1,2,...,|B| =1} — B\ {u} of the vertices in B\ {u}. All
traversals across f from v — v within distance R of S occur between the first visit to u and
the last first visit to any vertex in B. Let 7; be the random variable denoting the number of
u — v f traversals before the last first visit to {my,...,m}. Let 79 be the the first visit to u.
Notice that for all ¢ > 0,

E[r; — 7,1] < Prite, <tir ,..m3) max E[ f traversals from z — vy |
™ S

< Prltr, <tim .., m}]QRcf

1
S TQRC;
7

Summing over all 7 shows that

E[K] =E[r] =70 + Z E[r; — 7,.1] < 0+ O(logn) Rc}

as desired. O

B.4 Deferred proofs for Sections and

B.4.1 Ball splitting after deletions

We now prove the following:

Lemma 4.7.2. Consider a graph H and a set of clusters D, each with effective resistance
diameter at most R. Let F be a set of edges in H. Then there is a set of clusters D' with
the following properties:

e (Covering) Each vertex in a cluster of D is in a cluster of D'.
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o (Diameter) The effective resistance diameter of each cluster in D' is at most fiqp,R in
the graph H \ F.

o (Number of clusters) |D'| < tapp(|D] + | FY).

Our proof uses Lemma to reduce to the case where both (1) D just consists of
one cluster C' and (2) F' = (0C) U F', where F' C E(C). We deal with this case using a
sparsification technique that peels many low-stretch spanners off of the graph to show that
the effective resistance between two particular vertices is low [53].

The case where D just contains one cluster and F = (0C) U F’

Before proving this result, we discuss low-stretch sparse spanners [7]:

Theorem B.4.1 ([7]). Any unweighted graph G has a subgraph H with the following two
properties:

e (Distortion) For any two vertices u,v € V(G), du(u,v) < 2(logn)dg(u,v), where dy
is the shortest path metric on the vertices of the graph I.

e (Sparsity) H has at most 100nlogn edges.

We use this as a tool to sparsify GG in a way that ignores the deleted edges in the deleted
set F'.

Proposition B.4.2. Consider a resistance-weighted graph G. Let C' be a cluster with effec-
tive resistance diameter R in G. Let F' C E(G) and suppose that k = |F|. Furthermore,
suppose that I is the union of OC and a set of edges F' with both endpoints in C.

Let H = G\F. Then C is the union of at most O(klog®n) clusters in H that have
effective resistance diameter O(R1og® n).

Proof of Proposition [B.4.3. The following iterative algorithm, PartitionBall, partitions C'
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into the desired clusters.

Algorithm 36: PartitionBall(G, C, F'), never executed
Data: A graph G, a cluster C, and a set of edges F' to delete from G
Result: A partition C;U...UC, =C

1 H+ G\F
// set of current centers

2 K+ V(C)

310

4 while |K| > 31klogn do

5 I; + Schur(G,V(F)UK)

6 K' + K\ V(F)

7 foreach j from 0 to 2logn do

8 | Bj < the set of edges e € E(I;) \ F with 2/Reff; (e) < rli < 27*'Reffy (e)
9 end

10 j* < the index j € {0,1,...,2logn} for which the number of vertices incident

with leverage score at least 1/(2logn) in B; is maximized
11 I! < I;|Bj+]
12 | foreach of |27"/(641og®n)| rounds do

13 J < a 2(logn) — 1 spanner of I! as per Theorem m

14 Il — I\ E(J)

15 end

16 K < the minimum dominating set of the unweighted version of I
17 1 1+1

18 end

19 return Voronoi diagram of C' with respect to K in the metric Reffe p

Now, we analyze this algorithm. We start by showing that the while loop only executes
O(log®n) times. Start by noticing that |K’| > 30klogn > |K|/2 because |V (F)| < 2k and
|K| > 31k logn.

For an edge e € [;, let z. = levy(e). For a set S C E(I;), let 2(S) = > cg%. The
total z-weight of edges incident with each vertex in I; is at least 1 since the total leverage
score incident with a vertex in any graph is at least 1. Since there are only 2logn B;s,
at least one contributes 1/(2logn) to the z-weight incident with each vertex. Therefore,
the number of vertices in K’ with more than 1/(2logn) incident z-weight in I} is at least
|K'|/(2logn) > (|K| + k)/(2logn) before the second ForEach loop. Therefore, by the
bucketing resistance lower bound, |E(I])| > (|K|+k)27" /(21logn) before the second ForEach
loop.

The spanners created during the second ForEach loop delete at most (27" /(64 log® n))(2(| K |+
k)logn) = (|K| + k)27*/(321og®n) edges from I/. BEach of the (|K|+ k)/(2logn) high 2-
weight vertices is incident with at least 27" /(2logn) edges in Bj«. Each edge is incident with
two vertices. Notice that the number of vertices that can have all of their incident edges
deleted is at most
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2((|K| + k)27* /(321og® n))
27* [(21logn)

so the number of vertices with an incident edge after the second ForEach loop is at
least (|K|+ k)/(4logn). The spanners are edge-disjoint, so together they contain at least
27* /(64 log® n) disjoint paths with at most 2logn edges between the endpoints of each edge
of I!. In particular, each path has resistance length at most (21logn)2/*** R by the bucketing
resistance upper bound. Therefore, the effective resistance between the endpoints of any
edge left over in I/\F is at most 256(log" n)R.

Since the while loop only executes when |K| > 31klogn, the number of vertices in K’
with an incident edge in I] after the second ForEach loop is at least 8k, for a total of at
least 4k disjoint pairs. Removing one side of each K pair certifies that there is a dominating
set with size at most |K| — (|K| + k)/(8logn) + 2k < (1 —1/(16logn))|K|. Therefore, the
algorithm will only take 16 log® n iterations.

At the end of those iterations, for every vertex in C' there is a connected sequence of
16log® n pairs to some vertex in K with each pair having G\ F' effective resistance distance
at most 256(log® n) R. By the triangle inequality, this means that every vertex in C' is within
G\F distance O(Rlog®n) of some vertex in K at the end of the algorithm. This is the
desired result. O

= (|K|+k)/(8logn)

Sparsification

We now prove a version of spectral sparsification that allows a large part of the graph to not
be changed. We are sure that this is known, but provide a proof for completeness.

Proposition B.4.3 (Subset sparsification). Let G be a weighted graph and let F C E(G).
Let € € (0,1). Then, there exists a graph H with V(H) = V(G) and the following additional
properties:

e (Only F modified) The weights of edges in G \ F' are not modified.
o (Sparsity of F) |[E(H)NF| < (8(logn)/e*)(1+ .. leva(e))
e (Spectral approrimation) For any vector d € R",
(1—e)d"Lid <d"'Ljd < (1+e€)d" Ljd
The proof is a simple application of matrix Chernoff bounds, which we state here:

Theorem B.4.4 (Theorem 1.1 in [94)). Consider a finite sequence {Xy}r of independent,
random, self-adjoint matrices with dimension n. Assume that each random matrix satisfies

X =0
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and
)\max(Xk) S R
Define
Hmin = )\min(z E[XkD
k
and
Hmax = )\max(z E[Xk])
k
Then
o9 Pmin/R
Amin Z Xy) < 0) fimin] < <m)
and

66 lu‘ln'lx/R
max ZXk 1 +0 Mmax] <n (m)

Proof of Proposition[B-4.3. Let ¢ = 20(logn)/e*. For each edge e € E(G), define ¢ matrices
X® for k € {1,2,...q}, with

o« XM = —e(L+)1/2b b (L{)Y? with probability levg(e) and 0 otherwise for e € F

lev,

o xM = %(Lg)lﬂbebg([zé)lﬂ deterministically for e ¢ F.

Notice that

> 3B -

c€B(G) k=1

SO fmin = Mmaz = 1. Apply Theorem with 0 = ¢ and R = 1/q (since )\maX(Xe(k)) =

S (bT LEbe )/(qlevG( )) = 1/q for all e € F) to reason about the random matrix My =
ZeeE @) P " and Ly = [/1/2]\4HLI/2 We now analyze the guarantees one by one.

Only F modlﬁed The contribution of edge edge e ¢ F to Ly is c¢b.bT, which is the
same as its weight in G.

Sparsity of F'. By standard Chernoff bounds on each edge, the total number of edges
from F in H is at most 8(logn) /€.

