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Abstract

Linear Equations (LEs) and Linear Programs (LPs) are fundamental tools in scientific
research and practical applications, with widespread use in optimization, engineering, and
data analysis. Many real-world problems exhibit specific structural properties, enabling
structured problems to be solved significantly faster than general-purpose solvers for LEs
and LPs. This thesis explores several structured LEs and LPs from both complexity and
algorithmic perspectives.

For LPs, we investigate the computational complexity of the two-commodity flow
(2CF) problem, a natural generalization of the well-studied single-commodity flow (i.e.,
maximum flow) problem. Both 2CF and maximum flow problems can be formulated
as LPs, each defining a distinct family of structured LPs. Given the success of efficient
algorithms for maximum flow and the structural similarities between the two problems, it
was widely conjectured that 2CF could also be solved more efficiently than general LPs.
Contrary to this belief, we prove that solving 2CF — either exactly or approximately to
high accuracy — is as computationally hard as solving general LPs. We prove this by
giving a nearly-linear time reduction that encodes any LP as a 2CF problem on a sparse
directed graph with only a polylogarithmic blow-up in problem size. Furthermore, careful
error analysis guarantees that any approximate 2CF solution can be mapped back into
an approximate LP solution with only a polynomial increase in error.

For LEs, we focus on systems of linear equations whose coefficient matrices are
combinatorial Laplacians, a class of generalized graph Laplacians that arise in higher-
dimensional problems on simplicial compleres. Combinatorial Laplacians play a crucial
role in homology (a central tool in topology), and have various applications in data anal-
ysis and physical modeling problems. While nearly-linear time solvers are known for
graph Laplacians, efficient solvers for combinatorial Laplacians are only known for re-
stricted classes of simplicial complexes. By constructing a nearly-linear time reduction
from general LEs to combinatorial Laplacians of 2-complexes, we show that solving linear
equations in combinatorial Laplacians is computationally as hard as solving general LEs.
Notably, our reduction preserves problem sparsity up to polylogarithmic factors.

Finally on the algorithmic side, despite our hardness results for combinatorial Lapla-
cians, we demonstrate that imposing geometric structure on simplicial complexes can lead
to substantial computational improvements. In particular, we develop sub-quadratic time
algorithms for approximately solving LEs in 1-Laplacians (i.e., 1-dimensional combina-
torial Laplacians) on well-shaped simplicial complexes up to high accuracy.






Zusammenfassung

Lineare Gleichungen (LEs) und Lineare Programme (LPs) sind grundlegende Werkzeuge
in der wissenschaftlichen Forschung und in praktischen Anwendungen. Sie finden breite
Anwendung in den Bereichen Optimierung, Ingenieurwesen und Datenanalyse. Viele reale
Probleme weisen spezifische strukturelle Eigenschaften auf, wodurch sich strukturierte
Probleme deutlich schneller 16sen lassen als mit allgemeinen Losungsverfahren fiir LEs
und LPs. Diese Arbeit untersucht verschiedene strukturierte LEs und LPs sowohl aus
komplexitatstheoretischer als auch aus algorithmischer Perspektive.

Fiir LPs analysieren wir die rechnerische Komplexitat des Zwei- Warenfluss- Problems
(2CF), einer natiirlichen Verallgemeinerung des gut erforschten Ein-Warenfluss-Problems
(d.h. Maximalflussproblem). Sowohl das 2CF- als auch das Maximum-Flow-Problem
lassen sich als LPs formulieren, wobei jedes eine eigene Familie von strukturierten LPs
definiert. Aufgrund des Erfolgs effizienter Algorithmen fiir das Maximalflussproblem und
der strukturellen Ahnlichkeit beider Probleme wurde haufig vermutet, dass auch 2CF ef-
fizienter losbar sein konnte als allgemeine LPs. Im Gegensatz zu dieser Annahme zeigen
wir, dass die exakte oder hochgenaue approximative Losung des 2CF-Problems genauso
schwierig ist wie die Losung allgemeiner LPs. Dies beweisen wir durch eine Reduktion
in nahezu linearer Zeit, die jedes LP auf ein 2CF-Problem auf einem diinnbesetzten
gerichteten Graphen abbildet, wobei die Problemgrosse lediglich um einen polylogarith-
mischen Faktor wachst. Eine sorgfiltige Fehleranalyse stellt zudem sicher, dass jede
approximative 2CF-Losung in eine approximative LP-Losung umgewandelt werden kann,
wobei sich der Fehler nur polynomial vergrossert.

Bei LEs konzentrieren wir uns auf lineare Gleichungssysteme, deren Koeffizienten-
matrizen kombinatorische Laplace-Operatoren sind, eine Klasse verallgemeinerter Graph-
Laplace-Operatoren, welche bei hoherdimensionalen Problemen auf Simplizialkomplexen
auftreten. Kombinatorische Laplace-Operatoren spielen eine zentrale Rolle in der Ho-
mologie (einem wesentlichen Werkzeug der Topologie) und besitzen vielfaltige Anwendun-
gen in der Datenanalyse sowie in der physikalischen Modellierung. Wahrend fiir Graph-
Laplace-Operatoren nahezu lineare Losungsverfahren bekannt sind, existieren fiir kom-
binatorische Laplace-Operatoren effiziente Algorithmen bislang nur fiir eingeschrankte
Klassen von Simplizialkomplexe. Mittels einer nahezu linearen Reduktion von allge-
meinen linearen Gleichungssystemen auf kombinatorische Laplace-Gleichungssysteme auf
2-Komplexen zeigen wir, dass das Losen linearer Gleichungen mit kombinatorischen
Laplace-Operatoren ebenso komplex ist wie das Losen allgemeiner linearer Gleichungssys-
teme. Bemerkenswerterweise erhélt unsere Reduktion dabei die Problem-Sparsitét bis auf
polylogarithmische Faktoren.

Abschliessend demonstrieren wir auf algorithmischer Ebene, dass trotz unserer
Harteresultate fiir kombinatorische Laplace-Operatoren eine geometrische Strukturierung
der Simplizialkomplexe erhebliche algorithmische Verbesserungen ermoglicht. Insbeson-
dere entwickeln wir subquadratische Algorithmen zur hochgenauen Approximation lin-



earer Gleichungssysteme mit 1-Laplace-Operatoren (also eindimensionalen kombina-
torischen Laplace-Operatoren) auf geometrisch wohldefinierten Simplizialkomplexe.
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Chapter 1

Introduction

Linear equations (LEs) and linear programs (LPs) are fundamental tools in both theory
and practice. They arise in a wide range of fields, including computer science, engineering,
economics, operations research, and the natural sciences. Moreover, efficient methods for
solving LEs and LPs form the backbone of many core algorithmic paradigms, such as
interior point methods, graph algorithms, and machine learning techniques. Given the
importance of linear equations and linear programs, understanding their computational
complexity is a central focus in theoretical computer science, numerical linear algebra, and
optimization. Advances in this area not only deepen our theoretical understanding but
also lead to faster and more scalable algorithms, driving progress in practical applications
across science and engineering.

Given a matrix A € R™*" a vector b € R™, a system of linear equations is defined
as solving a vector & € R"™ such that

Ax = b.

In practice, we allow small error € > 0, and the goal is to compute an approximate vector
x € R" such that
Az — b, < €][bll,.

A linear program is an optimization problem with a linear objective function and linear
constraints. Given a matrix A € R™*" a vector b € R™, and a vector ¢ € R", a
canonical form of LP is as follows:

max{c'z: Az < b,z > 0}.
zeR”™

Both LE and LP can be considered as special cases of a more general problem —
linear regression problem. Given a (tall) matrix A and a vector b, it seeks a vector x
to minimize ||Az — b|, for some £,-norm. When p = 1 or oo, the regression problem is
equivalent to solving linear programs; when p = 2, the regression problem is equivalent
to solving linear equations.

LE and LP are also related via Interior Point Methods (IPM), a family of algorithms
that solve linear programs in provably polynomial time. IPM reduces solving LP to
solving a sequence of O(y/rank(A)L) systems of linear equations, where L is the bit
complexity of the input [LS14]. Thus, any improvement in solving linear equations would
imply a direct improvement in solving linear programs. Moreover, both linear programs
and linear equations are frequently used as subroutines for other optimization problems.
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Although significant progress has been made in designing fast solvers, the runtime
of algorithms for solving linear equations and linear programs get stuck at the current
matrix multiplicative time: the fastest solver for general system of n linear equations
over O(n) variables runs in time O(n*), where w ~ 2.3728596... [AW21]; the fastest
solver for general linear programs with n constraints over O(n) variables runs in time
O(n*)! [CLS21; Jia+21]. However, these runtimes can be impractically slow for modern
large-scale datasets.

In contrast to general LE and LP, many problems in practice possess additional struc-
tures that enable practically and provably faster solvers. Notable examples include: fast
solvers for linear equations in graph Laplacians, which run in nearly-linear time [ST04;
ST08; DS07; KS16; Kyn+16]; and fast algorithms for the maximum flow problem, a spe-
cial structured LP problem, which can be solved in sub-quadratic and even almost-linear
time [Mad13; Mad16; LS20; GLP21; Che+22]. These breakthroughs lead to a compelling
open question:

To what extent can these efficient algorithms be generalized to broader classes
of structured linear equations and linear programs?

There are two complementary perspectives to approach this question: the complexity
perspective and the algorithmic perspective. From the complexity perspective, our goal is
to establish computational lower bounds for structured problems. Unlike classical com-
plexity theory, which focuses on distinguishing “P” from “NP”, our analysis falls under
fine-grained complezity, as both LE and LP are already known to be in “P”. Specifically,
we aim to show that certain structured LEs and LPs problems cannot be solved faster
than a given time complexity, unless widely accepted complexity assumptions for LE
and LP fail. Such lower bounds help identify the fundamental limits of the structured
problems and how much room there is for further progress. From the algorithmic per-
spective, the focus is on designing faster algorithms by leveraging the problem’s specific
structure. This helps narrow the gap between theoretical complexity barriers and per-
formance of practical algorithms. Together, these two perspectives provide insights into
the limitations and potentials of efficient solvers for structured problems.

In this thesis, we examine certain structured linear equations and linear programs
from both the complexity perspective and the algorithmic perspective. From the com-
plexity perspective, we investigate natural generalizations of problems with known fast
algorithms. The two-commodity flow problem (2CF) generalizes the classical maximum
flow problem.? Similarly, combinatorial Laplacians generalize graph Laplacians to higher-
dimensional graphs — simplicial complexes. While 2CF and combinatorial Laplacians
share structural similarities with their classical counterparts, no efficient algorithms have
been discovered for these problems, apart from some specific restricted cases. In this
thesis, we explain that the absence of efficient algorithms is not a coincidence. More
specifically, we establish hardness results for 2CF, showing that approximately solving
2CF is equally hard as approximately solving general LP to high accuracy. And we prove
that approximately solving linear equations in combinatorial Laplacians is as compu-
tationally hard as solving general linear equations to high accuracy. These results are
achieved by constructing efficient reduction algorithms from a general LP or LE into these
structured problems under study.

'We use 6() to hide a polylogarithmic factor of dimensions, condition number, and accuracy.
2The maximum flow problem can be viewed as a single-commodity flow problem.
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Analogous to NP-completeness, we introduce new complexity classes, called sparse-
linear-equation (or sparse-linear-program) completeness. The term “completeness” re-
flects the idea that if an algorithm with runtime O((number of non-zeros)¢) is known for
the structured LEs (or LPs), then an algorithm with runtime O((number of non-zeros)©)
exists for general LEs (or LPs). In this terminology, the above results can be equivalently
stated as 2CF and combinatorial Laplacians being sparse-LP and sparse-LE complete,
respectively. Additionally, we introduce a simplified structured problem called 1-or-3 LE
(or 1-or-3 LP), which is likewise sparse-LE (or sparse-LP) complete. We find that it plays
a role similar to 3-SAT in NP-completeness. Our findings coincide with those of Prusa
and Werner (SODA’2017) [PW17], who further encoded 1-or-3 LP into a number of LP
relaxations of NP-hard problems, showing that these LP relaxations are also sparse-LP
complete.

Moreover, we investigate combinatorial Laplacians from an algorithmic perspective
as well. While our hardness results indicate that the general structure of combinatorial
Laplacians does not inherently provide computational advantages, we show that intro-
ducing mild geometric assumptions on the underlying simplicial complexes can lead to
significant algorithmic improvements. Specifically, we develop a sub-quadratic time solver
for linear equations in I-Laplacians (i.e., 1-dimensional combinatorial Laplacians) when
the underlying simplicial complexes are well-shaped tetrahedral meshes.

1.1 Solving Linear Equations

Given linear equations Az = b where A € R™™ " one can solve it by Gaussian Elimi-
nation, which runs in time O(n?®). If applying the fast matrix multiplication by Strassen
[Str69], one can speed up solving the linear equations in runtime 5(71‘*’) by inverting A
and then multiplying A~'b, and it is by far the best known algorithm for solving general
dense linear equations in dimensions n x n [AW21].

When the coefficient matrix A is sparse, i.e., A has 6(71) non-zero entries, the direct
matrix inversion approach is not desirable as A~! cannot preserve sparsity of A. Instead,
iterative methods are more desirable to be used for solving sparse problems, where only
matrix-vector multiplication and vector-vector operations are conducted in each iteration.
For sparse linear equations with N non-zero coefficients and condition number , the best
known approximate algorithms run in time O(min{ N??™% Nx}), where the first runtime
is from [PV21; Nie22| and the second is by conjugate gradient [HS+52]. In particular,
if the coefficient matrix is symmetric positive semi-definite, the runtime for conjugate
gradient is O(N/k).

Graph Laplacians and Nearly-Linear Time Solvers. An n x n Laplacian matrix
can be viewed as an undirected graph over n vertices and m edges. Each vertex of
the graph corresponds to a single row and a single column of the matrix. Each edge
corresponds to an n-dimensional vector whose non-zeros are only at the position of its
two endpoints. Formally, a graph Laplacian is defined as

L=D— A,

where D € R™ " is a diagonal matrix with vertex degrees on the diagonal entries; and
A € R™™ is a adjacency matriz, defined such that A(u,v) = 1 if (u,v) is an edge and
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0 otherwise. Alternatively, graph Laplacians can also be defined using the vertex-edge
incidence matrix B € R™*™, where

1 ife=(u,v)
B(v,e) =1 —1 ife=(v,u). (1.1)

0 otherwise
In this case, the graph Laplacian is given by
L=BB'".

It is well-known that linear equations in graph Laplacians can be approximately solved
in nearly-linear time in the number of non-zeros of the graph Laplacians [ST14; KMP10;
KMP11; Kel+13; LS13; PS14; Coh+14b; KS16; Kyn+16; JS21].

Linear equations in graph Laplacians arise from using IPM for combinatorial problems
on graphs. As a result, these fast Laplacian solvers have led to significant developments
in algorithm design for graph problems such as maximum flow [Mad13; Mad16; Che+22],
minimum cost flow and lossy flow [LS14; DS08], and graph sparsification [SS08]. Col-
lectively, using fast Laplacian solvers to speed up graph algorithms was formulated as
the “Laplacian Paradigm” [Ten10]. Beyond graph Laplacians, nearly-linear time solvers
were extended to symmetric M-matrices [DS08], Block Diagonally Dominant matrices
and Connection Laplacians [Kyn+16], Directed Laplacians [Coh+17b].

Combinatorial Laplacians. Combinatorial Laplacians generalize graph Laplacians
to higher dimensional simplicial complexes — a collection of O-simplexes (vertices), 1-
simplexes (edges), 2-simplexes (triangles), and their higher dimensional counterparts.
Given a d-dimensional simplicial complex /C, for each 0 < ¢ < d, 0; is a linear map
that maps every i-simplex to a signed sum of its boundary (i — 1)-faces. We define the
i-Laplacian L; to be

In particular, 0; is the vertex-edge incidence matrix defined in Equation (1.1), and Ly is
the graph Laplacian (following the convention, we define gy = 0).

Combinatorial Laplacians play an important role in both pure mathematics and
applied areas. These matrices originate in the study of discrete Hodge decomposi-
tion [Eck44]: The kernel of L; is isomorphic to the ith homology space of K. The prop-
erties of combinatorial Laplacians have been studied in many subsequent works [Fri98;
DWO02; DKM09; DKM15; MN21]. A central problem in homology theory is evaluating
the Betti number?® of the ith homology space, which equals the rank of L;. In the case
of homology over the reals, computing the rank of L; can be reduced to solving a poly-
logarithmic number of linear equations in L; [BV21]. In applied areas, the computation
of Betti numbers over the reals is a key step in numerous problems in applied topology,
computational topology, and topological data analysis [Zom05; Ghr08a; Car09; EH10;
Cha+16]. In addition, combinatorial Laplacians have applications in statistical ranking
[Jia+11; Xu+12], graphics and image processing [Ma+11a; Ton+03a], electromagnetism

3Informally, the ith Betti number is the number of i-dimensional holes on a topological surface. For
example, the zeroth, first, and second Betti numbers represent the numbers of connected components,
one-dimensional “circular” holes, and two-dimensional “voids” or “cavities,” respectively.
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and fluids mechanics [DKTO08]|, data representations [CMZ18], cryo-electron microscopy
[YL17a], biology [Sch+20]. We refer to the readers to [Lim20] for an accessible survey.

Inspired by the success of graph Laplacians, [Coh+14a] initiated the study of fast
approximate solvers for 1-Laplacian linear equations. They designed a nearly-linear time
approximate solver for simplicial complexes with zero Betti numbers and known collapsing
sequences.* Later, [Bla+22] and [BN22] generalized this algorithm to subcomplexes of
such a complex with bounded first Betti numbers.” One concrete example studied in these
papers is convex simplicial complexes that piecewise linearly triangulate a convex ball in
R3, for which a collapsing sequence exists and can be computed in linear time [Chi67;
Chi80].

Lately, an algorithm about spectral sparsification for dense simplicial complexes was
proposed by [Sav+25]. They proposed a probabilistic sampling method that reduces the
number of (k + 1)-dimensional simplexes from my =~ O(m,%) (the complete-graph

~ o 4+ L
case) down to O(my), in time O(6~®m, '**), where ¢ controls the approximation error.

A direct application of this method is solving (dense) linear systems in the up-Laplacian
Ok+10,,, € Rme*mi - Specifically, by firstly sparsifying the (k+1)-simplexes via [Sav-+25]’s
approach and then using the state-of-the-art sparse linear solver from [Nie22], the result-
ing runtime is O((k*m;)%%). This combined approach beats the direct pseudo-inverse

Dyw
approach O(my, ;) = O <m,(:+’“) ) for small k.

Geometric Structures and Nested Dissection. Another widely studied class of
structured linear equations consists of those whose non-zero entries exhibit geometrically
embedded structures. Given an n X n matrix A, its non-zero structures can be viewed
as a graph over n vertices, and the (i, j)th entry or the (j,4)th entry of A is non-zero if
there is an edge between vertex ¢ and vertex j.

Asymptotically faster solvers exist if the geometric structures can be solved efficiently
by Nested Dissection [Geo73; LRT79; MT90; AY10]. Specifically, Nested Dissection is a
method to compute an ordering for Gaussian Elimination such that the number of fill-ins
is small. Fill-ins refer to the number of new non-zeros introduced in the matrix when
eliminating a variable. Using this idea, one can solve linear equations in a 2D planar in
time O(n'®) [LRT79]. Additionally, faster solvers are also known for restricted classes of
total-variation matrices [KMT11], stiffness matrices from elliptic finite element systems
[BHV08al, and 2D and 3D truss stiffness matrices [DS07; Kyn+18].

1.2 Solving Linear Programs

The development of modern LP algorithms began with the introduction of the Simplex
Method by George Dantzig in 1947. While this method has proven to be highly efficient
in practice, its worst-case performance classifies it as an exponential-time algorithm in
theory. In the 1970s, the FEllipsoid Method was introduced for solving certain non-linear
optimization problems. In 1979, Khachiyan [Kha80a] demonstrated how this method
could be adapted to solve LPs, marking a significant theoretical milestone as the first

4A collapsing sequence gives a good ordering of Gaussian Elimination so that it runs in linear time.
However, deciding whether a general simplicial complex has a collapsing sequence is NP hard [Tan16].
5The solver has cubic dependence on the first Betti number.
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polynomial-time algorithm for linear programming. However, the Ellipsoid Method is
not competitive with the Simplex Method in practice.

The Interior Point Methods (IPMs) represent another major advancement in LP al-
gorithms. Unlike the Simplex Method, which traverses along the boundary of the feasible
polytope from one extreme point to another, or the Ellipsoid Method, which encircles the
polytope, IPMs navigate through the interior of the feasible solution space. In 1984, Kar-
markar [Kar84| proposed a polynomial-time IPM algorithm, further advancing the field
of LP. In practice, IPMs often rival the Simplex Method and, in particular, outperform
it on large-scale problems, making them a critical tool in modern optimization.

The fastest known solvers for general linear programs are based on Interior Point
Methods, and in particular the central path methods [Ren88]. Recently, there has been
significant progress on solvers for general linear programs, but the running time required
to solve a linear program with n variables and O(n) constraints (assuming polynomially
bounded entries and polytope radius) remains stuck at the O(nmax{«:2+1/18}) [Jia4-21].

Maximum Flow /Single-Commodity Flow Problem. Single-commodity flow prob-
lems have been an area of tremendous success for the development of graph algorithms,
starting with an era of algorithms influenced by early results on maximum flow and min-
imum cut [FF56] and later the development of powerful combinatorial algorithms for
maximum flow with polynomially bounded edge capacities [Din70; ET75; GRIS8|. Later,
a breakthrough nearly-linear time algorithm for electrical flows by Spielman and Teng
[ST04] lead to the Laplacian paradigm. A long line of work explored direct improvements
and simplifications of this result [KMP10; KMP11; Kel+13; PS14; KS16; JS21]. The
Laplacian paradigm also motivated research into undirected maximum flow [Chr+11;
LRS13; Kel+14; Shel3], which subsequently led to faster algorithms for directed max-
imum flow and minimum cost flow problems [Mad13; Mad16; LS20; KLS20; van+21;
GLP21] building on powerful tools using mixed-/{s, £,-norm minimizing flows [Kyn+19]
and inverse-maintenance ideas [Che+20]. A recent breakthrough is the development of
an almost-linear time algorithm for maximum flow and minimum-cost flow by Chen et
al. [Che+22|, which currently represents the fastest approach. This algorithm computes
exact maximum flows and minimum-cost flows on directed graphs with |E| edges and
polynomially bounded integral demands, costs, and capacities in |E|'T°M) time.

To compare these advances with general-purpose LP solvers, consider the running
times for state-of-the-art single-commodity maximum flow algorithms on a graph with
|V| vertices and |E| edges. For sparse graphs where |E| = O(|V]), formulating the
maximum flow problem as a linear program and solving it with general LP solvers results
in a running time of O(|V|*37+). In contrast, specialized maximum flow solvers achieve a
much faster O(|V[*+°(®) runtime. On dense graphs with |E| = O(|V[?), the gap narrows
but remains significant: maximum flow solvers achieve a runtime of O(|V[?), compared
to 6(|V|2'372'") for general LP solvers. Therefore, the structure of maxflow can be used
to develop special-purpose solvers that outperform general LP solvers.

Multi-Commodity Flow Problem. Multi-commodity flow problems are a well-
studied area in algorithm design and have been the subject of numerous surveys [Ken78;
AMO93; OMV00; BKV09; Wan18], in part because a large number of problems can be
expressed as variants of multi-commodity flow. Significant advancements have been made
in solving the undirected multi-commodity flow problem, particularly in the low-accuracy
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regime. Leighton et al. [Lei+95] showed that undirected capacitated k-commodity flow in
a graph with |E| edges and |V| vertices can be approximately solved in O(k|E||V|) time,
completely routing all demands with (1 + €) times the optimal congestion, albeit with
a poor dependence on the error parameter €. This beats the solve-times for linear pro-
gramming in sparse graphs for small k, even with today’s LP solvers that run in current
matrix multiplication time, albeit with much worse error. This result inspired a series of
follow-up works focusing on improving low-accuracy algorithms [GKO07; Fle00; Mad10).
Later breakthroughs in achieving almost- and nearly-linear time algorithms for undirected
single-commodity maximum flow also led to faster algorithms for undirected k-commodity
flow [Kel+14; Shel3; Penl6], culminating in Sherman’s introduction of area-convexity to
build a O(k|E|e') time algorithm for approximate undirected k-commodity flow [Shel7].

In contrast, directed 2-commodity flow problems were seemingly harder, despite the
discovery of non-trivial algorithms for some special cases [Eva76; Eva78|. Alon Itai [[ta78|
proved a polynomial-time reduction from linear programming to directed 2-commodity
flow, before a polynomial-time algorithm for linear programming was known. For decades,
the only major progress on solving directed multi-commodity flow to high accuracy came
from improvements to general linear program solvers [Kha80b; Kar84; Ren88; Vai89].

Recently, a surprising advancement was made by van den Brand and Zhang [DZ23a],
who developed a high-accuracy algorithm for the k-commodity flow problem with a run-
time of O(k*°\/|E[|V[*~'/2). For comparison, solving the problem using the state-of-the-
art general LP solver [CLS21; Jia+21] takes runtime is O((k|E|)*). While this algorithm
is slightly less efficient than general LP solvers in sparse graphs (i.c., |E| = O(|V])), it
outperforms them on dense graphs (i.e., |E| = ©(|V]?)). This marks the first improve-
ment to high accuracy multi-commodity flow algorithms that does not just stem from
improvements to general linear program solvers.

1.3 Fine-Grained Complexity Analysis

In classical complexity theory, we typically classify decision problems into complexity
classes such as “P” or “NP”, but do not often measure how difficult a polynomial-time
problem might be. Fine-grained complexity theory addresses this gap by quantifying the
precise difficulty of problems in P, going beyond the standard “P vs NP” framework.
It explains conditional time-complexity barriers for polynomial-time solvable problems,
relying on “core” conjectures (like the Strong Exponential-Time Hypothesis [IPO1], the
Orthogonal Vectors Conjecture [Wil05], and assumptions about matrix multiplication).
By designing so-called fine-grained reductions from problem A to problem B, one can
show that a seemingly faster algorithm for problem B would imply a surprising speedup
for problem A. If problem A is believed to require a certain runtime, then problem B
also inherits this hardness barrier. Over the last decade, fine-grained complexity has
blossomed, yielding breakthroughs in explaining why certain polynomial-time problems
remain “as slow as” the best-known methods. It has also led to the discovery of many
meaningful relationships between problems, and equivalent classes. For a thorough treat-
ment of the foundational ideas and recent developments in fine-grained complexity and
algorithms, we refer interested readers to [Will8].

Fine-Grained Reductions. The basic setup of fine-grained lower bounds is similar to
classic NP-harness reductions: A fine-grained reduction from problem A to problem B



8 1. Introduction

is an algorithm that given an instance I of size n for problem A, computes in time ¢(n)
an equivalent instance J of size s(n) for problem B. Thus, if there exists an algorithm
that solves problem B in time 7'(n), then by this reduction there is an algorithm solving
problem A in time t(n) + T'(s(n)). In particular, if ¢(n) + T'(s(n)) is faster than the
hypothesized optimal time complexity of problem A, then problem B cannot be solved
in time 7'(n) assuming the hypothesis for A. This provides a conditional lower bound of
problem B. For instance, under the rank-finding conjecture (i.e., no sub-n* method can
compute the rank of and ©(n) x ©(n) matrix), [BV21] gave conditional lower bounds
for general (dense) system of linear equations that even to get constant-factor or (1 —
O(1/n))-factor approximation, we likely need O(n®) time.

Sometimes the chain of reductions goes in both directions, showing that problems
A and B are, in effect, “fine-grained equivalent”. In this case, if either problem’s time
complexity were improved, it would yield an improvement for the other. For example,
[WW18] introduced “subcubic reducibility”, which requires ¢(n) = O(n®) for some con-
stant ¢ < 3. This work showed that many important problems on graphs and matrices
solvable in O(n?) time are equivalent under subcubic reductions (e.g., Negative-Triangle
Detection, Matrix-Product Verification). A single-direction reduction can also suffice if
problem B is a special case of A. Itai [[ta78] devised a polynomial-time reduction from a
linear program to a 2-commodity flow problem. Since 2-commodity flow is a special case
of linear programming, Itai concluded that solving 2-commodity flow and solving linear
programs are polynomial-time equivalent. In a similar vein, Kyng and Zhang [KZ17]
studied several structured linear systems, including two-commodity Laplacians, 2D truss
stiffness matrices, and total variation matrices. By constructing reduction algorithms
from general linear equations to these structured linear equations, it is concluded that if
we can quickly solve either of these structured linear equations, then we can quickly solve
linear equations in any matrix.

Error Analysis in Reductions. Many fine-grained reductions focus on exact versions
of problems. For instance, Itai [[ta78] established that exactly solving linear program-
ming is polynomial-time equivalent to exactly solving a sequence of related problems
(e.g., linear equalities under nonnegative constraints, homologous flow, two-commodity
flow). Dobkin and Reiss [DR80] later identified additional LP-complete problems in
computational geometry, such as hyperplane intersection and extreme-point detection.
Trevisan and Xhafa [TX98] proved that exactly solving packing LPs is P-complete. And
[PW17] showed that solving LP relaxations of many NP-hard combinatorial optimization
problems exactly is as hard as solving general LPs exactly.

In practice, however, approximate algorithms are more widely used. In fine-grained
complexity analysis, they typically use the same reduction frameworks as in the exact
setting, but must also account for error analysis: tracking the error propagation when
mapping solutions to the reduced problem (problem B) back to that of the original
problem (problem A). For instance, Kyng and Zhang [KZ17] not only provided reduction
algorithms from general linear equations to certain structured systems, but also conducted
error analysis to show that errors remain polynomially bounded when mapping solutions
back to the original system. Moreover, they explicitly bounded the condition number of
the new matrix with respect to that of the original one.

Approximate algorithms usually have runtimes dependent on error parameters. FEr-
ror analysis in fine-grained complexity analysis can sometimes help to set a separation
between low-accuracy and high-accuracy algorithms. A low-accuracy algorithm’s run-
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time is polynomial in 1/¢, whereas high-accuracy algorithms depend polylogarithmically
on 1/e. Musco et al. [Mus+19] developed a low-accuracy algorithm for approximating
several spectral sum problems, breaking the O(n*) barrier. On the hardness side, they
showed that achieving milder error dependencies would imply breakthroughs on the tri-
angle detection algorithms for general graphs running in faster than the state-of-the-art
matrix multiplication time, indicating that fast high-accuracy spectrum approximation
algorithms are unlikely without major algorithmic breakthroughs. With a similar spirit,
Kyng, Wang, and Zhang [KWZ20] studied whether the error dependence in packing LP
solvers can be improved, beyond the known O(N/e) bound (where N is the number of
non-zero entries). By creating a fine-grained reduction from solving dense or sparse sys-
tems of linear equations to such packing LPs, the paper shows that faster e-dependence
in packing LP solvers would contradict known hardness assumptions for systems of linear
equations.

1.4 Our Results

Hardness Results for Two-Commodity Flow. We explore the hardness of 2-
commodity mazimum throughput flow, which for brevity we refer to as the 2-commodity
flow problem or 2CF. Given a directed graph with edge capacities and two source-sink
pairs, this problem requires us to maximize the sum of the flows routed between the
two source-sink pairs, while satisfying capacity constraints and flow conservation at the
remaining nodes. We relate the difficulty of 2CF to that of LP by developing a highly
efficient reduction from the former to the latter. The result presented below is joint work
with Kyng and Zhang [DKZ22].

Theorem 1.4.1 (Hardness for 2CF (Informal)). Consider any polynomially bounded
linear program max{c'x : Az < b,z > 0} with integer coefficients and N non-zero
entries. In nearly-linear time, this linear program can be transformed into a 2-commodity
flow problem that is feasible if and only if the original linear program is feasible. The
resulting 2-commodity flow instance has O(N) edges and polynomially bounded integral
edge capacities. Furthermore, any solution to the 2-commodity flow instance with at most
€ additwe error on each constraint and value at most € from the optimum can be converted
into a solution to the original linear program with additive error O(poly(N)e) on each
constraint and similarly value within 5(poly(N )e) of the optimum.

This implies that, for any constant ¢ > 1, if any 2-commodity flow instance with
polynomially bounded integer capacities can be solved with € additive error in time
O (|E|¢ - poly log(1/€)), then any polynomially bounded linear program can be solved with
¢ additive error in time O (N¢ - poly log(1/¢)).

We say a problem is sparse-linear-program complete if any polynomially bounded
linear program with N non-zero entries can be reduced, in O(N) time, to an instance
of the problem such that: (1) The size of the resulting instance increases by at most a
polylogarithmic factor in N; (2) Any solution to the reduced problem with additive error
e can be efficiently mapped into a solution of the original linear program with additive
error poly(N)e. With this terminology, the hardness result for 2CF can be concisely
stated as: 2CF is sparse-linear-program complete.

The formal definitions of LP and 2CF are provided later in Chapter 3 (in Definitions
3.3.1 and 3.3.7). It is important to note that, under our definitions, any 2CF problem
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is already an LP, and so no reduction in the other direction is necessary. Additionally,
our definitions of approximate solutions for LPs (Definition 3.3.4) and 2CF problems
(Definition 3.3.16) ensure compatibility: solving a 2CF problem as an LP and obtaining
an approximate solution guarantees that the 2CF problem is also approximately solved
according to our definition of approximate solutions for 2CF.

Our proof follows the outline of Itai’s polynomial-time reduction of a linear program
to a 2-commodity flow problem [Ita78], which showed that ezactly solving 2-commodity
flow and ezactly solving linear programming are polynomial-time equivalent. We improve
Itai’s reduction to nearly preserve the problem representation size in each step. In addi-
tion, we establish an error bound for approximately solving each intermediate problem
in the reduction, and show that the accumulated error is polynomially bounded. We
remark that our hardness results only rule out possibilities of fast multi-commodity flow
algorithms for sparse directed graphs in the high accuracy regime. Outside of this setting,
efficient multi-commodity flow solvers may still exist [Shel7; Mad10; DZ23a]. We also
remark that our reduction does not run in strongly polynomial time, and it remains an
open question whether 2-commodity flow and linear programming are equivalent in the
strongly polynomial time regime.

Hardness Results for Combinatorial Laplacians. We study linear equations in
combinatorial Laplacians of k-dimensional simplicial complexes (k-complexes), a natural
generalization of graph Laplacians. It is known that nearly-linear time solvers exist for
graph Laplacians. However, nearly-linear time solvers for combinatorial Laplacians are
only known for restricted classes of complexes. Our findings demonstrate that solving
linear equations in combinatorial Laplacians of 2-complexes is as computationally hard
as solving general linear equations. The following results are from the paper [Din+22]
coauthored with Kyng, Probst Gutenberg, and Zhang.

Recall that approximately solving linear equation Az = b is to find & such that
|AZ — bl|, < €||b]|, for some e. To formalize our result, we introduce the notion of sparse-
linear-equation complete. Consider a family of matrices B. We say that B is sparse-linear-
equation complete if, for any instance (A, b, €) we can construct an instance (B € B, ¢, )
in O(nnz(A)) time such that: (1) nnz(B) = O(nnz(A)); (2) § = ¢/ poly(nnz(A)), and
any approximate solution y satisfying ||By — c||, < d|/¢||, can be mapped back to an
approximate solution & to Ax = b with error at most e.

In this terminology, we succinctly state the main theorems derived in this study.

Theorem 1.4.2 (Hardness for Combinatorial Laplacians (Informal)). Linear equations
in combinatorial Laplacians of 2-complexes are sparse-linear-equation complete.

The result is established through a three-step reduction process:

1. Reduction to Difference-Average Equations: In the first step, we show that
a simple class of linear equations, which we term difference-average equations, is
sparse-linear-equation complete. These equations take one of two forms:

x(i) —x(j)=b or z(i)+ x(j) =2x(k).