Spectral approximation. By Theorem [B.4.4]
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>1-n(l—¢/4)"—n(1-¢€/4)"
>1—1/n

By standard facts about the Loewner ordering, (1 + €)Lg = Ly = (1 —€)Lg and (1 +
e)LL = Lf; = (1 —€)L, as desired. O

Tying the parts together

Now, we prove Lemma [4.7.2 To do this, we exploit the algorithm CoveringCommunity to
split the clusters of D into a small number of well-separated families. All vertices outside of
these clusters can be Schur complemented out, as they are irrelevant. By Lemma [£.5.4] the
intercluster edges have small total leverage score. Proposition [B.4.3]allows us to replace these
intercluster edges with m°"|D| reweighted edges that separate all of the clusters. Therefore,
the clusters in each well-separated family can be handled independently using Proposition
B.4.2

Proof of Lemmal[{.7.3 Start by applying Lemma to produce a community
G < CoveringCommunity(V (H), H, R). Form a new community G’ by taking each cluster

C' in a family of G and replacing it with a cluster C’ formed by adding all vertices in clusters
of D that intersect C’. Furthermore, remove all clusters in G’ that do not intersect a cluster
in D.

Each family in G’ is 74s/3-well-separated after doing this by the “Well-separatedness”
guarantee of CoveringCommunity, the “R-community” guarantee, and the fact that each
cluster in D has effective resistance diameter at most R. Furthermore, by the “Covering”
guarantee of G, each cluster in D intersects some cluster in a family of G. This means that
each cluster in D is completely contained in some cluster in some family of G’. Therefore,
we can focus on each family of G’ independently.

The above paragraph effectively reduced the problem to the case where D is a small
number of well-separated families of clusters. Now, we exploit this. By Lemma the
total leverage score of the intercluster edges in a family is at most O(Cy(¢,vgs)f) < m°Me,
where ¢ is the number of clusters in all families in G’. Since each family consists of clusters
that contain at least one cluster in D, ¢ < |G||D| < m°V|D|. By Proposition applied
to all intercluster edges, a graph H; can be made for each family G/ € G that spectrally
approximates H and only has m°))|D| intercluster edges. Add these intercluster edges to F
to obtain F;. Each of these edges is incident with at most two clusters in G;.

Apply Proposition to each cluster C € G; in the graph H; with deleted edge
set consisting of the edges of F; incident with the cluster. This shows that C' splits into



APPENDIX B. RANDOM SPANNING TREE APPENDIX 275

O(|F; N (C U dy,O)]) clusters with radius O(R). Add these clusters to D’. We now analyze
the guarantees one-by-one:

Covering. Each vertex in a cluster in D is in some cluster of G, which is in turn covered
by the clusters produced using Proposition [B.4.2] as desired.

Diameter. Since G is R-bounded, each cluster in G has H-effective resistance diameter
at most m°MR. By the “Spectral approximation” guarantee of Proposition , each
cluster in G has H;-effective resistance diameter at most (1 + €)m°MR = m°MR as well.
Proposition implies that after deleting the edges in F, all clusters added to D" have
H;\ F = H\ F-effective resistance diameter O(logn)m°YR = m°M  as desired.

Number of clusters. Summing up O(|F; N (C' U 9p,C)|) over all clusters in G; shows
that applications of Proposition add O(|F;|) < m*D(|D| + |F|) clusters to D'. Doing
this for all |G'| < m°M) families in G yields the desired result. 0

B.5 Deferred proofs for Section [4.10]

B.5.1 Stable objective subresults

We also use the following folklore fact about leverage scores:

Remark 12. In any graph G with n vertices,

Preliminaries for first-order terms

Proposition B.5.1. Consider a graph G, a vertez x € V(G), a set Y CV(G) withx ¢ Y,
and vy € [0,1]. Calculate electrical potentials with boundary conditions p, = 0 and p, = 1
for every w € Y. Suppose that there is no edge {u,v} € E(G) with p, <y and p, > 7.

Let U be the set of vertices u with p, < . Make a new electrical flow with boundary
conditions q, = 0 foru e U and q, =1 for allw € Y. Then for any w € Y,

Quw — Qu' 1 Pw — Duw
Z r I Z Tww!

/
w'eNg(w)  *Y w' €Ng(w)

Proof. For any edge e = (u,v) with p, > p,, let f. = p”T;ep“,
1 .
Je = =T
0 ifp, <7

and
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0 Y—0 1

.
X U\‘é

Figure B.5.1: Depiction of Proposition [B.5.1] The proof follows from the observation that
identifying the vertices of U to = does not change the x — Y electrical flow (with y identified)
on any edge outside of U.
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— Duw
1—7 )

The cases for g. form a partition of the edges thanks to the condition that no edge can
cross the v potential threshold. One can check that g, is an electrical flow with respect to
the potentials ¢, ¢, = 1 for any w € Y, and ¢, = 0 for all u € U. Therefore, since no edge
crosses the v threshold,

Gw = max(0,1 —

quw — ¢4 pw Puw!
2. Z

w’€Ng(w) ww w'€Ng(w

as desired. O

Proposition B.5.2. Consider a verter x and a setY in a graph G. Let Z be a set of edges
with both endpoints having electrical potential at most vy, with p, = 0 and p, =1 in G/Y
with identification y. Let G’ be a graph obtained by deleting and contracting edges in Z in
an arbitrary way. Let H' = Schur(G',{z} UY) and H = Schur(G,{z} UY'). Then for any
weY,
ng; > (1 - V)wa

Proof. Let Gy be a graph with every edge {u,v} with p, < v and p, > ~ subdivided at
potential . Let U be the set of vertices u with p, < v. Let Hy = Schur(Gy,Y U U) and
H{, = 8chur(Go\Z,Y UU). Since Z C E(G[U]), Hy = Ho\Z, so for any w € Y,

Z HY Ho

uelU Twu uelU Twu

By Proposition applied to Hy, for any w € Y,

1
Z HO:l—’yr

uel Twu

Obtain H’ from H{ by eliminating vertices of U\{z} one by one. Let Uy = U =
{ug, w1, ..., up,x}, Uy = {uy, ..., us,x}, and H] be the graph obtained by eliminating ug, u1, ..., u;_1.
By the formula for elimination of one vertex,
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7

Figure B.5.2: Depiction of Proposition [B.5.2] Contracting edges like e and deleting edges
like f can only decrease resistances of edges like g by a small amount.
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©OH!
H_ H! Cwt; Cuju
g Con = = g Cyu + — i
u€U;41 ueU;41 veU;+1UY C“l”
H! H!
< Cwu; + E Cut
u€U;41
Hi
= Cwu
ueU;
Chaining these inequalities shows that
H' L m
since Upy1 = {o} and H),, = H'. Taking reciprocals shows the desired result. O

Proposition B.5.3. Consider two sets X, Y C V(G) with X NY = 0. Let Gy be a graph
obtained by splitting each edge e € 0gX into a path of length 2 consisting of edges e; and ey
with e, = e, = T¢/2, with e; having an endpoint in X. Add X and all endpoints of edges
ey to a set Xo. Let x and xzq denote the identifications of X and Xy in G/X and Go/Xo
respectively. Then

A% (X,,Y) < 2A%(X,Y)
Proof. Recall that

G() § Ho
A X07 bmoy GO/XO $0yzcxoyl

yi€Y

where Hy = Schur (G, {zo}UY'). By Rayleigh monotonocity and X C Xo, by, L& /x, beoy: <

b, L /xbay;- By Proposition and the fact that all vertices in X, have normalized po-
tentlal at most 1/2 in G with p, =0 and p,, =1 for all w € Y,
Cg)oy < 2czyz
where H = Schur(G, {z} UY’). Therefore,

AD(Xo,Y) <2 (b L by el = 209(X,Y)

yi€Y

as desired. O
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Figure B.5.3: Depiction of Proposition [B.5.3]

Lemma 4.10.12 (Bounding first order terms, part 1). Consider a graph G and two sets
X, Y C V(G) with XNY = 0. Let H = G/Y with y the identification of Y in G. Let
A= A%X,Y). Then

> |tevengg ,p(f)] < 324

FEGX]UBG X 11/4< teve (£)<3/4

Proof of Lemma[/.10.12. Split every edge in JgX into a path of two edges with half the
resistance. Let X be the set of edges with endpoints in X or one of the copies incident with
X and let G be this graph. We start by showing that

> (Leve,(f) — Leva, v (f)) < Ag

feGo[Xo]
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where Ay = A% (X,,Y), G = Go/Xo, and g is the identification of X,. First, by
Remark [12]