This reduction was implicitly demonstrated in [KZ17] as an intermediate step, and
leads to the following result:
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Theorem 1.4.3 (Hardness for Difference-Average Matrices (Informal)). Linear
equations in the difference-average matrices are sparse-linear-equation complete.

For completeness, we provide an explicit and simplified proof in Section 5.1.

2. Reduction to Boundary Operators of 2-Complexes: Next, we reduce the
problem of solving difference-average equations to solving linear equations in the
boundary operator d, of a 2-complex. This leads to the following result:

Theorem 1.4.4 (Hardness for Boundary Operators (Informal)). Linear equations
in the boundary operators Oy of 2-complexes are sparse-linear-equation complete.

Solving Oof = d can be interpreted as computing a flow f in the triangle space
of a 2-complex subject to pre-specified edge demands d. Our reduction is inspired
by a reduction in [MN21] that proves NP-hardness of computing maximum integral
flows in 2-complexes via a reduction from graph 3-coloring problem. An important
aspect of our contribution is that we carefully control the number of non-zeros
of the boundary operator matrix that we construct, and we bound the condition
number of this matrix and how error propagates from an approximate solution to
the boundary operator problem back to the original difference-average equations.
Details are provided in Section 4.5 and 4.6.

3. Reduction to Combinatorial Laplacians of 2-Complexes: In the final step,
we reduce the problem of solving in a boundary operator 0, to solving in the corre-
sponding combinatorial Laplacian L;. Consequently, the combinatorial Laplacian
problem is at least as hard as the boundary operator problem. This is captured in
the following lemma:

Lemma 1.4.5 (Reduction from Boundary Operators to Combinatorial Laplacians
(Informal)). Suppose we can solve linear equations in combinatorial Laplacians of
2-complexes to high accuracy in nearly-linear time. Then, we can solve linear equa-
tions in boundary operators Oy of 2-complezes to high accuracy in nearly-linear time.

The proof of this lemma relies on standard arguments in linear algebra. A formal
statement of the theorem, along with a detailed proof, is provided in Appendix B.1.

Again, we remark that our hardness results rule out the possibility of fast combi-
natorial Laplacian solvers for sparse simplicial complexes in the high-accuracy regime.
However, efficient solvers may still exist outside this setting [Sav+25].

More Hardness Results. Motivated by the hardness results for two-commodity flow
and combinatorial Laplacians, we aim to broaden the classes of sparse-linear-program
complete and sparse-linear-equation complete problems, in a way analogous to the well-
established theory of NP-completeness. However, we later found that our ideas align
with those of Prusa and Werner [PW17], who proved that LP relaxations of some NP-
hard combinatorial optimization problems are sparse-LP complete. While the results
presented here remain unpublished, we include them for completeness—particularly since
our derivation techniques differ from those used in [PW17].
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Our approach begins with difference-average equations, which we reduce to a simpler
form that we call 1-or-3 equations. In this form, each row has either one or three non-zero
entries, taking one of two shapes:

x(i) +z(j) ==x(q) or x(i) =1

We extend this reduction from linear equalities (LE) to linear programs (LP), obtain-
ing (simplified) 1-or-3 linear programs of the form

{Ax =1, x>0},
where each equality constraint is either
z(i)+z(j)+x(q)=1 or x(i)=1.

From this simplified LP form, one can construct relaxations of various NP-hard combi-
natorial optimization problems—such as Set Cover, Set Packing, Maximum Satisfiability,
and Maximum Independent Set. For additional details on these constructions, we refer
readers to [PW17]. These constructions highlight how fundamental the 1-or-3 form is to
understanding the complexity of other structured linear equations and linear programs.

Efficient Algorithm for 1-Laplacian Solvers. Previously, nearly-linear time ap-
proximate solvers for 1-Laplacian were developed for simplicial complexes with known
collapsing sequences and bounded Betti numbers, such as those triangulating a three-ball
in R? [Coh+14a; Bla+22; BN22|. Additionally, Nested Dissection provides quadratic-
time exact solvers for more general systems where the non-zero structures correspond to
well-shaped simplicial complexes embedded in R®. We generalize the specialized solvers
for 1-Laplacians to simplicial complexes with additional geometric structures but without
collapsing sequences and bounded Betti numbers. Furthermore, we improve the runtime
of Nested Dissection for these broader settings. The results below are from the paper
[DZ23b], coauthored with Zhang.

We focus on simplicial complexes possessing the following two geometric structures:
1. Each simplex has a bounded aspect ratio,® referred to as being “stable”.

2. The complex can be partitioned into disjoint, balanced regions with well-shaped
interiors and boundaries, a property we call “r-hollowing”.

Our first result applies to pure 3-complex’ with a given r-hollowing.

Theorem 1.4.6 (1-Laplacian Solver for a Pure 3-Complex (Informal)). Let K be a pure
3-complex embedded in R and composed of n stable simplexes. Given an r-hollowing for
IC, for any € > 0, we can approximately solve a system in the 1-Laplacian of IC within
error € in time:

O (nr+ n*3r5/18 log(n/e) + n27“_2/3) :

6The aspect ratio of a geometric shape S is the radius of the smallest ball containing S divided by
the radius of the largest ball contained in S.

TA simplicial complex is pure if every maximal simplex (i.e., a simplex that is not a proper subset
of any other simplex in the complex) has the same dimension. For example, a pure 3-complex is a
tetrahedron mesh that consists of tetrahedra and their subsimplexes.
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In particular, the runtime is minimized (up to constant factors) when r = O(n®"), re-
sulting in:
O(n®®log(n/e)).

In Section 9 of [DZ23b], sufficient conditions are established for 3-complexes that
enable the computation of an r-hollowing in nearly-linear time. We omit this part from
the thesis.

We remark that the runtime in Theorem 1.4.6 does not depend on the Betti numbers
of I and does not require collapsing sequences. When r = o(n) and r = w(1), the runtime
is o(n?), asymptotically faster than Nested Dissection [MT90]. The solver in [BN22] for
a 1-Laplacian system on K, as stated in Theorem 1.4.6, has a runtime of 6(ﬁ3m), where
m is the number of simplexes in X D K with a known collapsing sequence and [ is the
first Betti number of K. In the worst-case scenario, m can be as large as (n?). However,
[BN22] does not require the simplexes to be stable or K to have a known r-hollowing.

Next, we examine unions of pure 3-complexes glued together by identifying subsets
of simplexes on the boundary components (called exterior simplezes). Each 3-complex
chunk has a @(nf/ ®)-hollowing, where n; is the number of simplexes in the ith chunk.
We remark that such a union of 3-complexes, called U, may not be embeddable in R3.
As a result, previously established methods, including those from [Coh+14a; Bla+4-22;
BN22] and Nested Dissection, cannot be directly applied in this scenario. Building on
our algorithm from Theorem 1.4.6, we develop an efficient solver for U with a runtime
that scales sub-quadratically with the size of ¢4 and polynomially with the number of
chunks and the number of shared exterior simplexes by more than one chunk.

Theorem 1.4.7 (1-Laplacian Solver for a Union of Pure 3-Complexes (Informal)). Let
U be a union of pure 3-complezes that are glued together by identifying certain subsets of
their exterior simplexes. Assume that each 3-complex chunk is embedded in R®, contains
n; stable simplexes, and has a known @(n?/5)—h0ll0wz'ng. For any e > 0, we can solve a
system in the 1-Laplacian of U within error € in time

O (n®? 4+ n*10k% 1 k%),

where n is the number of simplexes in U and k is the number of exterior simplexes shared
by more than one complex chunk.

When k = O(1) and k = O(n'/2), the runtime of the solver in Theorem 1.4.7 matches
that of Theorem 1.4.6. Moreover, when h = o(n*°),k = o(n®/®), the runtime is o(n?),
asymptotically faster than Nested Dissection.

1.5 Organization of Thesis

In Chapter 2, we introduce the notations and foundational concepts from linear alge-
bra and topology that will be used throughout the thesis. In Chapter 3, we establish
the hardness of solving two-commodity flow problems, proving Theorem 1.4.1. Chap-
ter 4 focuses on the hardness of solving linear equations in combinatorial Laplacians of
simplicial complexes and proves Theorem 1.4.2. Chapter 5 presents additional hardness
results, including reduction algorithms for difference-average equations, 1-or-3 equations,
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and 1-or-3 linear programs. In Chapter 6, we present an efficient algorithm for solving
1-Laplacian systems, proving Theorems 1.4.6 and 1.4.7. In Appendix A, B, and C, we
include missing proofs of Chapter 2, 4, and 6, respectively.



Chapter 2

Preliminaries

2.1 Vectors and Matrices

Indexing. Given a vector & € R", for 1 <1i < n, we let (i) be the ith entry of x; for
1<i<j<mnletz(i:j) be @) w(i+1) ... a:(j)]T. We use 1,,0,, to denote an
n-dimensional all-one vector and all-zero vector, respectively.

Given a matrix A € R™" for 1 < i <m,1 < j <mn, we let A(i,j) be the (i, j)th
entry of A; for S; C {1,...,m},Ss C{1,...,n}, let A(Sy,Ss) be the submatrix with row
indices in S; and column indices in Sy. Furthermore, we let A(Sy,:) = A(S1,{1,...,n})
and A(:,5) = A({1,...,m},S;). In particular, we use A(i) to denote the ith row of A.
In addition, we use nnz(A) to denote the number of non-zero entries of A. Without loss
of generality, we assume that nnz(A) > max{m,n}.

Subspaces. The image of A is the linear span of the columns of A, denoted by Im(A),
and the kernel of A to be {x € R" : Az = 0}, denoted by Ker(A). A fundamental
theorem of Linear Algebra states

R™ =Im(A) ® Ker(AT").
Fact 2.1.1. For any matriv A € R™", Im(A) = Im(AA").

All the facts in this section are well-known. For completeness, we include their proofs
in Appendix A.

Pseudo-Inverse and Projection Matrix. The pseudo-inverse of A is defined to be a
matrix AT that satisfies all the following four criteria: (1) AATA = A, (2) ATAAT = AT,
(3) (AA")T = AA' (4) (ATA)T = ATA. The orthogonal projection matrix onto Im(A)

1S

M4 = A(ATA)AT. (2.1)

Eigenvalues and Condition Numbers. Given a square matrix A € R™" let
Amax(A) be the maximum eigenvalue of A and Ayi,(A) the minimum non-zero eigen-
value of A. The condition number of A is defined as the ratio of these two values:
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A symmetric matrix A € R™" is called positive semi-definite (PSD) if and only if
' Az > 0 for all & € R". Equivalently, A is PSD if and only if all its eigenvalues of A
are non-negative.

For a non-square matrix A € R™*" the singular values of A are defined as the square
roots of the eigenvalues of A" A, which is always symmetric and PSD. Let 0ax(A) denote
the maximum singular value of A and oyin(A) the minimum non-zero singular value of
A. If A is a symmetric PSD matrix, then its eigenvalues and singular values coincide.

For two symmetric matrices A, B € R"*", we say A > B if A — B is PSD. The
condition number of A relative to B is defined as:

k(A, B) “ min {% B - (4 Bll4) S A s B} ;

where I, 4) is the projection matrix as defined in Equation (2.1).

Fact 2.1.2. Let A, B € R™" be symmetric matrices such that A < B. Then, for any
V e R,
VAV x VBV

Norms. Given a vector € R", let!

lel, =) le@], ||, =maxle@], |el,=
i€n

i€[n]

where ||z||, is called the Euclidean norm. When M € R™™ is a PSD, we also define
@]l = VaT Ma.

Next, for a matrix A € R™*", we define its operator norm induced by a vector p-norm

Ax
||A||p dof max—H Hp.
w20 |||,

as

In particular, for p = 1, 00, 2, we have
||A||1 - ‘Iyré%f]( Z |A(Za])| ’ ||A||oo = frel[ani(]: Z |A(Za])|a ||A||2 = \/ )‘max(ATA) = Umax(A)'
i€[m] J€[n]

Moreover, we use || Al to denote the maximum absolute entry of A, i.e.,

Al = max | AG )]
We define a function X that takes an arbitrary number of matrices Aq,..., Ag,,
vectors by, ..., by,, and scalars K1, ..., K, as arguments, and returns the maximum of

the entries of all the arguments, i.e.,

X(Ay, ..., Ay, by, ... by, Ky, ... Kyy)
= max {[| Ao Ak e s 101l 10k g s [ s [ B[

'We sometimes use ||z|| for [|z|| ., interchangeably.

max ) °

max
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2.2 Simplicial Homology

Simplicial Complexes. A k-dimensional simplex (or k-simplex) o = conv{vy, ..., v}
is the convex hull of k£ + 1 affinely independent points vg,...,vi. For example, 0, 1,
2-simplexes are vertices, edges, and triangles, respectively. A face of o is the convex hull
of a non-empty subset of {vg,v1,...,vx}. An orientation of o is given by an ordering
IT of its vertices, written as o = [vn(o), ..., V)], such that two orderings define the
same orientation if and only if they differ by an even permutation. If II is even, then
[Ur(0ys - - - > Vniky] = [Vo, - - -, vg); if I is odd, then [vro), . .., Vi) = —[vo, - - -, Vk)-

A simplicial complex K is a finite collection of simplexes such that: (1) for every
o€ Kif 7 C o then 7 € K; and (2) for every g1,09 € K, 01 N 0y is either empty or a
face of both gy,09. The dimensions of K is the maximum dimension of any simplex in
K. We refer to a simplicial complex in d dimensions as a d-complex. For 1 < k < d,
the k-skeleton of a d-complex K is the subcomplex consisting of all the simplexes of K of
dimensions at most k. In particular, the 1-skeleton of K is a graph. A simplicial complex
is pure if every maximal simplex (i.e., one not properly contained in any larger simplex
in K) has the same dimension. For example, a tetrahedron (together with all its faces)
forms a 3-dimensional pure simplicial complex: the only maximal simplex in it is the
tetrahedron itself, which is of dimension 3.

Embedding and Triangulation. A piecewise linear embedding of a 3-complex in R3
maps a 0-simplex to a point, a 1-simplex to a line segment, a 2-simplex to a triangle, and
a 3-simplex to a tetrahedron. In addition, the interiors of the images of simplexes are
disjoint and the boundary of each simplex is mapped to the appropriate simplexes. Such
an embedding of a simplicial complex K defines an underlying topological space K — the
union of the images of all the simplexes of K. We say K is convex if K is convex. We
say KC triangulates a topological space X if K is homeomorphic to X. A simplex o of K
is a exterior simplex if o is contained in the boundary of K. A connected component of
exterior simplexes is called a boundary component of K.

More concretely, if K is a 2-dimensional manifold, it can be triangulated by 2-
complexes, where every edge in the 2-complex is contained in exactly one triangle (bound-
ary edge) or two triangles (interior edge). An oriented triangulation of a 2-dimensional
manifold is a triangulation together with an orientation for each triangle such that any
two neighboring triangles induce opposite signs on their shared interior edge. Refer to
Figure 2.1 for an example of (oriented) triangulation: the topological space is a disk;
boundary edges are [vq, vg], [v2, vs], [v1, v3]; interior edges are [vy,vy], [ve, v4], [V3,v4]; the
orientation for each triangle is clockwise.

Boundary Operators. Given an oriented d-dimensional simplicial complex K, for each
0 <1 < d, let Ci denote k-chain, which is a formal sum of the oriented k-simplexes in K
with the coefficients over R. We can define a sequence of boundary operators:

Ca(K) 2 Caly(K) 225 -0 2 ¢,(K) 25 Co(K),

where each linear map 0 : Cr(K) — Cx—1(K) is a boundary operator that maps every
k-simplex to a signed sum of its boundary (k — 1)-faces. Specifically, for an oriented
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k-simplex o = [vg, vy, ..., vk,
k
Ou(0) = (=1)'[vo,- -, Bis - -, v,
i=0
where [vg, ..., 0, ..., v is the oriented (k — 1)-simplex obtained by removing v; from

o, and (—1)" is its induced orientation. The operator J; can be written as a matrix
in [Cr_1| x |Ck| dimensions, where |Cx_1|,|Ck| is the number of (k — 1)-simplexes and
k-simplexes in IC, respectively. The (i, 7)th entry of Jy is £1 if the ith (k — 1)-simplex
is a face of the jth k-simplex where the sign is determined by the orientations, and 0
otherwise. See Figure 2.1 and Equation (2.2) for an example.

U3

o)
)

V1 V2

Figure 2.1: An example of boundary operator and oriented triangulation. We set a
clockwise orientation for 2-simplexes, and set the orientation for 1-simplexes as the order
of increasing vertex indices.

[V1,v4,v2] [v2,v4,03] [v1,V3,04]
[1)1, 1)2] i —1 0 0 1
[’02, 1)3] 0 —1 0
V1,03 0 0 1
02 = {vl,vj 1 0 ~1 (2.2)
[’Ug, ’1)4] —1 1 0
[vg,va] | O -1 1]

An important property of the boundary operator is that applying the boundary op-
erator twice results in the zero operator, i.e.,

OxOhs1 = 0. (2.3)

This implies
Im(akH) Q Ker(ak)
Thus, we can define the quotient space Hy, = Ker(d) \ Im(Oy1), referred to as the kth

homology space of K. The dimension of Hj, is the kth Betti number of IC, denoted as (.
In particular, if g, = 0, then

Im(8; ) @ Im(Oppy) = RIC

Betti numbers play an important role in understanding the homology spaces. Intuitively,
the kth Betti number refers to the number of k-dimensional “holes” on a topological
surface. For example, 3, represents the number of connected components; 5, represents
the number of “circular” holes; (5 represents the number of “voids” or “cavities”.
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Combinatorial Laplacians. Combinatorial Laplacians arise from the discrete Hodge
decomposition.

Theorem 2.2.1 (Hodge Decomposition [Lim20]). Let A € R™*" and B € R™P be
matrices satisfying AB = 0. Then, there is an orthogonal direct sum decomposition

R" = Im(A") @ Ker(A" A+ BB") @ Im(B).
By Equation (2.3), it is valid to set A = 0y and B = 0x.1. The matrix we get in the
middle term is the combinatorial Laplacian:

def

L, = a];rak + 3k+1azj+1-

In particular, Ly = 0,0] is the graph Laplacian. The kth homology space Hy(K) is
isomorphic to Ker(Ly), and thus the kth Betti number of K equals the dimension of
Ker(Lg).

2.3 Approximately Solving Linear Equations

We define approximately solving linear equations in a general form, following [KZ17]. For
more details, we refer the readers to Section 2.1 of [KZ17].

Definition 2.3.1 (Linear Equation Problem (LE)). Given a matrix A € R™*", a vector
b € R™, we refer to the linear equation problem for the tuple (A, b), denoted by LE (A4, b),
as the problem of finding an & € R" such that

x € argmin || Az — b||,.
zcR"™

The exact solution to LE has a closed-form solution, as shown in the following fact.
Fact 2.3.2. Let ¢* € argming pn ||Az — b||,. Then,
Az = A(ATA)'ATb =TI,4)b

and

|Az™ — b2 = |(T = TL04))b]

where I, 4y is the projection matrixz as defined in Equation (2.1).

2
2

By the above fact, solving LE (A, b) is equivalent to finding an & such that Ax =
Il1,4)b. This equation is known as the normal equation, and it is always feasible. If
b € Im(A), then Iy, 4)b = b.

In practice, we are more interested in approrimately solving linear equations, since
numerical errors are unavoidable in data collection and computation, and approximate
solvers often run faster.

Definition 2.3.3 (Linear Equation Approximation Problem (LEA)). Given a matrix
A € R¥" vectors b € R?, and an error parameter € € (0, 1], we refer to linear equation
approximate problem for the tuple (A, b, ¢), denoted by LEA (A, b, ¢€), as the problem of
finding an « € R” such that

|42 — ()b, < €| Thimca) b, -
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The following fact demonstrates that the approximate error in Definition 2.3.3 is
equivalent to several error notions that are commonly used in solving linear equations.

Fact 2.3.4.
|Az — )b, = ||AT Az — ATbH(ATA)T =z —x*|| ;74 -

After introducing the approximate solution problem in Definition 2.3.3, it is important
to understand how the approximate solution relates to the exact solution. The following
fact establishes a relationship between the error of the approximate solution and the exact
solution error.

Fact 2.3.5. Let « be a solution to LEA (A, b,€) and x* be the exact solution. Then,

|4z~ bJ < | Aw” — b3+ € | Myad 2.

Linear Equations in PSD Matrices. Consider the eigen-decomposition of a PSD

rank-k matrix A = > .., hiu;u,;, where \; > 0 are eigenvalues and u; are the corre-

sponding orthogonal eigenvectors. Let AT = > <i<k M "u;u; be the pseudo-inverse of
A, and we have

AAT=ATA= )" wu] =TIy,

1<i<k
Furthermore, let AY? = \<i<h Ag/Quiu: be the square root A, and we have
AYV2AY? — A, Similarly, let A2 = 1<i<h /\1-_1/2'u2-'u,iT be square root of A'. By

Fact 2.1.1, we have Im(A'?) = Im(A), thus
AVZATAY? = AV2AV? = ATPAY? = Ty a). (2.4)

It is easy to see that A2 At A1/? are also PSD.

The following fact provides two useful results about the perturbation of PSD matrices,
which will help analyze approximation errors and stability properties in such systems of
linear equations.

Fact 2.3.6. Let A, Z € R™" be two symmetric PSD matrices.

1. If(1—e)A" < Z < (14 €)AT, then for any b € Im(A),
IAZb — bll, < ev/r(A)[|bll, .

2. If |AZb — b||, < €l|b]|, for any b € Im(A), then

(1 — 6)14]L < HIm(A)ZHIm(A) < (1 + G)AT.
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Schur Complement. Let A € R™*" and let FUC be a partition of {1,...,n}. We
write A as a block matrix:

A(F,F) A(F,C)

A=\ac.r) aCc,c)|

(2.5)

We define the (generalized) Schur complement of A onto C' to be
Sc(A)e = A(C,C) — A(C,F)A(F, F)TA(F,C).

The Schur complement appears in performing a block Gaussian Elimination on matrix
A to eliminate the indices in F.

Fact 2.3.7. For any fixed vector y,

mwin [ch yT} A [5] =y Sc(A)cy.

Using Fact 2.3.7, we can obtain the following fact that Schur complement preserves
PSD.

Fact 2.3.8. Let A be a PSD matriz defined in Equation (2.5). Then, Sc(A)c is also
PSD.

The following fact provides a useful matrix identity that factorizes the matrix A in
terms of its submatrices and Schur complement.

Fact 2.3.9. Let A be a PSD matriz defined in Equation (2.5). Then,

I A(F,F)YA(F,C)

I } {A(F, F) SC(A)C] [ i '

A= [A(C, F)A(F, F) T

In the special case where A = BB, the Schur complement Sc(A)¢ can be expressed
directly in terms of B.

Fact 2.3.10. Let A be a PSD matriz defined in Equation (2.5). Let A= BB", and we

decompose B = [B } accordingly. Then,

F
B¢
Se(A)e = Bcl ke B

where ey 18 the projection onto the kernel of Br: Ik p,) = I—B; (BFB})T Brp.
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Chapter 3

Hardness Results for
Two-Commodity Flow

This chapter is based on [DKZ22] and focuses on proving Theorem 1.4.1. Here in Sec-
tion 3.5 and 3.6, we improve the proof structure from the published version [DKZ22],
making it modular and streamlined. Furthermore, we introduce a unified linear program-
ming (LP) transformation framework in Section 3.7. This framework provides a unified
characterization and a systematic analysis of various reduction steps.

3.1 Prior Works

Previous work by Kyng and Zhang [KZ17] had shown that fast algorithms for multi-
commodity flow were unlikely to arise from combining interior point methods with special-
purpose linear equation solvers. Concretely, they showed that the linear equations that
arise in interior point methods for multi-commodity flow are as hard to solve as arbitrary
linear equations. This ruled out algorithms following the pattern of the known fast
algorithms for high-accuracy single-commodity flow problems. However, it left open the
broader question if some other families of algorithms could succeed. We now show that,
in general, a separation between multi-commodity flow and linear programming is not
possible.

Our paper follows the outline of Itai’s polynomial-time reduction of a linear program to
a 2-commodity flow problem. In addition, it is also inspired by recent works on hardness
for structured linear equations [KZ17] and packing/covering LPs [KWZ20], which focused
on obtaining nearly-linear time reductions in related settings. These works in turn were
motivated by the last decade’s substantial progress on fine-grained complexity for a range
of polynomial time solvable problems, e.g. see [WW18]. Also notable is the result by
Musco et al. [Mus+19] on hardness for matrix spectrum approximation.

3.2 Our Contributions

The many successes in developing high-accuracy algorithms for single-commodity flow
problems highlight an important open question: Can multi-commodity flow be solved to
high accuracy faster than general linear programs? We rule out this possibility by proving
that any linear program (assuming it is polynomially bounded and has integer entries)
can be encoded as a multi-commodity flow problem in nearly-linear time. This implies

23
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that any improvement in the running time of (high-accuracy) algorithms for sparse multi-
commodity flow problems would directly translate to a faster algorithm for solving sparse
linear programs to high accuracy, with only a polylogarithmic increase in running time.

Theorem 1.4.1 demonstrates several key improvements over Itai’s original polynomial
time reduction from LP to 2CF. Firstly, while Itai produced a 2CF with the number of
edges on the order of © (N 2log? X ), where N is the number of non-zeros and X is the
magnitude of the largest entry in the original LP, we show that an improved gadget can
reduce this to O (N log X). Thus, in the case of polynomially bounded linear programs,
where log X = O(log N), we get only a polylogarithmic multiplicative increase in the
number of non-zero entries from N to O (N), whereas Itai had an increase in the number
of non-zeros by a factor O(N), i.e., from N to O(N2).

Secondly, Itai used very large graph edge capacities that require O ((N log X )1'01)
many bits per edge, letting the capacities grow exponentially given an LP with polyno-
mially bounded entries. We show that when the feasible polytope radius R is bounded,
we can ensure capacities remain a polynomial function of the initial parameters N, R,
and X. In the important case of polynomially bounded linear programs, this means the
capacities stay polynomially bounded.

Thirdly, while Itai only analyzed the chain of reductions under the case with exact
solutions, we generalize the analysis to the case with approximate solutions by establishing
an error analysis along the chain of reductions. We show that the error only grows
polynomially during the reduction.

Finally, we introduce a framework that unifies all steps in the reduction chain. Rather
than analyzing each reduction individually, this framework offers a unified characteriza-
tion of problem reductions and enables a systematic approach to analyzing the correctness
and error propagation of these reductions. It serves not only as a powerful tool for val-
idating existing reductions but also as a valuable guide for designing and verifying new
reduction steps within the LP realm.

3.3 Problem Definitions

This section introduces the intermediate problems that form our nine-step chain of re-
duction algorithms. We group these problems into two categories for clarity: the Algebra
Space, which includes linear programming and linear equation problems, and the Flow
Space, which involves flow routing in graphs. We also define the error notions used to
evaluate approximate solutions in both domains. Before delving into the formal problem
definitions, we begin by discussing the key assumptions involved.

3.3.1 Discussion of the Problem Assumptions

Polynomially-Bounded LP. Current research on fast algorithms for solving linear
programs generally relies on assuming bounds on: (1) the size of the program entries,
and (2) the norm of all feasible solutions. Generally, the algorithm running time depends
logarithmically on these quantities, and hence to make these factors negligible, entry
size and feasible solution norms are assumed to be polynomially bounded, for example
in [CLS21; Jia+21]. We will refer to a linear program satisfying these assumptions as
polynomially bounded. More precisely, we say a linear program with N non-zero coeffi-
cients is polynomially bounded if it has coefficients in the range [-X, X] and ||z||, < R
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for all feasible x (i.e., the polytope of feasible solutions has radius of R in ¢; norm), and
X, R < O(N°) for some constant c. In fact, if there exists a feasible solution x satisfying
x|, < R, then we can add a constraint |||/, < R to the LP (which can be rewritten as
linear inequality constraints) so that in the new LP, all feasible solutions have ¢; norm
at most R. This only increases the number of non-zeros in the LP by at most a constant
factor.

Interior Point Methods and Reductions with Fixed Point Arithmetic. Mod-
ern fast interior point methods for linear programming, such as [CLS21], are analyzed
in the RealRAM model. In order to implement these algorithms using fized point arith-
metic with polylogarithmic bit complexity per number, instead of RealRAM, additional
assumptions are required. For example, this class of algorithms relies on computing ma-
trix inverses, and these must be approximately representable using polylogarithmic bit
complexity per entry. This is not possible, if the inverses have exponentially large entries,
which may occur even in polynomially bounded linear programs. For example, consider a
linear program feasibility problem {Az < b,z > 0}, with constraint matrix A € R?"*?"
given by

1 ifi<nandi=j

-2 ifi<nandi+1=j

A(i,j) =12 ifi>nandi=j

-1 ifi>nandi+1=

0 0.W.

Such a linear program is polynomially bounded for many choices of b, e.g., b = es,.
Unfortunately, for the vector € R?*" given by

27 <
w(z'):{ e

0 0.W.

we have Az = 27 "e,,, and from this one can see that A~ must have entries of size
at least €2(2"/n). This will cause algorithms such as [CLS21] to perform intermediate
calculations with n bits per number, increasing the running time by a factor roughly n.

Modern interior point methods can be translated to fixed precision arithmetic with
various different assumptions leading to different per entry bit complexity (see [CLS21]
for a discussion of one standard sufficient condition). Furthermore, if the problem has
polynomially bounded condition number (when appropriately defined), then we expect
that polylogarithmic bit complexity per entry should suffice, at least for highly accu-
rate approximate solutions, by relying on fast stable numerical linear algebra [DDHO07],
although we are not aware of a complete analysis of this translation.

If a linear program with integer entries is solved to sufficiently small additive error,
the approximate solution can be converted into an exact solution, e.g. see [Ren88; 1.S14;
CLS21] for a discussion of the necessary precision and for a further discussion of numerical
stability properties of interior point methods. Polynomially bounded linear programs with
integer coefficients may still require exponentially small additive error for this rounding
to succeed.

We give a reduction from general linear programming to 2-commodity flow, and like
[CLS21], we assume the program is polynomially bounded to carry out the reduction.
We also use an additional assumption, namely that the linear program is written using
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integral entries.! We do not make additional assumptions about polynomially bounded
condition number of the problem. This means we can apply our reduction to programs
such as the one above, despite [CLS21] not obtaining a reasonable running time on such
programs using fixed point arithmetic.

Our analysis of our reduction uses the RealRAM model like [CLS21; Jia+21] and other
modern interior point method analysis, however, it should be straightforward to translate
our reduction and error analysis to fixed point arithmetic with polylogarithmically many
bits, because all our mappings are simple linear transformations, and we never need to
compute or apply a matrix inverse.

Rounding Linear Programs to Have Integer Entries. It is possible to give some
fairly general and natural sufficient conditions for when a polynomially bounded linear
program can be rounded to have integral entries, one example of this is having a polyno-
mially bounded Renegar’s condition number. Renegar introduced this condition number
for linear programs in [Ren95]. For a given linear program, suppose that perturbing the
entries of the program by at most § each does not change the feasibility of the the linear
program, and let 6* be the largest such 6. Let U denote the maximum absolute value
of entries in the linear program. Then x = U/§* is Renegar’s condition number for the
linear program.

Suppose we are given a polynomially bounded linear program max{c'z : Az <
b,z > 0} (also referred to as (A, b, ¢)), with polytope radius at most R, and Renegar’s
condition number x is also bounded by a polynomial. We wish to compute a vector & > 0
with an € additive error on each constraint and in the optimal value. We can reduce this
problem, for instance, (A, b, ¢) to a polynomially bounded linear program instance with
integral input numbers. Specifically, we round the entries of A down to A and those of

b, c up to b, ¢ all by at most min{3iR, %} such that each entry of A, l~), ¢ only needs a

logarithmic number of bits. Suppose Z is a solution to (;1, b, ¢) with ¢ additive error on
each constraint and the optimal value. Then,

AZ = Az +(A—A)Z < b+el,

2¢

3

Here, 1 is the all-one vector, * is an optimal solution to (;i, l;, ¢). In addition, the
optimal value of (;1, b, ¢) is greater than or equal to that of (A, b, ¢). So, & is a solution

T

c'z>e' % —

to (A, b, ¢) with e additive error as desired. Since each entry of Zl, b, ¢ has a logarithmic
number of bits, we can scale all of them to polynomially bounded integers without chang-
ing the feasible set and the optimal solutions. Thus we see that if we restrict ourselves to
polynomially linear programs with polynomially bounded Renegar’s condition number,
and we wish to solve the program with small additive error, we can assume, without loss
of generality, that the program has integer coefficients.

3.3.2 Problems in Algebra Space

For the convenience of our reduction, we define linear programming as a “decision” prob-
lem. We can solve the optimization problem max{c'z : Az < b,z > 0} by binary

'W .l.o.g., by scaling, this is the same as assuming the program is written with polynomially bounded
fixed precision numbers of the form k/D where k is an integer, and D is an integral denominator shared
across all entries, and both k£ and D are polynomially bounded.
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searching its optimal value via the decision problem.

Definition 3.3.1 (Linear Programming (LP)). Given a matrix A € Z™*", vectors b € Z"
and ¢ € Z", an integer K, and R > max{1l, max{||z|, : Az < b,z > 0}}, we refer to
the LP problem for (A, b, ¢, K, R) as the problem of finding a vector € R%, satisfying

Az <bandc'z > K
if such an « exists and returning “infeasible” otherwise.

We will reduce linear programs to linear equations with non-negative variables (LEN),
and then to linear equations with non-negative variables and small integer coefficients (k-

LEN).

Definition 3.3.2 (Linear Equations with Non-negative Variables (LEN)). Given A €
Zm" b € Z™, and R > max{l, max{||z|, : Az = b,x > 0}}, we refer to the LEN
problem for (A, b, R) as the problem of finding a vector x € RZ, satisfying Az = b if
such an x exists and returning “infeasible” otherwise. -

Definition 3.3.3 (k-LEN (k-LEN)). The k-LEN problem is an LEN problem (A, b, R)
where the entries of A are integers in [—k, k| for some given k € Z-o.

We employ the following additive error notion. We append a letter “A” to each
problem name to denote its approximation version, e.g., LP Approximate Problem is
abbreviated to LPA.

Definition 3.3.4 (Error Notions in the Algebra Space). We always require > 0. In
addition,

e The inequality constraint Ax < b is relaxed to Ax — b < €1, where 1 is the all-1
vector;

e The equality constraint Az = b is relaxed to ||Az — b||_ <€

3.3.3 Problems in Flow Space

A flow network is a directed graph G = (V, E), where V is the set of vertices and

E CV xV is the set of edges, together with a vector of edge capacities u € Z|>EO‘ that
upper bounds the amount of flow passing each edge. A 2-commodity flow network is a
flow network together with two source-sink pairs s;,t; € V for each commodity i € {1, 2}.

Definition 3.3.5 (Capacity Constraints). Given a 2-commodity flow network, we say
the flows f, f, > 0 satisfy capacity constraints if

fi(e) + fa(e) < wule), VecE.

Definition 3.3.6 (Flow Conservation Constraints). Given a 2-commodity flow network,
we say the flows f,, f, > 0 satisty flow conservation constraints if

Z fi(u,v) = Z fi(v,w), Vie{l,2}, veV\{s;t}.

u:(u,v)EE wi(v,w)eEE
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Given a 2-commodity flow network (G = (V, E), u, s1, t1, 9, t2), a feasible 2-commodity
flow is a pair of flows f,, f, € RleOI that satisfies both the capacity and flow conservation
constraints.

In particular, in a I-commodity flow network, capacity constraints refer to 0 <

f(e) < u(e), Ve € E; and flow conservation constraints become ., yep f (1, v)

>wwwyerf W w),v € V\{s,t}. A feasible 1-commodity flow is a flow f € Rleol that
satisfies both the capacity and flow conservation constraints.