D levy(f) = Y] - A

feH)[Y]

where Hj = Schur(GYy, {zo} UY). By Rayleigh monotonicity,

D Levi(f) = Y] = A

feHo[Y]

where Hy = Schur(Gy, Xo UY). By Remark ,

> levy,(f) < | Xol + A — 1

fEE(Ho)\Ho[Y]
But by Remark

Z levy, v (f) = |Xol

JEE(Ho)\Ho[Y]

so therefore

> (ev(f) = Levuyy(f) < A —1

JEE(Ho)\Ho[Y]

By Rayleigh monotonicity, the summand of the above sum is always nonnegative. There-
fore, the above inequality also applies for any subset of F(Hy) \ HolY]. In particular, it
applies for Go[Xo], completing the proof that

> (Qeve,(f) — levayv(f)) < Ag

J€Go[Xo]

Consider an edge f that is one of the two copies of an edge e resulting from subdivision
with levg(e) > 1. Consider the three-vertex Schur complement of G with respect to V(e) U
V(f). Identifying Y only changes the Schur complement resistance of the edge with endpoints
V(e). Let f' be the remaining of the three edges in this Schur complement. levg,(f) =
levg, (f') and levg, v (f) = levg, v (f’) since the edge weights of f and f’ are the same
and they are part of the same path with length 2. Therefore, by Remark [12| applied to the
three-vertex Schur complement,

levg(e) — levgyy(e) = (1 — (3 —1—2levg(f))) — (1 = (3 —1—21evgv(f)))
= 2levg(f) — 21levgy(f)
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SO

> (Leva(f) — levgv(f)) < 24

FEGIX]UAG X
By Proposition A¢ < 2A. Combining this with Remark [10] proves the lemma. [

Lemma 4.10.13 (Bounding first order terms, part 2). Consider a graph G and a set of
edges D C E(G). Then

> | tevengg q\ple)| < 4D
e€E(G)\D:1/4<levg(e)<3/4

Proof. By Remark [10] it suffices to show that

S (Levayple) — lev(e)) < D)
eeE(G)\D

Furthermore, we may assume that D consists of just one edge f, because deleting one
edge at a time suffices for proving the above inequality for general D. By Sherman-Morrison,

(be Lby)*
> (tevayple) —leva(e) = > e
re(ry — by Lgby)
ccB(G)\f e€E(G)\f f
_ 1 T Lhs (b?LEbf)Q)
T’f—b?[/gbf e Ty
= levg(f)
<1
as desired. n

Preliminaries for second-order terms

Proposition B.5.4. Consider a graph G with a setY CV(G), X :==V(G)\Y, e = {a,b} €
E(X),se X, andt €Y. Then

phrghl< S WhIgh
F={p.a}eB(Y.X) /
Proof. We start by showing that
b5 L x by
Tr+7 T 1+ stTG/X
bL LDy, = > bsqLGbsuT

f={p,a}eE(Y,X)
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for any vertex u € X. To show this, interpret the statement probabilistically. Notice
that

b LEbs,
W L

This probability can be factored based on which edge is used to exit Y first:

P;r[ts > t,] = Z le‘[ts > t,, f used to exit Y for the first time]
f={p.a}eE(Y,X)
= Z Pzr[ts > t,|f used to exit Y for the first time]
f={p.a}eE(Y,X)
Ptr[ f used to exit Y for the first time]

= Z Prlts > t,] Ptr[ f used to exit Y for the first time]
F=payeBrx)
b LEbsu 105 L byl

= 2 Lébe

f={p,q}€E(Y,X) su

Ty

Multiplying both sides by b, Lb,, shows that

(2

bstLJGrbsu = g bsngbsu—
r
T={pa}eE(Y.X) !

For any two vertices u,v € X, subtracting the resulting equations shows that

_— S L e
L LEby, = > bl Lsbun——"—
F={pa}eB(Y.X) /
Letting b, := b. and orienting the edge in the positive direction shows the desired
inequality. O]

Proposition B.5.5. Consider a graph G with a setY CV(G), X :=V(G)\Y,ue X, s €
X, andt €Y. Let S, be the set of edges f = {p,q} € E(Y,X) with |b£1Lgbsu| > |bL, LEbg|.
Then

b5 Ly x|

D

3
S —
Jesy " 7
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Figure B.5.4: Depiction of Proposition [B.5.5 In this example, there are k parallel paths
with length £ from s to t and the X — Y cut cuts the middle edge of each path. u is close
to the cutedge f. f is the one X — Y cutedge for which ¢ has roughly £ times the s — u
potential of ¢. The proposition implies that f has at most O(1/k) flow.
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Proof. Split each edge e € S, with resistance r. into a path with two edges e; and e, with
resistance r./2. Let the resulting graph be H. For an edge {p,q} € E(Y, X), suppose that
it is split into {p,w} and {w,q}. Notice that [b], Ly be,|/rl = [0 L}b|/re, so it suffices
to bound the st-flow on the edges e, for each edge e € S,,.

Let S be the set of edges e, for edges e € S,.Notice that |b],L;bs.| > bl LEbe /2 =
V|0 L;bst|/2 for each z € V(). Let I = Schur(H,V(S})U X U {t}). By the harmonic
property of vertex potentials,

Z Cat bth;r bst 2> Z Cat bsTuL;rbst

2€V(S!)UX 2€V(S!)UX

= D biLibe

zeV(SL)uX
> Y ML

z€V(SIN\X

v
> §bsTtL}rb5t oo,
zeV(SHN\X
so at least a 1 — 2/ fraction of the conductance incident with ¢ is also incident with X.
By Rayleigh monotonicity, 1/ (Zmev( S1)UX c£t> < by L} xbs- Therefore, the total flow in
Y

I/X incident with ¢ that does not come directly from s is

ST VLY b = 1= VLT by
z€V(S)\X

=1- (Z c;t> bELT b

zeX
I
ZmeX Cmt

2 C
zeV(ShuX “wt

<1-

B erws;)\x Chy

2 et
zeV(SLuX “wt

2
<=
~

Notice that I contains the edges in S’ and that all s —¢ flow on these edges in /X enters
t through some vertex besides s. Since all edges of 5] are incident with X, flow only travels
across one edge in S’. This means that
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2
Z c§|bZ;L}“/be| < 5

fesy
The desired result follows from the fact that |bg;L;r/ bl = |bLLE /x0s| by definition of
the Schur complement for all f € S/ and the fact that c} > C?. m

Proposition B.5.6. Consider a graph I with two vertices s,t € V(I). Let F be the set of
edges e = {a,b} € E(I) with max.cqpy b, LTbse < p for some p > 0. Then

D (BLLib)?fre < p

ecF

Proof. Write energy as current times potential drop. Doing this shows that

ecl e€x threshold cut

:/dx
0

=p

p
SO(WhLE b < / S (BELTb/r)da
o

as desired. ]

Lemma 4.10.14 (Bounding the second order term). Consider a graph G and two disjoint
sets of vertices X, Y C V(G). For any s € X,

Z o (e) = Z maXM <24€2 . AY(X,)Y)
s,Y ey (bz’;Lgbst)re — buckets )

e€Eq(X)U0cX e€Eq(X)U0cX

where Epyekers = log(ma).

Proof of Lemma[{.10.14 We start by reducing to the case where all edges have both end-
points in X. Subdividing all edges in 05X to obtain a graph Gy. Let Xy be the set of
vertices in G that are endpoints of edges in Fg(X) U dg,X. Let o be the identification of
Xp in G/ Xy. Notice that
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bTL+be 2 szJr b, 2

) e é;;ﬁcb : a= 2. B (T = )Go
e€Eq(X)UdcX e ( stHG St)re e€Eq,(X) te (bstL bst)re

t Y bTLgObst)2T’e

e€0Gy X
bTL+ be 2
D S
GEEGO(XO) te (bstLGobst)re

with all equalities and inequalities true termwise. By Proposition

A% (X,,Y) < 2A%(X,Y)

so to prove the lemma it suffices to show that

(b5 L, e )’ G
> mas g o < O AT (X0, )

e€Eg,(Xo)
Let H = Schur(Gg, Xo UY'). The Schur complement only adds edges to E(Xj), so
S VLA s 0L

max
77+ G 771+ H
teY (bstLGObSt)/reO teY <bStLHb5t)/re

EEEGO(X()) CEEH(XO)

For an edge g € Ey(Xo,Y), let 2, and y, denote its endpoints in X, and Y respectively,
Sgi C Eu(Xo) be the set of edges e = {a,b} with maxceqp) |bSTZ,gL$bSC| € [2¢, 2" for
integers ¢ € (10g(rmin/m), 108 rmas) and maxeeqqpy [0, LEbse| € (0,277 for i = log(rmim/m).