Similar to the definition of LP, we define 2-commodity flow problem as a decision
problem. The corresponding optimization problem can be solved by reducing it to a
sequence of decision problems.

Definition 3.3.7 (2-Commodity Flow Problem (2cF)). Given a 2-commodity flow
network (G, w, sy, t1,S9,ty) together with R > 0, we refer to the 2CF problem for
(G, u,s1,t1, 89, ts, R) as the problem of finding a feasible 2-commodity flow f,,f, > 0
satisfying

P+ >R

if such flows exist and returning “infeasible” otherwise.

A closely related flow problem to 2CF is 2CFR, which imposes an additional require-
ment that a specific amount of flow must be routed for each commodity.

Definition 3.3.8 (2-Commodity Flow with Required Flow Amount (2CFR)). Given a
2-commodity flow network (G, u, s1,11, S2, t2) together with Ry, Ry > 0, we refer to the
2CFR for (G, u, s1, 1, So, t2, Ry, Rs) as the problem of finding a feasible 2-commodity flow
f1,f2 > 0 satisfying

Fi >Ry, F5> Ry

if such flows exist and returning “infeasible” otherwise.

Reducing LP to 2CF needs to go through a sequence of variants of flow problems with
additional constraints beyond capacity and flow conservation constraints.

Definition 3.3.9 (Homologous Flow Constraints). Given a collection of disjoint subsets
of edges H = {H1, ..., H,} in a 1-commodity flow network, we say the flow f > 0 satisfies
homologous flow constraints on H if

f(el) = f(Gz), \V/€1,€2 € Hk, VHk € H.
If |Hg| = 2 for all H, € H, we say f satisfy pairwise homologous flow constraints.

Definition 3.3.10 (Fixed Flow Constraints). Given a set F' C F in a 2-commodity flow
network, we say the flows f,, f, > 0 satisty fized flow constraints on F' if

Ffile) + faole) =ule), VecF.

Similarly, given a set F' C E in a 1l-commodity flow network, we say the flow f > 0
satisfies fixed flow constraints on F' if

fle) =wu(e), VeecF.
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Definition 3.3.11 (Selective Flow Constraints). Given two disjoint subsets of edges
51,52 C E in a 2-commodity flow network, we say the flows f,, f, > 0 satisfy selective
flow constraints on S U .Sy if

file)>0, f:=0, VeeS;, ic{l,2}, i+#i.

Intermediate problems are defined with some combinations of the above additional
flow constraints.

Definition 3.3.12 (Fixed Homologous Flow Problem (FHF)). Given a flow network with
a single source-sink pair (G, u, s,t) together with a collection of disjoint subsets of edges
H ={Hi,...,Hy} and a subset of edges F' C F such that F' is disjoint from all the sets
in H, we refer to the FHF problem for (G, F, H, u, s,t) as the problem of finding a feasible
flow f > 0 such that f satisfies the homologous constraints on H, and satisfies fixed flow
constraints on F', if such flows exist, and returning “infeasible” otherwise.

Definition 3.3.13 (Fixed Pair Homologous Flow Problem (FPHF)). An FPHF is an FHF
problem (G, F,H, u, s,t) where every set in H has size 2.

Definition 3.3.14 (Selective Fixed Flow Problem (SFF)). Given a 2-commodity network
(G, u,s1,t1, 89, ty) together with three edge sets F, Sy, Sy C E, we refer to the SFF problem
for (G, F, Sy, Sy, u,s1,t1,s2,t2) as the problem of finding a feasible 2-commodity flow
f1,f2 > 0 such that f,, f, satisfy the selective flow constraints on Si, .55, and satisfy the
fixed flow constraints on F, if such flows exist, and returning “infeasible” otherwise.

Definition 3.3.15 (2-Commodity Fixed Flow Problem (2CFF)). Given a 2-commodity
flow network (G, u, s1, 11, S2,t2) together with a subset of edges FF C E, we refer to the
2CFF problem for the tuple (G, F, u, sy, t1, S2, t2) as the problem of finding a feasible 2-
commodity flow f,, f, > 0 which also satisfies the fixed flow constraints on F' if such
flows exist and returning “infeasible” otherwise.

Now, we define error notions for the above flow problems.

Definition 3.3.16 (Error Notions in the Flow Space). We always require flows f,, f, >
0.2 In addition,

1. Error in congestion.

e Relax the capacity constraints: f,(e) + fy(e) < u(e) +¢€, Ve € E;
e Relax the fixed flow constraints: |f,(e) + fy(e) —u(e)| <e¢, Vee F.
2. Error in demand.
o Relax the flow conservation constraints for vertices other than the source and

sink:

Yo fiwr)— D0 filv,w)| <€ Yo e V\{siti}, i€ {1,2}.

u:(u,v)EE w:(v,w)EE

2Let f5 = 0 in 1-commodity flow problems.



30 3. Hardness Results for Two-Commodity Flow

e Relax the amount of flow requirements for source and sink nodes:

Z fi(si,w) > F; — ¢, Z filut)) > Fi—e, i€{l,2}.

w:(s;,w)EE u:(u,t;)EE

3. Error in selection.
Relax the selective flow constraints: f;(e) <e, Ve € S;, 1 # 1.

4. Error in (pairwise) homology.
Relax the (pairwise) homologous flow constraints: |f(e;) — f(e2)] < €, Vej,es €
Hk, H, e H.

We remark that the error notions in the flow space are essentially equivalent to those
in the algebra space, as defined in Definition 3.3.4. For instance, relaxing capacity con-
straints corresponds to relaxing inequality constraints, while relaxing flow conservation
constraints corresponds to relaxing equality constraints.

3.4 Main Results

Before formally stating our main results, we first formalize the approximate versions of
LP and 2CF by applying the error notions defined earlier in Definition 3.3.4 and 3.3.16.

Definition 3.4.1 (LP Approximate Problem (LPA)). An LPA instance is given by an
LP instance (A4, b, ¢, K, R) and an error parameter € € [0, 1], which we collect in a tuple
(A, b, ¢, K, R,¢e). We say an algorithm solves the LPA problem, if, given any LPA instance,
it returns a vector & > 0 such that

c'ax > K —e,

Ax < b+el,

where 1 is the all-1 vector, or it correctly declares that the associated LP instance is
infeasible.

Definition 3.4.2 (2CF Approximate Problem (2CFA)). A 2CFA instance is given by a
2CF instance (G, u, s1,t1, Sa,t9, R) and an error parameter € € [0, 1], which we collect in
a tuple (G, u, 51,11, 2, ta, R, €). We say an algorithm solves the 2CFA problem, if, given
any 2CFA instance, it returns a pair of flows f, f, > 0 that satisfies

file)+ file) <ule)+e¢ Vee E, (error in congestion)

Z fi(u,v) — Z fi(v,w)| <e Yve V\{s;,t;},i€{1,2}, (error in demand)

u:(u,v)EE w:(v,w)EE

Z fi(si,w) — F;| <e, Z filu,t;) — Fi| <e¢, i€{l,2},

w:(s;,w)EE u:(u,t;)EE

(error in demand)

where F; + Fy, = R;? or it correctly declares that the associated 2CFinstance is infeasible.

3If we encode 2CF as an LP instance, and approximately solve the LP with at most e additive error.
Then, the approximate solution also agrees with the error notions of 2CF, except that we get F} + Fy >
R — ¢ instead of Fy + F5 > R. This inconsistency can be eliminated by setting ¢ = 2¢, and slightly
adjusting F, F» to Fy, Fj such that F| + F} > R. This way, we obtain an approximate solution to 2CF
with at most € additive error.
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With the approximate versions of LP and 2CF defined, we now present the main
result formally, which provides a fine-grained complexity on the problem size and error
tolerance in the reduction from LPA to 2CFA.

Theorem 3.4.3 (Main Theorem). Given an LPA instance (A, b, ¢, K, R, €'?) where A €
7 b e Zm e el K € 7, >0 and A has nnz (A) non-zero entries, we can reduce
it to a 2CFA instance (G = (V,E), u,s1,t1, 2, ta, R?! €2) in time O(nnz(A)log X)
where X = X (A, b, ¢, K), such that

V] |E] = O(nnz(A) log X),

|l R*! = O(nnz*(A)RX log® X),

max ’

€2cf o) 1 €lp.
nnz6(A)RX log® X

If the P instance (A,b,c,K,R) has a solution, then the 2CF instance
(G2F w2 51,1, 59,9, R2T) has a solution. Furthermore, if £ is a solution to the
2CFA (2CF) instance, then in time O(nnz(A)log X), we can compute a solution x to the
LPA (LP, respectively) instance, where the exact case holds when €2/ = €lP = (.

Our main theorem immediately implies the following corollary.

Corollary 3.4.4. If we can solve any 2CFA instance (G = (V, E), u, s1,t1, 52, to, R*/ €)
in time O <|E|Cpoly log <@)> for some small constant ¢ > 1, then we can solve any

LPA instance (A, b, ¢, K, R, €) in time O <nnzC(A) poly log (nnZ(A)RX(A’b’C’K))).

€

3.5 Algebra Space

3.5.1 Overview

In this section, we describe the general process of reduction and solution mapping in
the algebra space. Consider the task of reducing an instance A of the form {AAmA =
b4, z4 > 0} to another instance B, defined as {APz? = b® x” > 0}. We analyze the
reductions for both the exact and approximate cases.

Exact Case. The reduction algorithms are designed such that A has a feasible solution
if and only if the reduced instance B also has a feasible solution. It implies that instance
A is infeasible if and only if B is infeasible.

Reduction:
Given A and b?, while the reduction algorithm to construct AZ and b is
problem-specific, the corresponding x? is constructed by introducing auxiliary vari-
ables ** such that:
B !
T = zaux °

We keep track of the increase in the problem size and problem magnitude for the
reduction algorithm.
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Solution mapping:
The solution mapping algorithm is the same for all reduction steps, with a straight-
forward runtime analysis: If a solver returns a feasible solution z? for instance B,
then we extract the appropriate subset of entries £ from z? in time O(dim(z?))
and return 4 as the solution to the instance A; if the solver returns “infeasible”
for instance B, then we return “infeasible” for instance A as well.

Approximate Case. For approximate problems, both the reduction and solution map-
ping algorithms are applied in the same way. However, there is a key difference from the
exact case: the approximate problem does not require to provide a certificate of “infea-
sibility”, but never incorrectly asserts “infeasibility”.

In addition to tracking the increase in problem size and magnitude, we perform an
error analysis to monitor error propagation. Specifically, let (2, ) be an approximate
solution to instance B with error €?, and let (24, e?!) be an approximate solution to
instance A with error €, obtained by applying the solution mapping algorithm. Our
goal is to analyze how €/ increases compared to €®. We remark that when €, e? = 0,
the statement for the approximate case is reduced to the exact case.

In the remainder of this section, we describe each reduction step in algebra space in
detail. For each step, we first describe the reduction algorithm that is used to construct
AP b from A4, b*. We then present a lemma for the exact case, proving the correctness
of the reduction algorithm while tracking the problem size and magnitude. And finally
we extend the lemma for the approximate case, analyzing how errors propagate through
the solution mapping algorithm.

3.5.2 LP(A) to LEN(A): Reducing Inequalities to Equalities

Given an LP instance (4, b, ¢, K, R) where R > max{l, max{||z||, : Az < b,z > 0}},
we want to compute a vector £ > 0 s.t.

. . . . s
To reduce it to an LEN instance, we introduce x*** as slack variables {a] > 0, and

construct

- T 0 -1 R - (K
A:{AI O]’ :c:z, b:[]. (3.1)

This defines an LEN instance (A4, b, R) where R = max{1, max{|&||, : AZ = b, & > 0}}.
Lemma 3.5.1 (LP to LEN). Given an LP instance (A, b, ¢, K, R) with N non-zeros and

magnitude X, we can construct, in O(N) time, an LEN instance (4, B,R) with N non-
zeros and magnitude X such that

N =0(N), R=0(NRX), X =0(X).

If the LP instance has a solution, then the LEN instance has a solution.
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Proof. Based on the reduction construction shown in Eq. (3.1), it is obvious for the
linear reduction time and N = O(N), X = O(X). Regarding the radius of polytope
R = max{l, max{||z||, : Az = b, > 0}}, we have

lzll, < [zl + |z, by triangle inequality
< lzll, + Az — b, + "= — K|
< B+ N([| Al o 121 + 10| axe £ 1€l e 121l 4 [ET)
< O(NRX).

If  is a solution to the LP instance, we can derive a solution Z = (', s",a)' to the
LEN instance by setting

s=b— Ax, a=c'z - K.

Now we extend Lemma 3.5.1 for the exact case to the approximate case.

Lemma 3.5.2 (LPA to LENA). Given an LPA instance (A, b, c, K, R, €P) with N non-

€p
zeros and magnitude X, we can reduce it to an LENA instance (A, B,R,ele) with N
non-zeros and magnitude X, by letting

6le o elp7

and using Lemma 3.5.1 to construct an LEN instance (;1, I;,R) from the LP instance
(A, b,c, K, R). If & is a solution to the LENA (or LEN) instance, then in time O(N), we
can compute a solution & to the LPA (or LP respectively) instance, where the exact case
holds when €'¢ = P = 0.

Proof. If ¢ = [mT, s, a}T is an approximate solution to the LENA instance with error
€®, according to error notions in algebra space (Definition 3.3.4),
‘cTa:—oz—K| Sele,

| Az + s — b| < €°1.
Taking one direction of the absolute value inequalities,
c'r>a+ K-> K—ele,
Az < —s+ b+ €°1 < b+ €1,

As we set in the reduction that € = €, z is a solution to the LPA instance

(A, b, c, K, R,eP). O

3.5.3 LEN(A) to 2-LEN(A): Reducing Integer Coefficients to
{0, £1, £2}

In this section, we show the reduction from an LEN instance (A, b, R) to a 2-LEN instance
(A, b, R), where the coefficients of A are in {0, +1,+2}. The reduction is based on bitwise
decomposition. We illustrate the reduction algorithm with a concrete example.

5%1 + 31‘2 — 7(1,‘3 =-1
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I
(2° + 2%y + (20 + 2Ny — (20 4+ 2" + 2Py = —2°
U
(1 + 2o — x3)2° + (o — 23)2" + (21 — 23)2% = —1-2°

It can be decomposed to 3 linear equations, together with carry terms (¢; — d;), where
ci,d; > 0:
T+ Ty — T3 — Q(CQ — do) = —1,
Ty — T3+ (CO — do) — 2(61 — dl) = 07 (32)
$1—$3+(Cl—d1)20.
Moreover, since ¢;, d; can be arbitrarily large, we also impose an upper bound for carry

variables ¢;, d; < X, where X will be specified shortly.
Finally, we introduce slack variables s > 0 to reduce inequalities to equalities:

c —
|:d}+S—X1.

We repeat the above procedure for all equations in LEN. Notice that in this step, *"*
is composed of ¢, d, s.

Lemma 3.5.3 (LEN to 2-LEN). Given an LEN instance (A, b, R) with N non-zeros and
magnitude X, we can construct, in O (N log )~(> time, a 2-LEN instance (A, b, R) with

N non-zeros and magnitude X such that
N =0(NlogX), R=O(NRlogX), X =O(R).
If the LEN instance has a solution, then the 2-LEN instance has a solution.

Proof. By construction, for each equation in LEN , it is decomposed into at most O(log X )
equations so that the number of non-zero entries is increased by a factor O(log . X). There-
fore, the reduction can be conducted in O(N log X () time and N = O(N log X).

The key to bounding the radius of polytope R and magnitude X is to analyze the
magnitude of carry terms. For an arbitrary equation A(q)& = b(q), denote the introduced

carry terms of the decomposed equations as ¢,, d, € ]R]ZV(?,, where N, < O(log X) denotes
the number of decomposed equations corresponding to original equation. Starting from
the lowest bit, we have

2|¢4(0) — d,(0)] <1+ |2, = O(R).
Then for the second lowest bit,

2ey(1) — dy(1)] < 1+ ], + eg(0) — dy(0)] = (1 n 1) O(R).

Repeating the same until the second-highest bit,

2leq(Ny = 1) = dyly = DI < (14 54004 s ) O(R) = O(R)
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Therefore, it suffices to bound ¢, d by O(}?), thus the same for the slack variables s <
O(R).

Now, we can bound the magnitude of 2-LENA by X = O(R) as ||AHmaX = 2 and
Hl_)” < O(R). To bound the radius of the polytope, we have

max

Iz, < 12, +llel, + lIdll, + s, < &+ O(Nlog X) x [ 0y < O(NRlog X).

max

Finally, we describe how to construct a solution to 2-LEN given a solution to LEN.
If & is a feasible solution to the LEN instance such that AZ = b, we are able to derive
a solution & = (£',¢",d",s")" to the 2-LEN instance. More concretely, we plug in &
into 2-LEN, and for each group of equations, we start from the lowest bit and compute
the smallest nonnegative cg, dg. Using forward substitution, we can compute all ¢, d. In
the end, given ¢ and d, s can be computed as well. O

Lemma 3.5.4 (LENA to 2-LENA). Given an LENA instance (A, INJ,_R,_EZ‘EZ with N non-
zeros and magnitude X, we can reduce it to an 2-LENA instance (A, b, R, €¥¢) with N
non-zeros and magnitude X by letting

and using Lemma 5.5.3 to construct a 2-LEN instance (A, b, R) from the LEN instance
(A,b,R). If T is a solution to the 2-LENA (or 2-LEN ) instance, then in time O(n), we
can compute a solution & to the LENA (or LEN respectively) instance, where the exact
case holds when €%¢ = ¢ = 0.

Proof. Suppose & = [:%T, e’ d’, sT] Tisan approximate solution to the 2-LENA instance.

We consider an arbitrary equation A(q)& = b(q) in LEN. By Definition 3.3.4, for the
corresponding equations in 2-LENA, for any ith bit,

| A (i) — by(i)| < €.

The original equation A(q)& = I;(q) in LENA can be recovered by combining all the
corresponding bit equations in 2-LENA as follows:

A(g)z = 22 x A,())"z,  b(g) = 22 X by(i).

Hence,

]

3.5.4 2-LEN(A) to 1-LEN(A): Reducing Coefficients from +2
to £1

The reduction from a 2-LEN instance (A4, b, R) to a 1-LEN instance (121, b, Z%) is relatively
straightforward: For each variable &(j) that has a +2 coefficient, we introduce a new
variable &'(j), replace every £2&(j) with +(z(j)+&'(j)), and add an additional equation

z(j) —x'(j) = 0.
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Lemma 3.5.5 (2-LEN to 1-LEN). Given a 2-LEN instance (A,b,R) with N “non-zeros
and magnitude X, we can construct, in O(N) time, a 1-LEN instance (A, b, R) with N
non-zeros and magnitude X such that

N =O0(N), R=0(R), X =0(X).
If the 2-LEN instance has a solution, then the 1-LEN instance has a solution.

Proof. By construction, we only make changes to each +2 coefficient, which will generate
four non-zero entries, hence N = O(N) and both R and X will remain the same.

If z is a solution to the 2-LEN instance such that AZ = b, to derive a solution
2= (z",(2')")" to the 1-LEN instance, we split each Z(j) having a £2 coefficient in A
into &'(j), z(j) such that z’'(j) = (j). We can check that & is a solution to the 1-LEN
instance. [

Lemma 3.5.6 (2-LENA to 1-LENA). Given a 2-LENA instargceA(AA, b,R) with N non-zeros
and magnitude X, we can reduce it to a 1-LENA instance (A, b, R) with N non-zeros and

magnitude X by letting
Elle -0 (i_) 62[67
N

and using Lemma 3.5.5 to construct a 1-LEN instance (24, b, R) from the 2-LEN instance
(A,b,R). If & is a solution to the 1-LENA (1-LEN) instance, then in time O(n), we can
compute a solution T to the 2-LENA (2-LEN, respectively) instance, where the exact case
holds when €' = e*¢ = 0.

Proof. Suppose & is an approximate solution to the 1-LENA instance. Then for any pair
of ((j), '(j)), we have

2(j) — 2'(j)] < €',
and for any equations in 1-LENA, we have

A~

A(q)@ - b(g)| < ",

Therefore, for any equation in 2-LENA, assume S, is the set of indices with coefficients
+2, then

Az = 3 Alg.bz(k) + 3 (£2)a(k)

k¢S, keS,

Therefore,

<

< (14 18,))e" < O(N)e'e.
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3.5.5 1-LEN(A) to FHF(A): Encoding Equations as Flows

This section describes the reduction from a 1-LEN instance (121, b, R) to an FHF instance
(G, F uh H" s, t). Recall the form of 1-LEN A& = b, where A € R™*" and entries of
A are in {0, £1}. For an arbitrary equation 7 in the 1-LEN instance, A (i)& = b(i),i € [,
let J = {j|A(i,j) = 1} and J. = {j]A(i, ) = —1} denote the set of indices of variables
with coefficients being 1 and -1 in equation i, respectively. Then, each equation can be
rewritten as a difference of the sum of variables with coefficient 1 and -1:

S a() - Y #()=b), ielm).

jegt jeJ;

Figure 3.1: The reduction from 1-LEN to FHF.

Representing in this form, we can encode 1-LEN with a graph using the gadget as
shown in Figure 3.1 — a graph that is composed of a number of homologous edges and
fized flow edges. More specifically, the fixed homologous flow network consists of a source
s, a sink ¢, and m sections representing the m linear equations in 1-LEN. Inside each
section i, there are 2 vertices {.J;, J;"} and a number of edges:

e For the incoming edges of {J;, J."},

— if A(i,j
— if A(z’,j) — —1, then s is connected to .J; by edge &/ with capacity R;
— if A(i,j

Note that those incoming edges that correspond to the same variable are forced to
route the same amount of flow, i.e., (&1,---,2%),j € [A] constitute a homologous
edge set that corresponds to the variable &(j).

) = 1, then s is connected to J;" by edge if with capacity R;

) =0, no edge is needed.

e For the outgoing edges of {J;, J;'},
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— J;" is connected to t by a fized flow edge b; that routes l;(@) units of flow;
— J;' and J; are connected to ¢ by a pair of homologous edges e, e; with

capacity R.

Lemma 3.5.7 (1-LEN to FHF). Given a 1-LEN instance (A, b, R) with N non-zeros
and magnitude X, we can construct, in time O(N ), an FHF instance (G", ' u" H" =

(Hy,---, Hp),s,t) such that

A

E" = O(N), [, =max {R X}
If the 1-LEN instance has a solution, then the FHF instance has a solution.

Proof. According to Figure 3.1, the constructed graph G" preserves the sparsity of A
and the number of edges ‘Eh‘ can be bounded by O(N ). Moreover, the maximum edge
capacity is bounded by

"] = max { b <max{Rr X}

If & is a solution to the 1-LEN instance, we can derive a feasible flow f" for the
FHF instance by setting

[

@) = =@ =2() <R, Vje[n),
Frb) =b(i) and fMef)=f"e) =D &)=Y &) - b(j), Vi€ .

It is a feasible flow since both capacity constraints and flow conservation constraints are
satisfied. [

In the approximate case, we first formally define FHFA by applying the corresponding
error notions (Definition 3.3.16) to FHF.

Definition 3.5.8 (FHF Approximate Problem (FHFA)). An FHFA instance is given by an
FHF instance (G, F,u,H, s,t) as in Definition 3.3.12, and an error parameter € € [0, 1],
which we collect in a tuple (G, F,H, u,s,t,€). We say an algorithm solves the FHFA
problem, if, given any FHFA instance, it returns a flow f > 0 that satisfies

u(e) —e < f(e) < ule) +e¢ VeeF, (error in congestion)
0<f(e) <wule)+e¢ Ve E\F, (error in congestion)
Z f(u,v) Z flo,w)| <e Yve V\{s,t}, (error in demand)
u:(uw)eE w:(v,w)EE
If (v,w) = f(V', )] <€ V(v,w), (V' w') € H;, VH; € H, (error in homology)

or it correctly declares that the associated FHF instance is infeasible.

Lemma 3.5.9 (1-LENA to FHFA). Given a 1-LENA instance (A, b, R, ') with N non-
zeros and magnitude X, we can reduce it to an FHFA instance (Gh, Fh Hh ul st ) by
letting
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and using Lemma 3.5.7 to construct an FHF instance (G", F", H" u" s, t) from the 1-
LEN instance (24, i),R) If f" is a solution to the FHFA (FHF) instance, then in time
O(n), we can compute a solution & to the 1-LENA (1-LEN, respectively) instance, where
the exact case holds when €' = €'l = 0.

Proof. Let f" be a feasible solution to the FHFA instance, so that error in demand, error
in congestion, and error in homology can all be bounded by €. Let Z;(j) = f h(i‘z ) denote
the amount of flow routed through in the ith section of G*. For an arbitrary equation
A(i)& — b(i) in 1-LENA , its error can be bounded as follows:

A~

|A(i)& — b(i)| = |A(i)& — A(i)&: + A(i)&; — b(i)|
<|A()& — A(i)a,| + |A>)z; — b(i)] .

To bound the first term, we have

Eh,
1

max —

A(i)z — A < || AG)

& = @il < || A0

where the last step follows from the error in homology in G". To bound the second term,
we have

A()&; — b(i)

~ A ‘

F(s, ) = £(s, J7) — b(i)

by construction

< [, T = () + £ G|+ [P + B = £ ) = b

<+ ‘fh(ef) + M) — fM (s, T7) — B(z)) by error in demand of vertex J;"
< M) = D] M) = £ 0] |G~ b

< 4"

Y

T e, error in demand

where the last step follows from error in homology between edge €, e, ,
of vertex J; , and error in congestion of fixed flow edge b;, respectively.

Combining the bounds of the two terms, we obtain the error of an arbitrary equation
in 1-LENA as

|A(D)E — b(i)| < (HA(@')Hl n 4) e < O(N)eh.

3.6 Flow Space

3.6.1 Overview

In the flow space, the starting problem is FHF (Definition 3.3.12), whose additional edge
constraints include homologous flow constraints (Definition 3.3.9) and fized flow con-
straints (Definition 3.3.10). The target problem is 2CF (Definition 3.3.7), which has no
additional edge constraints. Therefore, we are tasked to drop additional edge constraints
step by step in the flow space. Note that new additional edge constraints may emerge as
we drop ones, for example, selective flow constraints (Definition 3.3.11).
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Exact Case. To reduce instance A to instance B, we focus on dropping specific edge
constraints. Let the graph of instance A be G4 = (E4,V4) and let S* C E4 denote the
set of edges in A with the constraints to be dropped. The reduced graph G? = (EZ V5)
replaces each edge e € S4 with a constant-sized gadget.* These gadgets simplify or
remove the associated constraints.

The general reduction and solution mapping framework is shown in Figure 3.2.

(GY) (GP)
constant-sized
@ e: (l,u) >@ —> @ er: (L u) gadget e (L, u) @
fit(e) + f(er)
(f4 ) “— (fB, €8)
fi(e) < fP(er)

Figure 3.2: Reduction and solution mapping algorithms in the flow space.

Reduction:
For each special edge e = (v,w) € S# with lower and upper capacities (/,u),” the
reduction replaces e with two edges e; and es, along with a constant sized gadget
between e; and e;. The upper capacity of e; and e, remains u; and the lower
capacity is either [ or reduced to 0, depending on the reduction step.

Solution mapping:
If a solver returns f? for instance B, the flow for instance A is constructed as
follows:©

fie)=fP(er), foree sS4, ic{1,2).

7 7

For regular edges in e € E4\ S, the flow is directly mapped:
Fie)=rl(e), foree BN\SA, ie{1,2}.

If the solver returns “infeasible” for instance B, then we return “infeasible” for
instance A as well.

Based on the general reduction and solution mapping framework, the following results
apply to every step within the flow space.

Lemma 3.6.1 (Problem Size and Runtime for Reduction Algorithm). In the flow space,
when reducing instance A to instance B, the number of edges in B satisfies |EB} =
O(|E*|). Moreover, the reduction algorithm takes runtime |[E®| = O(|E4|).

Proof. There are at most |E“| edges in G that are replaced by gadgets of constant size.
The total size of GP is thus O(‘EA‘). The runtime is linear to the number of edges in
G®, thus O(|E®|). O

4Only a few steps may utilize gadgets that deviate slightly from the general pattern. If this occurs,
we will provide a note in the relevant section.

5The lower edge capacity is set to [ = 0 unless the edge is a fixed-flow edge, in which case [ = u.

6For 1-commodity flow problem, let f, = 0.
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Lemma 3.6.2 (Runtime for Solution Mapping Algorithm). In the flow space, mapping
a solution to instance B to a solution to instance A takes O(‘EA}) runtime.

Proof. The runtime is linear to the number of edges in G, as solution mapping involves

directly transferring or reconstructing flow values for each edge. Thus, the runtime is
O(|E4)). O

Approximate Case. We apply the same reduction and solution mapping algorithm
for approximate problems. Hence, Lemma 3.6.1, 3.6.2 also hold for the approximate case.
Additional analyses focus on the error propagation during solution mapping. Specifically,
if (f,€P) is an approximate solution to instance B with error €, then the mapped
solution (f A ¢) to instance A has an error ¢ that can be upper bounded. In particular,
when €, e® = 0, the statement for the approximate case is reduced to the exact case.

Different types of errors are analyzed separately for problems in the flow space. As the
capacity constraints and the flow conservation constraints are required for all problems
in the flow space, the corresponding error in congestion and error in demand are involved
in the error analysis for all steps. The following error bounds are applicable at every step
within the flow space.

Lemma 3.6.3 (Error in Congestion). Let €, ¢t and €?,€2 be the errors in congestion
w.r.t. lower and upper capacity for £ and f2, respectively. If applying the solution
mapping algorithm, then for edges in G* with | =0,

A
El :O,

and for all edges in G4,

e < O(D).
Proof. With the non-negativity constraints satisfied by f# for edges in G* with { = 0,
&' can be trivially bounded, regardless of €.

For the upper edge capacity, the error bounds are straightforward if e is a regular
edge, as the flow is copied directly from G* and GE. However, if e is a special edge, the
upper-capacity error in G4 remains bounded by €”, as e; and e have the same upper edge
capacity u according to Figure 3.2. O]

Remark that for edges in G# with [ = u, lower-capacity error in congestion requires
case-by-case analysis.

The following helper lemma is frequently used to analyze error in demand across
various reduction steps.

Lemma 3.6.4 (Error in Demand). Let 6221- and egi be the error in demand of f* and f?
for commodity i, i € {1,2}, respectively. If applying the solution mapping algorithm, we
have

eéi < egi +  max Z ‘ff(el) —ff(eg)‘ )

vEVA\{s;,t;
M }e:(u,v)ESA

Proof. By Definition 3.3.16, error in demand for vertices other than the source/sink nodes
is defined as

Yo fiwv)— D fivw)| <e VoeV\{sit}, i€ {1,2}.

u:(u,w)EE w:(v,w)EE
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As illustrated in Figure 3.3, consider an arbitrary vertex v € VP\{s; t;} with a
number of incoming and outgoing edges. Some of these edges are derived from the
reduction of special edges in G4, as indicated by dashed boxes in the figure.

When mapping fZ to £, the incoming Joutgoing flows of v along regular edges remain
unchanged, while flows along special edges may vary due to the gap between e; and e,.

Figure 3.3: An illustration of the incoming and outgoing flows of vertex v € VB\{s;, t;}
when get reduced to G”.

For flow of commodity i € {1,2}, we have

EdA,i = max Z ff‘(u,v) - Z f?(v’w)
veVA\{s;,t;} (u,v)EBEA (v,w)EEA
®) - ( DR TR ) E D S (') v)) - ( > fiww)+ > f?(v,w))
veEVA\{s;,t;} (u,0)eSA (u,0)EEA\SA (v,w)eSA (v,w)EEA\SA

2)
= max
vEVA\{s4,t:}

( DRI CIED S fiB(u,v))( S e+ Y f?(v,m)'
=(

e=(u,v)€SA (u,)EEA\SA e=(v,w)eSA (v,w)EEA\SA

®)
<elit

max
veVA\{s;,t:}

( S Pen+ X fiB(u,v))( S fPe+ Y f?(u,m)’

e=(u,v)eSA (u,v)€EA\SA e=(u,v)es4 (u,0)€EA\SA

DR F ) E N W £ )|

e=(u,v)€SA e=(u,v)€SA

= edBi + max
T weVA\{s;t}

S (FP(e) — FE(e2))

e=(u,v)ESA

<efi+ _ max S|P -rPe).

vEVA\{s;,t:} e= () e5A

=€; .+ max
veVA\{s;,t:}

For step (1), we separate special edges from regular edges that are incident to vertex
v. For step (2), we apply the solution mapping algorithm from f B hack to f4. For step
(3), we can replace the sum of outgoing flows of v by the sum of its incoming flows with
an error in demand of instance B being introduced. O]

3.6.2 FHF(A) to FPHF(A)

In this section, we show the reduction from an FHF instance (G", H", H" u",s,t) to an
FPHF instance (GP, FP, HP, uP s, t). This step does not drop any additional edge con-
straints, but simplifies the edge constraints for future dropping steps. More specifically,
in G", it is possible for more than two edges to be constrained to route the same amount
of flow. The goal is to reduce G" to GP? such that each edge is homologous to at most
one other edge.
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Suppose that (vy,wy), -, (vg, wy) € E" belong to a set of homologous edges of size
k in G". As shown in Figure 3.4,” we replace (v;,w;),i € {2,+-- ,k — 1} by two edges
(v, z;) and (z;,w;) such that z; is a new vertex incident only to these two edges, and
edge capacities of the two new edges are the same as that of the original edge (v;, w;).
Then, we can construct k& — 1 pairs of homologous edges: (vy,w;) and (v, 29); (22, ws)
and (vs, 23); -+ (2, w;) and (vig1, zie1); -5 (Zk—1, Wr—1) and (vg, wg). In addition, no
reduction is performed on non-homologous edges in G", and we trivially copy these edges
to GP. Compared with Figure 3.2, the constant-sized gadget in this step corresponds to
the inserted vertex z;, as indicated by the dashed boxes.

Lemma 3.6.5 (FHF to FPHF). Given an FHF instance (G", F' H" u" s t), we can
construct, in time O(|EP|), an FPHF instance (GP, FP, HP, uP, s, t) such that

max

EPI = O ([E") s w7l = "]

max

If the FHF instance has a solution, then the FPHF instance has a solution.

Proof. The runtime of reduction and the bound for |E?| follow from Lemma 3.6.1. More-
over, as the reduction of this step only inserts new vertices without modifying edge

capacities, we have ||[u?|| . = H“hHmax'

If f" is a feasible flow to the FHF instance, it is easy to derive a solution f? to the
FPHF instance. Concretely, for any homologous edge e € E" that is split into two edges
e1,e0 € EP, we set fP(e1) = fP(ez2) = f"(e). Since the vertex between e; and e, is only
incident to these two edges, then the conservation of flows is satisfied on the inserted
vertices. Moreover, since the edge capacities of e; and ey are the same as that of e, and
they route the same amount of flows, thus the capacity constraint is also satisfied on
the split edges. In addition, the flow conservation and capacity constraints are trivially
satisfied for the rest vertices and edges. Therefore, f? is a feasible flow to the FPHF
instance. O

(G") (G)

0,u 0,u
@ ® o ~)

0,u O;U
—0 o @ 0.1 (@)

Figure 3.4: The reduction from FHF to FPHF.

"We use (0,u) for an non-fixed flow edge of capacity u.
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In the approximate case, we first formally define FPHFA by applying the corresponding
error notions (Definition 3.3.16) to FPHF.