By Proposition [B.5.4]

STg

T 7+ + ;,;fLE/Xob|
DL Lib < > bl Libl
9€EEH (Xo,Y) g

Applying Cauchy-Schwarz twice and Proposition [B.5.5 shows that
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2

log rmax T +
aﬁ;L;be)Q 1 stLH/X b |
+ 0
UL b T max g | 0 0o WLkl =
e€Ep(Xo) st U0st )T e e€Eg(Xo) st st )Te i=10g(F'min/m) g:€€Sg i 9
2
- IOg'f‘maz b L+b St H/XOb |
S SR M v mrd VL e
i= log(’r'mzn/m) EEEH XO S e g:eesg’i 9
IOgT‘maz b b | |bTL+ b |
T 747 12 st H/XO H/Xo
S DY maxgrrm | D0 G4 L | | 30 S
i=log(rmin/m) e€En (Xo) st st g:e€8y.i 9 g:e€8y.; g
1 mazx T I T
< B (bsngHb ) |b LH/Xob | 3bZ;LJ]§bst
R w2 Griibgm >
z’:log(rmm/m)+1 EEEH(X()) g:eESg,i st HYst)! ¢ g
T 7+ T+
(L Wik
+§buckets I?G%’X Z (bTL+b )TH TH
e€Ey(Xo) g:eeSglog<rmm/m) st/ Ust )l e g

g

log Tmax bT L+ b ’bT L"r b ’
< 3£buckets Z Z Z ;’LTH (max i

. tey ri
ZZIOg(Tmzn/m) geEH(XO ) eesg i

By Proposition [B.5.06]

T +
S UL
rH
EESg,rL' €
SO
log rmax T 17+
(bs Lizbe)? 1bs L7 x, bl
2L W E L S O D DL g
e€Ey(Xo) st s i=log(rmin/m) g€ E(Xo,Y) 9
IOngaz bTL+ b
H/Xy"9
S 6€buckets E E T’—H
i=log(rmin/m) g€ E(Xo,Y) 9

= 6§§ucketsAGO (XO’ Y)

as desired. O
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Other preliminaries

Proposition 4.10.11. Consider two disjoint sets of vertices X and Y in a graph G. Let
G' = G/(X UY), with x and y the identifications of X and Y respectively. Let Z be the set
of wertices v with electrical potential p, < 7 for some v € (0,1) with boundary conditions
pz =0 and p, = 1. Then

1
A%(Z,Y) < 1—AG(X, Y)
-
where z is the identification of Z in G/Z.

Proof. Let H, = Schur(G/Z,{z} UY'). By definition,

b, LE b0
AYZY) =) T
vEY 2V

By Rayleigh monotonicity and the fact that X C Z|

bro L 5be0 < by L 5o

By Proposition [B.5.1] applied to U = Z and &,

He 1 e
zZv — 1 _ ry v
since the conductance in the Schur complement for a vertex v € Y is proportional to the
incoming flow by Proposition 4.9.2l Substituting these inequalities and using the definition

of AY(X,Y) gives the desired result. O

r

Proposition 4.10.20. Consider two disjoint sets of vertices X and Y in a graph G. Let
G' = G/(X,Y), with x and y the identifications of X and Y respectively. Let A and B be
sets of edges for which both endpoints have normalized L{,by, potential at most v and at
least 1 — 7y respectively for some v € (0,1/2). Arbitrarily contract and delete edges in A and
B in G to obtain the graph H. Then

HAX,Y) < (X,Y)

a
——c
(1—7)?
Proof. Apply Proposition twice, first with Z < A and second with Z < B. Do this
for all w € X UY. Each application increases the X — Y conductance by at most a factor
of 1/(1 — =), proving the desired result. O
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B.5.2 Objectives that are stable thanks to stable oracles

Before proving these stability propositions, we prove one fact that is common to all of them:
that splitting can be done in the same direction (parallel or series) for all of the graphs I:

Proposition B.5.7. Consider some k € {0,1,..., K — 1} and any e & {fo, f1,---, [x_1}-
Let (I}, {e® eM}) < Sptit(ly,e) and obtain I} « I} |[[fe_1]]. Then,

o (Splitting later) I} is equivalent in distribution to the graph obtained by splitting e in
Iy, in the same direction as e was split in Iy to obtain I}

e (Leverage score bounds) With high probability,

1/8 < le’UI]/C//(S’S/)(G(O)) < Ze’UI;cf\D(e(O» < 7/8

Proof. Splitting later. Effective resistances are electrical functions, so order of splitting
does not matter.

Leverage score bounds. By the “Bounded leverage score difference” condition in
Definition 4.10.7, the “Leverage score stability” guarantees in Definition [4.10.7, and the
triangle inequality,

|levy\p(e) — levy(e)| < 3/16

and

|Levy, /(s.5n(¢) — Levy, ()| < 3/16

If levy,(e) > 1/2, then e is split in parallel in I, to obtain I{]. Furthermore, levy, /(ss)(€e) >
1/2 — 3/16 > 1/4. This means that 1/2 > 1ev1;€r/(575/)(e(0)) > (1/4)/2 = 1/8 since
leV]]/C//(S7S/)(€(U)) = levy,(s,s(€)/2. By Rayleigh monotonicity, levyp(e) > levyr (s sn(e) >
1/8. As a result, 1/2 > lev]g\D(e(O)) > 1/8 as well.

If 1levy,(e) < 1/2, then e is split in series in Iy to obtain I{. Furthermore, lev;\p(e) <
1/2 4 3/16 < 3/4. This means that 1/2 < levynp(e!”) < (1/2)(3/4) +1/2 = 7/8 since
levI]/C/\D(e(O)) < (1/2)1evy\p(e) + 1/2. By Rayleigh monotonicity, levy,(ss(e) < 7/8. As
a result, 1/2 < levym s (e?) < 7/8 as well.

This completes the desired result in both cases. O

Now, we proceed with the proofs of the stability propositions:

Proposition 4.10.16 (Stability with respect to A). For all k € {0,1,..., K(|W]) — 1}, the
set Zy. is a (O(p), O(pAy/p),0)-stable subset of W for the electrical functions

ds.s'(H \ D)

and
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of H with high probability.

Proof of Proposition[{.10.16. We focus on dg ¢ (H \ D), as the argument for dg¢ g(H \ D) is
the same, with S and S’ swapped.

Well-definedness. Recall that dg s/ (H \ D) is an electrical function of H since dg ¢ (H \ D)
is preserved under Schur complementation of vertices besides the ones referenced in the
summand of g ¢/ (H \ D). Therefore, stability is well-defined.

Degree of midpoints. Let I}/ be the graph obtained from Iy by splitting all edges of W'\
{fo, f1,- - fx—1} in series. By the “Midpoint potential stability” guarantee of Oracle, the
midpoints of these edges are contained in the sets Ug, Uss C V(1)) defined to be the sets of
vertices with s = 0 — s’ = 1 normalized potential less than 1 — p/2 and greater than p/2

respectively. By Proposition [4.10.11]

AT (U, §') < 2A5\P(S,8") /p

and

AI}IJ\D<US’> S) < ZAIk\D(S/a S)/p

Lipschitz contractions. For simplicity of notation in the following proof, let I, denote
the graph in which the edge f; has been split and let f, denote an arbitrary copy. By
Sherman-Morrison,
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65,5/ (I \ D)/ fr) — 65,5/ (11, \ D)

. Z Z bT I+ bow — (bswL(Ik\D /Sbfk)
— sw(I\D)/S"'s bT L+ b

wesS! eealkw Ik\D)/S
bao L0y (s.51)De (bZ;f (105,500 (01 L7 0y (5.5 De)
Te (bT Ly (I:\D)/(S,5") by )re
NS (WL s biwr L0y 5.5 e
(1\D)/sDsw .

wesS’ eEBIk e

-y ¥ < su (1005’ ) (bss’LI \D)/(&S/)be)
weS’ e€dy, w b L fk\D)/Sb Te

Y (WL s ) (bss L{re\py (5,505 (O L Dy 5,90 e)
swl (1) ssu

T
weS' e€dy w <bka(Ik\D)/(S,S’)bfk)T€

1 Z Z Ik\D /Sbfk)2 (bZ;/LZk\D)/ S,S! bfk)<b?kL+Ik\D)/(S7S’)be)
bT LJr by,

weS’ e€dy, w by, (I:\D)/S"f (b le\D)/SS’ bp, e

Therefore, by Proposition[B.5.7, Rayleigh monotonicity, and the fact that the total energy
is an upper bound on the energy of an edge,

05,5/ ((Ix \ D)/ fi) — ds,5(Ix \ D))

b T ,L+ be
<8Z Z ( I\D/ka))( (Ix\D)/(S,5") )
Te

weS' e€dy, w "t
|b I ’ bf Hb " be ‘
T \D)/(S,8") Ik 1V fi, (I \D)/(S,S")
DI LJ}\D/Sbsw>< oL,
wesS’! eE@Ik frle

b7, L by [T L |
T o s L(n\p) 5.5 00105 L1\ 5,1
+64) Y (bswL<fk\D>/sbsw><

TeT
weS’! eeajkw Jile

By the “S — S’ normalized degree change stability” guarantees of Oracle,
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s ((1\ D)/ ) = dss (B \ D) < s o1\ D) + il 1\ D) + b1\ D)
80p
< W(SS,S’(I\D)

as desired.
Lipschitz deletions. This bound is very similar to the contraction case. By Sherman-
Morrison,

65,5/ ((Ix \ D)\ fx) — 65,5/ (11, \ D)

_ Z Z bT L+ b + (b le\D /Sbfk)
(Ix\D)/S"”sw bT L+ b

weS’ eeafkw (Ik\D)/S

bT L+I \D)/(S S')be 4 (bT L (Ix\D)/(S,S bfk)(bka (I:\D)/(S, s/)be>
(rp — b le\D)/SS’ by )re

) b L1 0y /(5.5 be
S () (e

wes’ e€81k

2 T 1+
_ Z Z ( sw (I \D)/Sbfk) ) (b ’L(I \D)/(S,S’)be>
by Te

weS’ 6681 w fk (Ik\D)/S

(b L (I\D)/ bfk)(bka I\D)/(S S’)be)
+Z Z b Ik\D/S sw> ( (k k

weS’ e€dy, w Ik\D)/ (8,8 bfk)re

+> > L{1p)ysbs)’ (2w L {100 (5,5 05 ) (0, L300y (5,57 be)
bT A b L

wes! 6Ealk Ik\D)/S (rfk (It\D)/(S,8") bfk)re

Therefore, by Proposition [B.5.7, Rayleigh monotonicity, and the fact that the total energy
is an upper bound on the energy of an edge,
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105,57 (I \ D)\ fx) — 555/(% \ D)|

b T L be
<8 Z Z ( Ik\D /S fk) ) ( (K\D)/(S,5") >
I Te

weS’! eE@Ik
6L,y o s IV Lo s e
P 55 Loy .99 01e 107, Lo 0y 5,91
ST S (o) 1
wes’! eea,k k
(V55 Lt 0y 5.5 0 105 L {1, ) 5.5 e
PSS () o
we S’ 6€ajk k

By the “S — S’ normalized degree change stability” guarantees of Oracle,

s (1 \ DIVR) = G (B \ D) < s o(T\ D)+ il 1\ D) + b (1 D)

as desired.
Change in expectation. Write down the change in the expectation:

Eprr (05,5 (H' \ D)|fi] = ds,s(I. \ D)

b2\ (L1 b
sw I \D)/S8" Ik (Ix\D)/(S,5")"¢
sevngy o) Y, 3 (s (bt

weS’ 6€8lk fk
(055 L1y /(5,91 05) (0, L\ 0y 5.5 De)
vy o) T, 3 (bl shr) (Do 2 o
weS’ 6631k file
n ( leV[k<fk) i - leVIk<fk) )
1eV(Ik\D)/S(fk)leV(Ik\D)/ (1 —Yev\ny/s(fi))(1 — Levi\py/cs,s1)(fr))

(s, (fr)
> > ( Ik\D st ) ((bg;’L?fk\D>/<Svs'>bfk>(bﬁ%\m/(&&)be)>

reT
weS’ EEBIk fr Jr'e

By Proposition [B.5.7],
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[ Erimnis[0s.s (H \ D)|fi] = ds.5:(Ix \ D)

L{, br )%\ (0L L b
swl(1,\D) /500 ss'L(n\D) /(5,51 Ve
< \1evcng1,ﬁ (I\D)/S (fr)] Z Z ( > > ( -

wes’! eeajk "' fx Te
|b§s'L+1 \D)/( SSI)bkab? L?—I \D)/(S S’)be|
+ |Levengy, i pyssn (o)l D D (bsTwafk\D>/sbsw> ( ) —
weS’ e€dy, w file
+128Z Z ( sw Ik\D)/Sbfk) ) <|bT L—i}k\D) 3,8 bfk||bT L+Ik\D)/ S,S’)be‘)
wes’ eeajk Jr TfTe
(o3, L(I \D)/S fk) « 1 : BRIV
Let af, = maxyes 752 By the “S — S’-normalized degree change stability
(b L () sbow)rs”

guarantees of Oracle,

/ P
Baeigaldsss (' \ DA = Sss (1 \ D) < Poveng, 500500 { idas (1 D))

p
- (Ineveng,, s (0] + 12505.) (8 T\ D))

Now, we exploit the fact that f; is chosen randomly from all remaining edges in W.
K < |W|/4, so there are always at least |WW|/4 remaining edges in W by the “Size of Z”

guarantee. By Lemma [4.10.12 applied twice, 4.10.13| applied once, and [4.10.14] (for ay,)
applied to the graph (I \ D)/S with X < Ug and Y « ',

[ Emimnisldss (H \ D)] — 055 (I, \ D)|
< Efk, [|Efr,il0s.s(H'\ D)| fe] = 6s.s/(Ix \ D)|]

< T |W| Z <|1evcng1ﬁ(1k\p ss(fi)l + 1Teveng, by is,sn (fe)| + 1280%) (|W|5SS'( \D)>
fEW

20(2ATN\P (Ug, 8') + 2ATNP (Ugr, S) + 2|D| + 128ALNP (U, S
< p( (Us, S") (|V5V|2) D] (Us ))5575/(]\1))

Applying the result of the “Degree of midpoints” part shows that

, 520pA
|Enror (05,5 (H' \ D)] — 05,5 (I \ D)| < W%S/([ \ D)

as desired. O
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Proposition 4.10.17 (Stability with respect to sums of deferred potentials). For all k €
{0,1,..., K(|W|) =1}, the set Z is a (O(p), O(pAw /D), F'min/n*)-stable subset of W for the
electrical function

T T
> Ly jsisn s+ 0a) | | D 0L L pyysisn (bust + bu)
{u,v}eA {u,v}eB

of H with high probability.

Proof of Proposition [4.10.17. Well-definedness. The function given is an electrical function
of H.

Degree of midpoints. Same as in the proof of Proposition .

Lipschitz contractions. As in the previous stability proof, let I denote the graph after
splitting an edge, one of whose copies is fr. By Sherman-Morrison, the triangle inequality,
Proposition with Rayleigh monotonicity, and the “Deferred endpoint potential change
stability” guarantee of Oracle in that order,
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T
' > VLl st 00) | {0 D b Ly sy, (Bus + buw)

{u,v}€eA {u,w}eB
- Z bssl (Ik\D)/(S,5") (bsu + bSU) - Z bss’ (Ik\D)/(8,8") (bus’ + bvs’)
{u,v}€A {u,v}€B

> (O L0y /05,90 05) (O, L 10y 5,57 (Dsu + bsv))

{u, v}eA b L (I\D)/(S,S") bfk
+ Z Ik\D /(8,8 bfk)(bka(Ik\D)/(S S/)(bus’ + bys')) ‘
{u,v}eB bka(Ik\D) (S,S’)bfk

T 7+
o 3 Phebliaoyissibn P Hiyssy Gu -+ )

{u, v}eA bT L(Ik\D)/ S,5") bfk
n Z by L1\ /(SS/b:fZHbfk Ik\D)l/)(SS/)(bus + by )|
{up}eB (I;\D) /(5,5 fx
<3 Z b, L—i}k\D S,S’)bkabfk ([k\D)/(&S/)(bsu + bgy)|
{u, fu}EA T fx

+8 Z ss’ Ik\D)/ (5,8 bkabfk [k\D)/(SS/)(bus + bvs )|

{u,v}€B "' fr
< B WL, L7 (bou + b WL bust + b 87 min
- "H(I\D)/( SS’ su T Dsv) (1\D)/(S,s")\Vus vs n
A o)+ Y (bust + bw) | + =
{u,v}eA {u,w}eB
as desired.