Definition 3.6.6 (FPHF Approximate Problem (FPHFA)). An FPHFA instance is given
by an FPHF instance (G, F,H,u,s,t) as in Definition 3.3.13, and an error parameter
e € [0,1], which we collect in a tuple (G, F,H, u,s,t,¢). We say an algorithm solves the
FPHFA problem, if, given any FPHFA instance, it returns a flow f > 0 that satisfies

u(e) —e < f(e) <wule) +e¢ VeeF, (error in congestion)

0<f(e) <wule)+e Veec E\F, (error in congestion)

Z fu,v) — Z flv,w)| <e Yve V\{s,t}, (error in demand)
w:(u,v)EE w:(v,w)EE

If (v,w) — fy,2)| <e Y(v,w),(y,z) € H;, VH; € H, (error in pairwise homology)
or it correctly declares that the associated FPHF instance is infeasible.

Lemma 3.6.7 (FHFA to FPHFA). Given an FHFA instance (G, F', H" u", s,t,€"), we
can reduce it to an FPHFA instance (GP, FP HP u? s t,€eP) by letting

1
P — Q) h
‘ (rm)e’

and using Lemma 3.6.5 to construct an FPHF instance (GP, F?, HP uP, s,t) from the FHF
instance (G, H", H" u" s, t). If £ is a solution to the FPHFA (FPHF ) instance, then in
time O(|Eh ), we can compute a solution f" to the FHFA (FHF, respectively) instance,
where the exact case holds when € = " = 0.

Proof. To bound error in congestion, we have ! < O(eP) according to Lemma 3.6.3. For
el we have e/ = 0 if e € EP\FP. If e € FP, since we just copy them without making
reductions for fixed flow edges in this step, we also have €} < O(e?).

To bound error in demand, by Lemma 3.6.4 and error in demand of auxiliary vertex
z, we have

ey <@+ max Y |fP(er) — fPea) SO (|E") €.

veV\{s,t} e—(um)CHh

Finally, we bound error in homology in G”. It is observed that error in homology in G"
for a homologous edge set of size k gets accumulated by (k — 1) times of error in pair
homology in G?, and we have k < |E},|. Thus, ¢! < O (|Eh|) €. Putting it all together,
we have

" = max{e], el e, ep} <O (|E"|) €.

O

3.6.3 FPHF(A) to SFF(A): Dropping Homologous Flow Con-
straints
We show the reduction from an FPHF instance (GP, FP,'HP uP, s,t) to an SFF instance

(G*, F*®,S1, S5, u®, s1,t1, So,12). Assume that {e,é} € HP is an arbitrary pair of homol-
ogous edges in GP. As shown in Figure 3.5, we map {e,é} in G? to a constant-sized
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gadget in G°, as indicated in the dashed boxes. The key idea to remove the homolo-
gous requirement is to introduce a second commodity between a source-sink pair (s, t2).
Concretely, we impose the fixed flow constraints on (e4, é4), the selective flow constraint
of commodity 1 on (eq,eq,é1,¢é5), and the selective flow constraint of commodity 2 on
(es,es5/és, é5). Then, there is a flow of commodity 2 that routes through the directed path
es — eq4 — e5/é3 — é4 — €5, and a flow of commodity 1 through paths e; — e4 — e
and é; — é4 — é3. The fixed flow constraint on (e4, é4) forces the flow of commodity 1
through the two paths to be equal, since the flows of commodity 2 on (ey, é4) are equal.
Thus, the homologous requirement for edge e and é is simulated. In addition, as no
reduction is performed on non-homologous edges in G?, we trivially copy these edges to
G*®, and restrict these edges to be selective for commodity 1.

(G7) OO0 @ G ®

Figure 3.5: The reduction from FPHF to SFF. The constant-sized gadget is indicated by
the dashed boxes.

Lemma 3.6.8 (FPHF to SFF). Given an FPHF instance (GP,F?, HP uP, s,t), we can
construct, in time O(|EP|), an SFF instance (G*, F*, Sy, Sa, u®, s1, 1, S2,t2) such that

Bl =O(E"), [lu’]

= [P |-
max max

If the FPHF instance has a solution, then the SFF instance has a solution.

Proof. The runtime of reduction and the bound for |E?| follow from Lemma 3.6.1. More-
over, we have by construction ||u®| .. = [[4P]], .-

If f? is a solution to the FPHF instance, it is easy to derive a solution f* to the SFF
instance. Concretely, we construct a feasible flow f* as follows:

e For any pair of homologous edge {e, é} € HP, in its corresponding gadget in G*, we
set

filer) = filea) = file2) = f7(e) = f7(€) = fi(é1) = fi(és) = fi(é2) <,
where u = uP(e) = uP(é), and set
fi(er) = fi(e2) = f3(é1) = f3(é2) = 0.

It is obvious that f° satisfies the selective constraint and the capacity constraint on
edges ey, e9, €1, €2, and satisfies conservation of flows for commodity 1 on vertices
vw,vw’, Yz, Yz .
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Moreover, we set
Fales) = fi(ea) = f3(es) = f3(éa) = f3(és) = u—fP(e) <w,
files) = fi(es) = files) = fi(és) = fi(é5) = 0.

Then it is obvious that f° satisfies the selective constraint and the capacity con-

straint on edges es, e5, €5, and satisfies the flow conservation constraint of commod-
ity 2 on vertices vw, vw’, yz,yz’.

It remains to verify if f* satisfies the fixed flow constraint on edges ey, 4. According
to the above constructions, we have (we abuse the notation to also let f* = f{+f7)

fo(ea) = filea) + falea) = f7(e) + (u = f7(e)) = u,
fo(a) = fi(es) + F3(es) = f7(€) + (u = £7(¢)) = u.

e For any non-homologous edge ¢/ € EP; we also have ¢/ € E? since no reduction is
made on this edge, and we copy it trivially to G*. We set

file) =fr(),  file)=0.

Since f? is a feasible flow in GP, it is easy to check that f* also satisfies the selective
constraint for commodity 1 and the capacity constraint on non-homologous edges,
as well as conservation of flows on vertices incident to non-homologous edges.

To conclude, f° is a feasible flow to the SFF instance. n

Definition 3.6.9 (SFF Approximate Problem (SFFA)). An SFFA instance is given by an
SFF instance (G, F, Sy, 52, u, s1,t1, S2, t2) as in Definition 3.3.14, and an error parameter
e € [0, 1], which we collect in a tuple (G, F, Sy, Sa, u, s1,t1, S2, t2, €). We say an algorithm
solves the SFFA problem, if, given any SFFA instance, it returns a pair of flows f,,f, > 0
that satisfies

u(e) —e < fi(e) + fyle) < ule)+e VeeF, (error in congestion)
0 < fi(e)+ fale) <ule) +¢, Vee E\F, (error in congestion)

Yo fiwvy— D fivw)| <e YoeV\{ st} i€ {1,2},
u:(uw)eE w:(v,w)EE
(error in demand)

file) <e, VeelS;, i={12}\I, (error in selection)
or it correctly declares that the associated SFF instance is infeasible.

Lemma 3.6.10 (FPHFA to SFFA). Given an FPHFA instance (GP, FP, HP uP, s, t,€P), we
can reduce it to an SFFA instance (G*, F® Sy, So, u®, s1,t1, Sa,to, €%) by letting

1
s __ - P
€‘Q(|Ep\)6’

and using Lemma 3.6.8 to construct an SFF instance (G*, F*, Sy, Ss, u®, s1,t1, S, 1) from
the FPHF instance (GP, FP, HP uP s t). If f° is a solution to the SFFA (SFF) instance,
then in time O(|EP|), we can compute a solution f¥ to the FPHFA (FPHF, respectively)
instance, where the exact case holds when € = P = 0.



3. Hardness Results for Two-Commodity Flow A7

Proof. To bound error in congestion, we have €/ < O(e®) according to Lemma 3.6.3. For
e/, we have ¢/ = 0 if e € EP\F?, whereas if e € F?, we have

fr(e ) file) by solution mapping for non-homologous edges
fie) — by error in selection
u’(e) — 2¢° by error in congestion

_ 'u,p(e)

Hence, €] < 2¢°.
To bound error in demand, by Lemma 3.6.4 and solution mapping algorithm, we have

p < s S I X ’ 33
GSEE L, 2 Wil) - file) (53

so the key is to bound |fi(e1) — fi(e2)|. Again, we can decompose the difference into
several error terms.

[fier) = File)] < Ifi(er) + files) = filea)] + [Filea) — Files) — files)]

<€ +|files) — files) — fi(e2)] Dby error in demand of vertex vw
< € +|fi(ed) = filex) = files)| + [Fi(es) — Files)]

< 2¢’ + [fi(es) — fi(es)] by error in demand of vertex vw’
< 2€" + max{f](es), fi(es)}

< 3¢€°, by error in type of edge e3 and e;

Since |H?| = O(|E?|), plugging the above back to Eq. (3.3), we have ¢, < O(|E?|)e®
Finally, we bound error in pairwise homology in GP. For any pair of homologous
edges,

[fier) = Fi(e)] = |(F7(er) — Filer)) — (F7(ér) — F3(€1))]
< |f*(er) — s(é1)| + [f3(e1) — f3(é1)]
<€+ |f(er) — fP(é1)] by error in type of edge e; and é;
<€+ |(F7(er) + f5(es)) — (F2(er) + F7(€3)) + [ (es) — f7(es)] -
To analyze |(f*(e1) + f*(es)) — (f*(é1) + f*(é3))|, we decompose as follows:

[(f(er) + F(es3)) — (f°(é1) + F°(e3))]
[f*(er) + f(e3) — f(ea)| + |f7(ea) — (£7(e1) + F7(€3))]
2¢° + |f*(ea) — (f7(é1) + £7(é3))]

by error in demand of vertex vw for two commodities

< 26"+ |f7(€a) — (F°(61) + F7(é3))| + £ (ea) — F7(4)]
< 4e’ + |f*(eq) — F7(é4)] by error in demand of vertex yz for two commodities
< 6¢€°, by error in congestion on e4 and é4

For |f*(e3) — f*(é3)], similarly, we have

[f*(es) — F2(&s)] = [(fi(es) + Files)) — (F1(és) + F3(és))]
< |fi(es) — Fi(és) + |f3(es) — f3(es)]
<€+ |f5(es) — f5(é3)] by error in type in G* and e3, é3
< A4e’, by symmetry from the bound of |f{(e1) — f3(e2)]
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Therefore, we can bound the error in pair homology by
e < 11¢.
Putting it altogether, we have
& = max{e], e, &, I} < O (7)) .

]

3.6.4 SFF(A) to 2CFF(A): Dropping Selective Flow Con-
straints

We show the reduction from an SFF instance (G®, F*,S1, Sy, u®, s1,t1, So,12) to a 2CFF
instance (GY, Ff,u’, s,t1, s0,t3). Assume that e € S; is an arbitrary selective edge for
commodity 7 in GP. As shown in Figure 3.6, we map e in G* to a gadget consisting of
edges {e1, €2, €3, €4, €5} in G/. Note that a selective edge e can be either a fixed flow edge
or a non-fixed flow edge. In Figure 3.6, [ = u if e is a fixed flow edge and [ = 0 if e is a
non-fixed flow edge. Moreover, no reduction is performed on non-selective edges in G*,
and we trivially copy these edges to G7.

The key idea to remove the selective requirement is utilizing edge directions and the
source-sink pair (s;,t;) to simulate a selective edge e for commodity i. More specifically,
in the gadget, the flow of commodity i routes through three directed paths: (1) e; — ey,
(2) es — e3 — ey, (3) e5 — ea. The selective requirement is realized because ey is the
only outgoing edge of zy and only the flow of commodity 7 is allowed in ey (since its
tail is ¢;), thus in e;. Similarly, e5 is the only incoming edge of zy’ and only the flow
of commodity i is allowed in es, thus in e;. In addition, to ensure that e; and es route
the same amount of flow, flows in e4 and e; must be equal by the conservation of flows.
Therefore, we impose the fixed flow constraint on e4 and e5 by setting the fixed flow to
be u. We remove ej if e is a fixed flow edge (in which case ez has capacity 0), and set the
capacity of ez to be u otherwise (in which case u — 1 =u — 0 = u).

Figure 3.6: The reduction from SFF to 2CFF. [ = u if e is a fixed flow edge, and [ = 0 if
e is a non-fixed flow edge.
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Lemma 3.6.11 (SFF to 2CFF). Given an SFF instance (G*, F*, Sy, S, u®, s1,11, S2,ta),
we can construct, in time O(|E*|), a 2CFF instance (GY, F¥ u’, sy, 11, 59,t5) such that

(BT = 00D ! |] e = 127
If the SFF instance has a solution, then the 2CFF instance has a solution.

Proof. If f° is a solution to the SFF instance, it is easy to derive a solution f7 to the
2CFF instance as follows:

e For any selective edge e € S;, in its corresponding gadget in G, we set
U< fl(en) = fl(es) = File) < u,

flles) = fles) = u,
0< fl(ex) =u—file) <u-—

where [ = 0 if e is a non-fixed flow edge, or [ = u = u*(e) if e is a fixed flow edge.
And we set

Fler) = £1(es) = £ (e3) = fl(ea) = fL(e5) =0, i={1,2}\i.

L,

It is obvious that f/ satisfies the capacity constraint on edges (é1,...,e5), and the
flow conservation constraint on vertices xy, xy’.

e For any non-selective edge ¢’ € E*\(S;US,), we also have ¢’ € E7 since no reduction
is made on this edge, and we copy it trivially to GY. We set

FlEy=rie),  ie{L2)

Since f* is a feasible flow in G*, it is easy to check that f/ also satisfies the capacity
constraint on non-selective edges, as well as the flow conservation constraint on
vertices incident to non-selective edges. Moreover, if ¢’ is a fixed flow edge, the
fixed flow edge constraint is also satisfied.

To conclude, f7 is a feasible flow to the 2CFF instance. O

Definition 3.6.12 (2CFF Approximate Problem (2CFFA)). A 2CFFA instance is given
by a 2CFF instance (G, F, u, s1,t1, S,t2) as in Definition 3.3.15, and an error parameter
e € [0, 1], which we collect in a tuple (G, F, u, s1, 11, S2, t2, €). We say an algorithm solves
the 2CFFA problem, if, given any 2CFFA instance, it returns a pair of flows f,,f, > 0
that satisfies

u(e) —e < fi(e) + fole) <ule)+e¢, VeeF, (error in congestion)

0<file)+file) <wule)+¢€ Vee E\F, (error in congestion)

Yo fiwv)— > fivw)| <€ VoeV\{s,t}, i€ {1,2},
u:(uw)eE w:(v,w)eEE
(error in demand)

or it correctly declares that the associated 2CFF instance is infeasible.
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Lemma 3.6.13 (SFFA to 2CFFA).  Given  an  SFFA instance
(G®, F*,S1, S, u®, s1,11, S, t2,€°), we can reduce it to a 2CFFA instance
(Gf,Ff,uf,sl,tl,sg,tQ,ef) by letting

1
f _ s
‘ ‘Q(|Ep|)“

and using Lemma 5.6.11 to construct a 2CFF instance (Gf, Ffoul s t, 32,t2) from the
SFF instance (G*, F*, Sy, So, u®, s1,t1, S2,t2). If f7 is a solution to the 2CFFA (2CFF) in-
stance, then in time O(|E®|), we can compute a solution f* to the SFFA (SFF, respectively)
instance, where the exact case holds when e/ = € = 0.

Proof. To bound error in congestion, we have €5 < O(e/) according to Lemma 3.6.3. For
e, we have ¢ = 0 if e € E°\F*. If e € F*, since we just copy them without making
reductions for fixed flow edges in this step, we also have ¢§ < O(e/).

To bound error in demand, we analyze commodity 1 and commodity 2 separately. Let
S; be the set of selective edges for commodity i, ¢ € {1,2}, and let S = S; U Sy. Also,
let €;; be the error in demand for commodity 7. By Lemma 3.6.4 and solution mapping
algorithm, we have

cuse+  max Y [fie) ~ file)]

cVP\{s;i,t;
v \e }e:(v,w)ES

(3.4)
Flier) — fl(es)

_ Fooy pf
o+ max Yo fle) - fle)|+ D]

e=(v,w)€ES; e=(v,w)€S;

flier) = fl(e)

The problem is reduced to bounding

flle) — e

< |flen) + £l(es) — L(en)| + | (e0) = FL(es) = FL(ea)

< e+ |fl(ed) = fles) — fl(e) by error in demand of vertex zy
< ¢+ |fl(en) = L es)| + [ (e5) = FL(es) = FLiea)

< 2¢f + | fl(es) — £1(es)] by error in demand of vertex zy/

If e € 53, then, by error in demand of vertex ¢; and s;, we have

Fles) — 5! (e5>\ < 2.

However, if e € S;, we have
fled) = £(es)| = | (# (e = Flen) = (#/(e5) = FLies)) |
< |#(er) = £ (es)| + |£(e0) = £ (e5)]

<26 + |l (ex) = L (es)

< 4¢l, by error in demand of vertex ¢; and s;

by error in congestion of edge e4 and ej
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Hence, since |S| = O(|E*|), plugging the above back to Eq. (3.4), we have
€ = maX{EZ,p 52,2} < O(|ES’)€f-
Finally, we bound the error in selection in G*. Suppose e € S;, we have

fi(e) = e

< f{(el) + f{(@g) by non-negativity constraint
< flea) + [ (er) + £L(es) = F(ea)]

<e + f{(el) + f{(eg) — f{(e4)) , by error in demand of vertex ¢;
< 2¢/, by error in demand of vertex xy

Therefore, we can bound the error in type by
el < 2.
Putting it all together, we have
¢ = max{e, €5, €5, e} <O (|E*|) €.

[]

3.6.5 2CFF(A) to 2CFR(A): Dropping Fixed Flow Constraints

In this section, we show the reduction from a 2CFF instance (G7, F/ u/, 51,1, 59,t2) to a
2CFR instance (G", u", 51,11, 82, t2, R1, Rs). First of all, we add two new sources 5, 5, and
two new sinks #;,%,. Then, for each edge e € E/, we map it to a gadget consisting edges
{e1,ea,€3,€4,€5,€5,€7} in G", as shown in the upper part of Figure 3.7. Additionally,
there is another gadget with 5 edges in G" that connects the original sink ¢; and source
s;, as shown in the lower part of Figure 3.7. Capacity of these edges is the sum capacities
of all edges in G/, ie., M/ = > _.;u'(e). Additionally, we set Ry = Ry = 2M/,
indicating that at least 2M7 unit of flow should be routed from 5; to #;, i € {1, 2}.