Lipschitz deletions. This part is similar to the contraction part. By Sherman-Morrison,
the triangle inequality, Proposition with Rayleigh monotonicity, and the “Deferred
endpoint potential change stability” guarantee of Oracle in that order,
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T
' Z b Lt py s, gy (Dsu + bsw) | + Z Do L0y (5,5 g (Bus? + o)

- Z bssl (Ik\D)/(S,5") (bsu + bSU) - Z bss’ (Ik\D)/(8,8") (bus’ + bvs’)
{u,v}€A {u,v}€B

Z (b L(Ik\D)/(S 5001 (0, L7 by (5,5 (Bsu =+ bsv))

o v}eA = b5 L) /(5.5 O
i Z Ik\D /(5,8 bfk)(bka(Ik\D)/(S s')(bus’ + bus)) ‘
(uoleB = 05 Lin) /(5.5 s

< > |bg;'L<+fk\D>/ 5,5 bfk”bfk (1) (5,8 (Bsu £ bs)|
- {u, v}eA Tr bT L (IL\D)/(S, s')bf

+ Z i (’k\D/(SS’ bkabfk Ik\D)/(SS')(b“s + by )|

bT L—i}k\D)/(S,S’) bfk

{u,v}eB fr
<8 Z T L—i}k\D S,S’)bkabfk (Ik\D)/(S,S/)<bSU + bsv)‘
{u, U}EA "'fi

+8 Z ss’ Ik\D)/ (5,8 bkabfk [k\D)/(SS/)(bus + bvs )|

{u,v}€B "' fr
< B WL, L7 (bou + b WL bust + b 87 min
- "H(I\D)/( SS’ su T Dsv) (1\D)/(S,s")\Vus vs n
A o)+ Y (bust + bw) | + =
{u,v}eA {u,w}eB
as desired.

Change in expectation. Compute the expected change using Sherman-Morrison:
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EH’NIk[fk} Z bss/ (H'\D)/ SS’ bsu + bsv Z b H’\D)/ 55/)(bus’ + bvs’) fk
{u,v}eA {u,v}eB

r T
Z b /L (Ik\D)/(S,8") (bsu + bsv Z b /L (I\D)/(5,5") (bus’ -+ b’us’)
{u,w}eA {u}teB

(bZ;/LZ? \D)/(S S’)bfk)(b? Lz? \D)/(S. S’)(bs“ + b))
= 1eVCH81W(1,c\D)/(S,S/)(fk) < Z k -

{u,v}eA "'
Ik\D /(S,57) bfk)(bka Ik\D)/(SS/)(bus’ + bvs’)))
ey b
{u,v}€B "'

By the “Deferred endpoint potential change stability” guarantee,

EH/NIk[fk] Z b /L H/\D)/ SS/ bsu + bsv Z b H/\D /(S S/)(busl —|— b’US/) fk)
{u,v}€eA {u}eB
T T
Z b /L([k\D )/(S,S") (bsu + bsv Z b /L(Ik\D )/(5,5) (bus’ + bvs’)
{u,v}€A {u, v}EB

Z ’b Ik\D)/SS’ bfchbf;c (Ix\D)/(S,8") (bsu+bsv)|

< [Levengy, _r\p)/(s.s) (fe)l ( T's
k

{u,v}eA

X Z ss’ Ik\D /(S,5") bkabfk [k\D)/(SS/)(bus +bvs)|>

{u,v}eB "' fi

< |1evcng1k—>(1k\D)/(SS’ fk; (lW‘ ( Z b I\D /(S,8") (bsu + bsv)
{uv}eA

T'min
t Z bT’L(I\D (8,8' (busl—'_bw,)) T )

{u,v}eB

By Lemmas 4.10.12| and 4.10.13| and the “Size of Z” guarantee,
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T
Enn ) [ E : b L (H'\D)/(S, S/ (bsu + bsw) + E : by ’LELHf\D SS')(bUS’ + bus)
{uv}eA {uw}eB

Z bT LJ} \D)/ SS’) bS“ + bs” Z bT LJ; \D)/(8,5") (bw’ + bm’)

{uviea {uw}eB
T T
S Efk EH/NIk[fk] [ Z bss’L?H/\D)/(S’S/)(bsu + bsv) + Z bss/LTH’\D)/(S,S’) (bus’ + bvs/)
{u,w}eA {u,v}€eB
Z b Ik\D SS' (bsu +bs) = Z b I \D)/(S,8") (bus + bus) fk]
{u,v}eA {u,v}eB
2
=T <Z [Teveng;, \n)/(s.5) (Fi) ) <|W| ( > U Linpy s bsu+ ba)
freWwW {u,v}eA
T'min
+ Z e L{inps.s7) (bus +bvs’)> T >
{u,v}€eB
e (5051 37009 10) (1 5 o1
{u,v}eA
T'min,
+ > belinoyss) (bus'+bvsf)> o >
{u,v}eB

By “Degree of midpoints,” A\P(Usg, S") + AT\ (Ugr, S) + |D| < (2/p)Ag, so

EH/NIk[fk][ Z b /L H’\D)/(SS’ bsu + bsy) + Z b H’\D Ss')(buS’ + bus)
{uv}cA {u,v}eB

Z b Ik\D /(8,5) (bsu T bsv Z bT'L (Ix\D)/(S,S") (bus’ + b'uS/)

{uw}eA {u,v}eB
4pAk T T T'min
< P > b Linmyss bt bu) + D VL by .5y Bus +bow) | + =75
{uv}eA {u,v}eB
as desired.
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Proposition 4.10.18 (Stability with respect to the main objective). For allk € {0,1,..., K(|W|)—
1}, the set Zy is a (O(p), O(pAr/p),0)-stable subset of W for the electrical function
bl LY,

(H\D)/(5.5")Ds

of H with high probability.

Proof of Proposition [{.10.18 Well-definedness. b%, L\ pbsy is an electrical function of H.

Degree of midpoints. Same as in the proof of Proposition .

Lipschitz contractions. As in the previous stability proofs, let I, denote the graph
after splitting an edge, one of whose copies is f;. By Sherman-Morrison, Proposition
with Rayleigh monotonicity, and the “Main objective change stability” guarantee of Oracle
in that order,

(bse L (I\D)/(S,5") by, )?

T T _
1Oss L1005, 705 = Vs L py 5,50 s | = o L+ b
(I\D)/ (5,5 x

< 8(b L (IL\D)/(S,8") bfk)

T fr
8p 8o,

LG
= W]

(1\D)/ (5.5 Dss

as desired.

Lipschitz deletions. This is similar to the contraction proof. By Sherman-Morrison,
Proposition with Rayleigh monotonicity, and the “Main objective change stability”
guarantee of Oracle in that order,

(bZ;’L?}k\D)/(Sﬂ’)bfk)Q

T 17+
— 05 Ln\n) /(5,5 e

T T
[bssr LDy /(5,5 Dss — Vs Lir\ )y 5,5 D

k
8(bT L (It\D)/( SS’)bfk)
Ty
8P T 7+
< Loy

bss’

as desired.
Change in expectation. The change in expectation conditioned on a choice of f; can
be written as
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(bT/L (Iz\D)/(S,S") bfk)

T T
Enrr 5 Dssr L py 5.5 bss' | ] = Vs L 0y 5.5 Dss = 1evengy, i pyes,s) (i v
k

Therefore, by Lemma [4.10.12| applied twice, Lemma [4.10.13] applied once, and the “Size
of Z7 guarantee,

T
|EH’~Ik[fk][b ’L(H/\D)/(SS’)b ] = be L Ik\D)/(SS’)bSS’|
T
< Ej, [|EH/~Ik[fk}[b /LZLH/\D)/(S,S/ bss| fi] — b le\D)/(SS’)b |]
(bT L (Ix\D)/(S,8") bfk)

levcn '
k
E | &1,—(I\D)/(S,5") (fx)]
| ’ kaW rfk

< |W|2(AI \P(Us, 8') + AP (Ugr, S) + | DB, L{ippy s, bss’

By “Degree of midpoints,”

4pAk bT L+

5’| < ‘W’Q ss' Z(I\D)/(S,S")

T
|EH/~Ik[fk][b ’L(H’\D)/(SS’)bSS] b, le\D)/(SS’ bus

as desired.

B.6 Deferred proofs for Section 4.11

B.6.1 Fast stability concentration inequalities
Proposition 4.11.1. Let {]\/[ } € R™™ be a sequence of symmetric, nonnegative random

matrices, {Z"}, € {0,1}", and S® C [n] with the following properties:

o Foralli€[n], Y70, M( ) < o where o < 0y. Furthermore, S© = 0.

e The random variables {Z™} . are defined by making Z*+1) the indicator of a uniformly
random choice w 1) € [n] \ S®). Let S*+1D .= Sk {p+11,

e [oralli,j € [n] and k, M(kH) < M +72l 1 k)Zl(kH)Ml(jk)'
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With probability at least 1 — 1/n8,

for alli ¢ S®) and all k < n/2.

Proof of Proposition[{.11.1 Inductively assume that for all i ¢ S®) and for all k& < n/2,

Zj;éi,jgés(k) Mi(f) < 01. We now use Theorem [4.9.11| to validate this assumption. The third
given condition along with the inductive assumption shows that

S ous| X ) e (S F
2 — ] il l lj
J#i, ¢Sk J#4,j¢S D =1 j#i,jg SR+
_ (k) (k) r7(k+1) (k)
= > MP | YoM > M,
JALESEHY =1 iAW jES )
_ (k) (k) r7(k+1) (k)
= > MP )+ | YoM > My
#i,j ¢Sk 1=1 AL ES®)
k k 1)
<[ % ) (S
J#1,5¢S ™)

for i ¢ S*+1). To apply Theorem 4.9.11) we need bounds on the mean, variance, and
maximum deviation of each increment. We start with the mean:

E Z Mi(fﬂ) | S(k)’ig_ﬁs(lwrl) < Z Mi(jk)Jr,le ZMz(zk) (k+1) ls(k zgéS’““)]
j#i,j¢Sk+1) G#i,j¢S ) LI=1

< Z Mz(jk) + o, E Z Mi(lk)Zl(kJrl) ’ S(k),’i gé Gk+1)

j#i,j¢SK) | 1#i,1¢S(F)
= Y MP 0 Y M E[Z’“+1 | S®), ngSkH)}
jAi,j¢S*) 1#i,1¢S(k)
Y01 (k)
=(14+4 — M
(1+:71) =
J#i,jgS*)

2

(k) 2’}/0'1

< D My Tt
J#i,j¢S*)
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Next, we bound the variance:

304

Var [ > M s® g sEY ) =var | YT MY = YT M | s® ¢ sk
j#i,j¢Sk+1) j#i,j¢Sk+1) J#i,j¢S k)
2
<E S = > M| | s® g stk
]7£17J¢S(k+1) j;éz ]%S(’V)
- 2
<PoE | D MPZEY )| [ sWig st
L \l#i,lgsk)
k)2 7 (k+1)
=otE | > (MPPz s ¢ s
| 1#4,1¢ S
720’% Z (M(k))2
“n—k—1 il
I£i,1¢ S (k)
272011
- n

Finally, we bound the maximum change:

Z M(k+1

Z M <701

n

L

) )

j?él jés(k+1) j;é’L ]%S(k) =1
s [
I£i,1¢S )
< ot
conditioned on i ¢ S*+1). Applying Theorem[4.9.11|to the random variables {3 jesw Mi(f)}k

before the stopping time {k : i € S®} shows that



APPENDIX B. RANDOM SPANNING TREE APPENDIX 305

Pr| Y MP-E| Y MPigSs®| >n]i¢s®
37, ¢S *) j#i,3¢SH)
)\2
con(’ |
(n/2)(27%01/n) + (A/3)v0?

)\2
< _
=P ( vt + (A 3)70%)

given the inductive assumption and k < n/2. Substituting A = (8logn)yoi < 01/4 gives
a probability bound of 1/n®. Now, we just have to bound the change in the expectation. Do
this by summing up increments:

k—1
(k r+1 r .
SIID SIRVEITETLI S DIV 31 IS DRNVILUIED SRR ARERT
JF6,jESH) J# r=0 | j#i,jgSr+D JF#L,jESm
k-1 [
r+1) r . r
“SE| X e S s
r=0 | j#ijgsrtD j#i,jgSw)
k—1

<
[e=]

Ego) |Eyeen | > MIW — N M ig S0+, 50
j¢i7j¢S(T+1) JER ]%S(’")

By the first given condition and the fact that oy < 01/2,

Yo MY <oi/dtor/ito/2< 0

i ES®)
with probability at least 1 — 1/n®. This completes the verification of the inductive hy-
pothesis and the desired result. O

Proposition 4.11.2. Let {]\/[ }k € R™™ be a sequence of symmetric, nonnegative random
matrices, {v®}, € R™ be a sequence of nonnegative random vectors, {Z®}, € {0,1}*, and
{S®™} . C [n] with the following properties:
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e Foralli€ [n] and all k, 32, iasm Mi(f) < 0.

o The random variables {Z®}, are defined by making Z*+1) the indicator of a uniformly
random choice w 1) € [n] \ S®). Let S*+D .= SR {p+11,

e Foralli € [n], v,fo) <.

e Foralli € [n] and k, vi(kﬂ) < vik) +v> 0 Mi(lk)Zl(kH)(vl(k) + o).

)

With probability at least 1 — 1/n8,

foralli ¢ S® and all k < n/2.

Proof of Proposition [[.11.9. Inductively assume that for all i ¢ S®) and for all k < n/2,

Ui(k) < 71. We now use Theorem {4.9.11| to validate this assumption. The fourth given

condition along with the inductive assumption shows that

Uz(k-l-l) < Ui(k) + (Z Mi(lk)Zl(k+1) (Ul(k) + Uz(k)))
=1

< Ui(k) + 297 (Z Mi(zk)Zl(kH))

=1

for i ¢ S*+1). To apply Theorem 4.9.11) we need bounds on the mean, variance, and

maximum deviation of each increment. We start with the mean:

E [o®t) | 5% ; ¢ S(k+1)} <o® 4 2ymE ZMi(lk)Zl(k+1) | S ¢ S(k+1)]

LI=1

<o yomE | Y MPZEY | s g s*HY
| 1#i,l¢ S )
= o boyn Y MPE |7 | 50,0 ¢ S0
1#4,1¢ S(*)
4
k) i VYT101
n

<0

Next, we bound the variance:
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Var( (41) | g(0) ;¢ S(m)) ~ Var (U£k+1) _ o 5®) ¢ S(k+1)>

<E [(UZ(HU _ ng)>2 | S(k),i ¢ S(k—&-l)}

2

I#£i,1¢ S )

=B | >0 (M) | 50 g st

| 1#i,l¢ S )
4’72712 (k)\2
< M.
1#i,1¢S*)
8y*riof
n

Finally, we bound the maximum change:

< 2y Z Mi(lk)

1#i,1¢ S ()
< 29101

conditioned on i ¢ S**V. Applying Theorem {4.9.11{ to the random variables {vgk)}k
before the stopping time {k : i € S®} shows that

oD o < oypy (Z k)Zk“))

Pr [Uzgk) —E [U@(k) lig SP| >N|id¢ S(k)} < exp < (n/2)(8v20%T /22) ()\/3)270171)

/\2
<
—eXp< 2P + <A/3>2wm>

given the inductive assumption and k& < n/2. Substituting A = (16logn)yoym < 71/4

gives a probability bound of 1/n®. Now, we just have to bound the change in the expectation.
Do this by summing up increments:
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B 111 54] o = SB[ -l 1 5]
_ ZE |: (r+1) (r) ‘ i ¢ S(r+1):|

= ZEs(r) |:Ew(r+1 |: ,L'(T+1 T) | S Z ¢ S(T+1):|i|

S 4]4]’}/0'17'1/77,
< 2yo1m
<7/4

By the first given condition and the fact that 7 < /2,

vgk) <n/d+n/d+n/2<n

with probability at least 1 — 1/n®. This completes the verification of the inductive hy-
pothesis and the desired result. O

Proposition 4.11.5. Consider a random sequence {v®)}yso generated as follows. Given
(k)
v )

e Pick {uik Ve and {w }fil, with ZZ 1u1 w R < py®
o Let Z*+1) € {0,1}% denote the indicator of a uniformly random choice over [{}]

o Pick o®+1) < o) 4y S0 ) 7D, ()

=1 U; 7
Let mg = ming ¢, and My = maxy .. Then with probability at least 1 — 27,

v < (2ym)P0”
for all k" < mgmin( L v (1/Mg)"/?)

(log(M2/7))n%~v2? 200ny2 log(MZ /)

Proof. Let K = mgmin( (1/M2)V/P). Let {k;}; be the (random

1 1

(log(Mg /T))n?~4?? 20012 log(Mg /T) o

variable) subsequence of superscripts for which v®*) — p*:=1 > WJ\;ZM’ with kg := 0.
0

For all k € [k;_1, k; — 1], by Theorem [4.9.11}

_ A2
Pr[v(k) — plki-1) > A <e K022 (0 Fi=10)2 fmg a0

(Ki—1) /(100 10g(M2 /7))
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so each such interval can only increase v*) by a factor of 2 with probability at least
1 — 7/(M2). Therefore, to show the desired concentration bound, we just need to bound

the number of k;s. For any k € [k;_1, k;], only 100 log(MZ/7)ny? different u( )w( ) products
can be greater than v~ /(200 log(MZ /7)) < v*i=1) /(1007 log(MZ/T)). Therefore the

probability that vy —vp_q >

vki—1
100 log(M2/T)

200log (M2 /T)ny?
mo

is at most

This means that the probability that more than p k;s is at most

i (;;) (200 10g(M3/T)7772)a . (200 1og(M3/T)m?)p

m mo
a=(p+1) 0

< 27/M;

For each i, we know that

ki) < 77’71)(1%_1)

With probability at least 1 — Mg,

value can increase by a factor of at most a (2yn)? factor in total with probability at least

1—]\/[31\2;2 =1 — 27, as desired. O

Proposition 4.11.6. For any graph J with S,S" C V(J) and A,B,D, X C E(J), the

families of functions
o Fo:=({g" (H)}eex. )
o Fryi=({g" P (M)} eex, M)
o Fro={g" P (M) ey, )
o o= ({9?(H)}eex. 6?)
o Fooi={g°(H)}eex, o)
o Frwi={g (H)}eex, o)
o Fiwi=({g""(H)}eex, o)
o Fiwi={g"" (H)}eex, o)

there are at most p s, as discussed above. The
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are flexible for the graph J.

Proof. Consider any minor H of J and consider some edge f € X N E(H) as described
in Definition [1.11.3] Fix an edge e € X N E(H). Throughout all proofs, we focus on the
contraction case, as the deletion case is exactly the same except with levgm)(f) replaced
with 1 — levgm)(f).

Je ) flexiblity. By Sherman-Morrison (Propositions |4.9.4| and |4.9.5|) and the triangle
inequality,

T 7+
dOH/f) = Do Loty vy 5,50 e
e \/E
T 1+ T 7+ Tr+
o Vs Linoysisnel | OssLiin ) pis.sn 1107 Lo s.sn e
- Ve Lev\p)/s.s) ([)rr/re
1 |beTL+<o> by|
_ (0 o) (H) (0)
=gc (H)+ 95 (H)
Levsom(f)  VreyTs
as desired.
(DANEH)S and gé )-XNEH ﬂex1b1hty The proof for g( )% i5 the same as the proof

for ge (1) with s, S and s, S’ swapped Therefore, we focus on gé )X

and the triangle 1nequahty,

*. By Sherman-Morrison

Tr+
g( ), XNE(H/f),s (H/f) Z ’beL(H/f\D)/SS/)(b5u+bsv>/2|
{uv}e(XNE(H/f))\{e} Ve
= > 19 Ly vy 5,50 (bsu + bs0) /2]

{uwe(XNE(H))\{e,f} Ve
< ¥ ('bTL o559 (e + )2
{uvre(XNE(H))\{e,f} Ve
’bTL(H\D (5,500 107 L{n py s,y (bsu + bsv)/2\>
levim\py/(s,s) (f)re/Te
<g(l),XﬁE(H),sUL[)Jr 1 ’b LY 6 (H bf’ 1), XﬂE(H),s(H)

- levym g (f) \/_e\/— 9

as desired.
g£2) flexibility. By Sherman-Morrison and the triangle inequality,
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TT1+ T
@)= Y 1% Loy 1\yyis.5 o + bl 3 19 Lty p\0y (5,51 (s’ + bus )|
{uyv}eA \/T_e {U,U}EB \/T_e

<gPH)+ ) 106 Lo\ 5,50 011105 Ly .51 (B + bev)|
- Lev(mn)/(s,s)([)rp/Te

{u,v}eA

by Wiy bl Ein s (ot + o)
levimpy/(s,s) (f)rry/Te

n 1 b L¢(2)(H)bf| (H)
levyo ) (f)  /Te/Tr f

{u,v}€B

as desired. , /
¢ and ¢ flexibility. We focus on ¢, as ¢! is the same except that s', S’ is
swapped with s,.S. By Sherman-Morrison and the triangle inequality,

S(H/f) = bl >, 1¢ Ly ) 550 0|
J\D)/S bsw ,
wes' e'€dpw VTere
|bTLHD (8,8 bf||bf (H\D SS’b |
< O+ S LR b \D)/( \D)/(5,5") %
wEZS, (J\D)/S . %w VTelevim\py/s,s) (f)rsre
. 1 |b L¢(3) H bfl
= g8 (H = ")

* levye) ) (f)  /Te/Ts gf

as desired.

g,§4 ” and ge ﬂex1b111ty We focus on g,(3 )s , as g§4)’sl is the same except that s, 5" is

swapped with s, S. By Sherman-Morrison and the triangle inequality,
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2
s b L f\D s0el bev LJ’:] D) /(5,510
gt (H/f)zz< (H/f\D)/ Z (J\D)/(5,5")

bes

wesS \/T_e e'cdyw Te
2
< Z |bwa(+H\D)/sbe| n 104 H\D)/sbebTL+H\D)/Sb€‘ Z b;’LZI\D)/(&S’)
e Ve Lev(i\p)/s(f)ryy/Te e'edyw e
= gWs( b} L +H\D ssbe | 2|bT L+H\D)/Sb ||bzszrH\D)/Sbf|
N lev H\D /S( )\/_\/T_e wes’ \/E\/ﬁ
n |bT L+H\D)/Sbf| |bTL(H\D /Sb | Z bT L J\D)/(S,S/)be’
N Levm\p)y/s(f)\/Trv/Te 'edyw Tel
3]bTL+( oo (1) De |
< g oo (90 (H) + g (H))

" Tevpmem (f i ff

+
where the last inequality follows from AM-GM and e Loy st

NN < 1. This is the desired

result.
O]

B.7 Parameters

Throughout this paper, there are many parameters and constants that are hidden in m°®
and a°) dependencies. For any values of o and oy, our main algorithm takes
f(O_O, Ul)m1+1/01a1/(00+1)

time, where f(0g,01) < 9Viogna; 7. Setting 09 = o1 = (loglogn)/(400log loglogn)
yields an algorithm with runtime me°()m!+(logloglogn)/(400loglogn) 1/ (loglogn) — yplto(l)no(l) ag
desired.

To establish this runtime, we need bounds on the values of each of the following param-
eters that do not depend on m'/? or o!/(e0+1);

e The conductivity parameter (

The modifiedness parameter

The boundedness parameter k

The number of clans /¢



313

4o(

e The carving parameter ficarve = (2000£0app )7

e Smaller parameters:

— The appendix bounding parameter j,y, = 21000esm)**
— The fixing bounding parameter fi, = 2100vign

— The empire radius bounding parameter fi,,q = 210000cgn)*"*

Lemma @ parameter: fimod = 200/iconlapplicarve

The parameter fi,pp, is used for simplicity to bound all m°Ma’M) terms that appear in the
appendix. ficon is used in the “Size” bound of Lemma [£.8.2] The carving parameter ficarve
arises from growing a ball around each Q; in the conditioning digraph with radius of < o{°.
By the “Temporary condition” of edges in conditioning digraphs, a part ) with an edge
from P is only 8tapp, times farther from Q; than P is, so all parts within distance ¢7° in the
conditioning digraph must be within distance (8/,Lapp)“(170 /@ty < pearve 0Ty
For more details, see Section [4.7]

The conductivity, modifiedness, boundedness, and number of clan parameters increase
during each iteration of the while loop in ExactTree. We designate maximum values (yax,
Tmaxs Kmax, and £., for each. ¢ does not depend on (, 7, and k because it only increases
by more than a (logm)-factor in RebuildEmpire, which increases it by a factor of frapp.
k increases by at most a factor of ¢ < /(.. during each iteration. 7 and ( depend on
one another. 7 additively increases by Tptapp + Cllcarvellapp during each iteration, while ¢
multiplicatively increases by a constant factor and additively increases by fiap,. Since the
while loop in ExactTree only executes for ¢7° iterations, values of

® Cuax = ((log ) ptapp) 2™
o Timax = ((108M) prapp) 27"
o fmax = ((log M) frapp) 277
o limax = ((10g M) frapp) 7)™

suffice. Therefore, the runtime of the partial sampling step (the bottleneck) is at most

2\ﬁ10gm}°°"0m1+1/01a1/(ao+1) < mito) o)

as desired.
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