The key idea to remove the fixed flow constraint is utilizing edge directions and the
requirements that 2/ units of the flow of commodity 7 to be routed from the new source
5; to the new sink #;, i € {1,2}. It is noticed that all edges that are incident to the new
sources and sinks should be saturated to fulfill the requirements. Therefore, for a fixed
flow edge e in the first gadget, the incoming flow of vertex xy’ and the outgoing flow of
vertex xy must be 2u. Since the capacity of e is 2u — u = u, then the flows of ey, e, €3
are forced to be u. As such, the fixed flow constraint can be simulated. Note that instead
of simply copying non-fixed flow edges to G", we also need to map non-fixed flow edges
to the designed gadget in this step. This guarantees that the requirement on flow values
can be satisfied if the 2CFF instance is feasible.

Lemma 3.6.14 (2CFF to 2CFR). Given a 2CFF instance (G/, F/ uf si,t1,s9,12), we
can construct, in time O(|E’|), a 2CFR instance (G", u", 51,11, 52, 1o, R1, Ry) such that

B = O (|E]) ) 0" | = MY,

max

where MY = %" __p; u/(e). If the 2CFF instance has a solution, then the 2CFR instance
has a solution.
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Figure 3.7: The reduction from 2CFF to 2CFR. | = u if e is a fixed flow edge, and [ = 0
if e is a non-fixed flow edge.

Proof. Suppose f7 is a feasible solution to the 2CFF instance, then we can derive a feasible
solution f" to the 2CFR instance. Concretely, we define a feasible flow f" as follows. For
any edge e € B/, we set:

filer) = files) = fl(e), ie{1,2},
File)=u—fle), ie{12},
filed) = files) =u,  files) = filer) =
filed) = files) = files) = fi(er) =0,
where u = u/(e). And we set

f;(tz‘, Zl) = f:('z:7 Si) = Z f{(si,w) < Mf? (S {17 2}7

w:(s;,w)eES
Fihz) =M — > flsiw), ie{1,2},
w:(s;,w)EES
fiGi2) = film ) = M!, i€ {l,2},
Filti, z:) = fi(zsi) = £i(z1,20) = 7 (50, 2) = fizti) =0, i€ {l,2}\i.
To prove that f" is a solution to the 2CFR instance, it is obvious that capacity con-

straint and flow conservation constraint are satisfied by construction. For the satisfaction
of the requirement constraint R, = Ry = 2M/, we have, for commodity 1,

R1 = Z fl(Sl, ) 51,21 Z -fl 66 Mf—|— Z = 2Mf

w:(51,w)EET ey et
Ri= Y filwh)=F (b)) + Y filed) =M+ > ul(e) =2M".
u:(u, t1 )JEE" ecEf cent

We can prove that the requirement Ry = 2M/ is satisfied similarly. Therefore, f" is a
feasible flow to the 2CFR instance. O
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Definition 3.6.15 (2CFR Approximate Problem (2CFRA)). A 2CFRA instance is given
by a 2CFR instance (G, u, s, 11, S9,to, R1, Rs) as in Definition 3.3.8, and an error pa-
rameter € € [0, 1], which we collect in a tuple (G, u, s1,t1, s9,t2, R1, Ry, €). We say an
algorithm solves the 2CFRA problem, if, given any 2CFRA instance, it returns a pair of
flows f, f, > 0 that satisfies

file)+ fayle) <wule)+e€ Vee E, (error in congestion)

Z fi(u,v) Z fi(v,w)| <e Yo e V\{s;,t;},i € {1,2}, (error in demand)

u:(u,v)EE w:(v,w)eEE

Z f Si, W R <, Z fz(uatl> - RZ <€, (&S {17 2}7
w:(s;,w)EE w:(u,t; ) ER
(error in demand)

or it correctly declares that the associated 2CFR instance is infeasible.

Lemma 3.6.16 (2CFFA to 2CFRA). Given a 2CFFA instance (Gf, FI uf syt 89,19, ef),
we can reduce it to a 2CFRA instance (G",u", 51,11, 82,2, R1, Ro, €") by letting

1
T_ QO f
‘ <|Efr>

and using Lemma 3.6.14 to construct a 2CFR instance (G",u", 81,t1, 52, t2, Ry, Ra) from
the SFF instance (Gf,Ff,uf,sl,tl,sg,tg). If f" is a solution to the 2CFRA (2CFR)
instance, then in time O(|E'|), we can compute a solution f' to the 2CFFA (2CFF,
respectively) instance, where the evact case holds when " = ¢/ = 0.

Proof. To bound error in congestion, we have ¢/ < ¢” by Lemma 3.6.3. Regarding to elf ,

we have el 0 if e € Ef\ F’; whereas for an arbitrary fixed flow edge e € F/, by solution
mapping, we have

f(e) = f(er) = filer) + faler)
Y (filea) + files) = Files) =€) (3.5)

ie{1,2}

> filea) + files) = f'(es) — 2¢,

v

where the last step follows from the non-negativity of fi(e5) and f5(ey).
Now, to bound f'(es) and f5(e5), we have to make use of the requirement constraint
of t1,t5. By definition,

> Filed) + £ (20 0) —2M| < ¢,

ecESf

> files) + (22, f) — 2M7 | < €.

ecESf
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Rearranging and taking the lower bound direction, we have
files) =2M) — & — " filed) = £ (21, 1)
éeEf\e
> max {0,2M7 — " — (M7 —w/(e) + (|EY| — 1)¢") — (M7 +€")}
= max {0, u/(e) — (|E/| + 1)e"}.
Similarly, we have f}(e5) > max {0, u/(e) — (|E/| + 1)e"}.
Plugging back to Eq. (3.5),
£7(e) > max{0,2 (w (¢) — (|B| + 1)er) — f"(es) — 267}
by lower bound of f{(es) and f5(es)
> max{0,2 (u/(¢) — (|B'| + 1)€") — (u/(e) +€") — 2¢"}
by upper bound of f"(e3)
= max{0, u’(e) — (2| E/| +5)€"}.
Hence, we can bound
elf <0 (|Ef’) €

Next, we analyze error in demand. By Lemma 3.6.4 and solution mapping algorithm,
we have for i € {1,2},

f r r r
e, . <e€e + max E (e1) — f.(es)].
i = vEVf\{Si,ti}e:(u NEES |fz( 1) fZ( 2)| (36)

The problem is reduced to bounding |f7(e1) — f (ea)].
|[fi(ex) = file2)]

< |filer) + files) —f?(64) —Files)l +1fied) + files) — files) — filea)|

<€ +|fi(eq) + files) — Files) — fi(ea)l by error in demand of vertex xy
< € +|filea) + Files) — files) — filer)| + |files) + Filer) — files) — file2)]

< 26"+ |fi(eq) + fies) — f (es) — filer)], by error in demand of vertex zy’

By error in demand of ¢; and 5;, we have

files), filer) < €5 files), foles) <€

Hence,
[f1(e) — fi(e2)] < 4e” + [Fi(es) — files)|
[fa(er) — falea)] < 4e” + [files) — faler)|
Claim 3.6.17.
Z [fi(ed) — Files)| < 6|Ef|E Z [fales) — Faler)]| < 6|Ef|E
ecEf ecEf

Combining the above bounds and Claim 3.6.17 and plugging back to Eq. (3.6), we
have
efic?l, 6572 <0 (’Ef‘) €
Putting it altogether, we have

e/ = max{ef, ¢, ef;l, e§’2} <O(|E])¢
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Proof of Claim 5.6.17. We divide all edges in Ef into two groups:
= {e € B sit. fi(es) < files)},
E[[ = {6 < Ef s.t. f§(€4) > fq<€6>}

We denote
Ty =) filen),  Sr=_ files);
ecEy ecEr
T = Z fi(es), Sir = Z fies).
ecErr ecErr
Then,

Z \files) = files)| = (St —T1) + (T1r — Sir).

ecEf
On one hand, by error in congestion, we have

S+ T < Y ul(e)+|E | = M+ |E|e (3.7)
ecEf

On the other hand, applying error in demand on vertex ¢; and s;, we have

Tr+ T > M7 —€) — fi(z,6) > 2M7 — " — M — " = MT — 2¢",

Sp+ S > @M — €)= f1(51,2) >2M — " — M — " = M —2¢".
Thus,

Sr 4Ty = Sp+ (Tr + Trp) — Ty > MP — 2¢" 4 (S; — T1),
Sr+Tir=(Sr+ Si)+ T — S > M) — 2" + (Trr — St1).

Together with Eq. (3.7), we obtain

Sr—Tr < S+ Ty — M+ 26" < MT + |ET|e" — M7+ 2¢" = (|ET| 4 2)€”
T][—S[] S S[+T]] —Mf—|—2€r S Mf—|— ‘EfIET—Mf+2€T - (’Ef‘ —|—2)6r

Hence, we have

> " Ifi(es) = filee)| = (Sr—Tr) + (Tyr — Sir) < 2(|E'| + 2)e” < 6|E7|€,

ecEf

which finishes the proof. O

3.6.6 2CFR(A) to 2CF(A)

In this section, we show the reduction from a 2CFR instance (G", u'", 51,1, 52, ta2, R1, R2)
to a 2CF instance (G, u?/ 5,11, 55,15, R?*/). To drop the required flow constraint, we
add to G?¢/ with two new sources 31, 5, and two new edges (51, 31), (52, 52) with capacity
R, Ry, respectively. We set R?**f = R, + Ro.

For solution mapping, if a 2CF solver returns f2 for the 2CF in-
stance (G2, u?f 5, 1,,5,,12, R*f), then we return f" for the 2CFR instance
(G",u" sl,tl,sz,tg,Rl,Rg) by setting fi(e) = fgcf( ),Ve € E"i € {1,2}. If the 2cF
solver returns “infeasible” for the 2CF instance, then we return “infeasible” for the 2CFR
instance.

Note that the required flow constraint is not an edge constraint, so conclusions from
Section 3.6.1 cannot be directly applied. Instead, we analyze this step directly.
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Lemma 3.6.18 (2CFR to 2CF). Given a 2CFR instance (G",u", 51,1, 5o, 1o, Ry, Ro), we
can construct, in time O(|E"|), a 2CF instance (G*/, w7 5,11, 59,15, R*!) such that

|E2cf’ =O(|E"), ||u2cf|| = max{Ry, Ry}, R*/ =R, + R,.

max

If the 2CFR instance has a solution, then the 2CF instance has a solution.

Proof. The runtime for reduction and solution mapping is trivial, as we only add two
vertices and two edges. And by construction, H’u,ch ||m(erX = max{ R, Ry}.

If there exists a solution f" to the 2CFR instance such that F| > Ry, Fj > Ry, then
there also exists a solution f%/ to the 2CF instance because F* = Ry, F; = R, and

thus F2 4 ¢ = R/, O
Lemma 3.6.19 (2CFRA  to  2CFA). Given a  2CFRA  instance
(G",u", 51,11, 89, t0, Ry, Ro,€"), we can reduce it to a 2CFA  instance

(G2Cf7 ’u’26f7 §1; t_17 §27 2?27 R2Cf, 62Cf) by l@ttlng
et = (),

and using Lemma 3.6.18 to construct a 2CF instance (G*/, u?/ 5,11, 54,1y, R*T) from
the 2CFR instance (GT,u", 51,11, 5,2, R1, Ry). If £* is a solution to the 2CFA (2CF)
instance, then in time O(|E"|), we can compute a solution f" to the 2CFRA (2CFR,
respectively) instance, where the exact case holds when €2/ = " = 0.

Proof. Error in congestion does not increase since flows and edge capacities are unchanged
for those edges other than (5, 3;), (52, 52). Hence, €" < O(e2/).

Then for error in demand, notice that only the incoming flow of vertex sy, 55 changes
by solution mapping. Therefore, error in demand does not increase for vertices other than
51, S9, thus we only need to bound the error in demand of s;, 55. We consider commodity
i,i € {1,2}. We first bound the error in demand of vertex §;.

Yo FGuw) =R < | Y FE(snw) = £ | + |1 (50 5) — Ry

w:(5;,w)eER w:(§;,w)eEE

< eef 4 ‘ f?cf (8i,8;) — R;|, by error in demand of vertex s;

, by error in congestion, we have

FOI‘ ‘f?cf(;, gz‘) — Rz

f?cf(é, 5;) — R; < el

f20(5;,8) — Ry > F*f — ¥ — R, by error in demand of vertex s;
— R2f _ chf — R, — e2cf by construction
= Ry — I — & by Ry + Ry = R*/

> f57 (51, 5) — F2f —2¢%f Dby error in congestion of edge (5;, 5;)

> —3e%/, by error in demand of vertex s;
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Therefore, we have |f;

39(5,5) — Ri‘ < 3¢/ and thus

o (s w) — Ry < 4e

w:(§;,w)EE

: = T 2cf
To bound the error in demand of vertex §;, we have Zw:(%’w)EE fi(5,w) < 2
because error in demand is accumulated twice over two vertices s;, ;.
To conclude,
e < O(e*h).

3.7 A Unified Framework for LP Transformations

In Section 3.5 and 3.6, we described a series of reduction steps in both the linear algebra
space and the flow space. While we have identified certain reduction patterns in Section
3.5.1 and 3.6.1, each step uses its own gadget and error propagation arguments. We aim
to provide a unified characterization of problem reduction and how the reductions can be
analyzed systematically.

Note that every intermediate problem we consider (both in the algebra space and in
the flow space) can be represented as a feasibility LP of the form:

{z: Az < b},

where A and b define linear inequalities enforcing the constraints of that problem. Note
that a linear equality constraint Az = b is equivalent to the pair of inequalities Az < b
and —Ax < —b. Similarly, non-negativity constraints & > 0 can be expressed as
—Ix <O0.

This section introduces a framework that enables us to view each reduction step
as an LP-to-LP transformation characterized by linear mappings on both variables and
constraints. This viewpoint simplifies the correctness and error-propagation analyses,
showing that each step follows the same underlying principles.

3.7.1 Characterizing LP Transformations
Suppose we have an original problem A in LP form:

FA={z" e R" : A%2z" < b}, where A% € R pA e R,
We want to reduce it to a new problem B, also representable as an LP:

FP ={z® e R"” : APz® < b}, where A® € R*” pP e R,

By construction, typically n? < nf and m* < m?, as we add auxiliary variables and
constraints in the new problem.

LP transformation can be characterized with two linear operators: wvariable operator
T and constraint operator P.
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Variable Operator T. FEach reduction step embeds the original variable vector z*

into the larger variable vector £”. Concretely, we define T € R *"® guch that
zt = TP, (3.8)

Typically, by design, each row of T typically has a single 1 and the rest zeros, so that
each z4(j) is copied from the appropriate position in ”. Equivalently, we can view x?

as
A
B T
oo (2]
Hence, applying T just discards the auxiliary variables when extracting £* from z”.

Constraint Operator P. We regard the original systergl AxA < b? as being derived
B
from A” (and b”) by applying a linear operator P € RT, “™". Specifically, we require

AYT = PAB, b = Pb-. (3.9)

That is, each constraint of problem A is obtained by taking a non-negative linear combi-
nation of constraints in problem B. The non-negativity of P is essential when working
with inequalities, as it guarantees that feasibility is preserved: if APz® < b%, then
P(AP2P) < Pb®, ensuring that A%z < b

We remark that for transformation among equality constraints, the sign of P is irrel-

evant. In this case, if AP2P = b®, then any linear operator P can preserve feasibility
P(APzP) = Pb®.

3.7.2 Unified Correctness Analysis

Recall that the correctness analysis of a reduction algorithm involves verifying that prob-
lem A has a feasible solution if and only if the reduced problem B also has a feasible
solution. In other words, there are two main points to check:

1. Forward feasibility: From any feasible £ for problem A, we can construct a feasible
xB for problem B. Usually, this forward-feasibility construction is direct or “gadget-
based”®.

2. Backward feasibility: Given a feasible ? for problem B, we must show 4 = Tz?
is feasible for problem A.

Lemma 3.7.1 (Correctness of Reduction Algorithm). Let T and P satisfy the relations
in Equation (3.8) and (3.9). Additionally, assume there is a forward-feasibility mapping
L:R"™ = R such that L(F4) C FB. Then problem A has a feasible solution if and
only if the reduced problem B also has a feasible solution.

Proof. If # is a feasible solution to A, by L(F%) C F, then a feasible solution to B
can be constructed by applying L to z# as ¥ = L(z*).

81n each step of Sections 3.5 and 3.6, the solution construction approach is detailed in the proofs of
the lemmas for the exact cases.
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It remains to show that if £” is a feasible solution to B, then Tx? is a feasible
solution to A, i.e., T(FP) C FA. For any feasible solution ” € FB, we have

APgB < pP
4
PABzP < Pb® by non-negativity of P
Y
A TzB < b4 by Eq. (3.9)
4
Alzt < p! by Eq. (3.8)

]

3.7.3 Unified Error Analysis

We extend the above analysis for feasible solutions to solutions with additive approxima-
tions. We say x is an e-approximate solution if

Az — b <el.

B

Given z? an eB-approximate solution to problem B, the goal of the error analysis is
B

to understand how the approximation error of £#4 = Tx? depends on €”.

Lemma 3.7.2 (Error Analysis). Let €2 be an €B-approzimate solution to problem B,
then x4 = TxP is an e*-approzimate solution to problem A with

! <Pl o €.
Proof. We have

ABzB _ P < B,

4

P(APz® —bP) < PP1,5 by non-negativity of P
Y

AAT2P — b <P ||P|| 1,4 by Eq. (3.9)
4

Atz — b < B P 1,4 by Eq. (3.8)

]

Therefore, bounding || P||_, by a modest polynomial factor at each step ensures the
overall additive error does not grow too large throughout the entire chain of reductions.
Lemma 3.7.2 unifies the more specialized error analyses found in each step of Sections
3.5 and 3.6.

91f we assume the non-negativity constraints are always satisfied, which is the case in our proofs in
Section 3.5 and 3.6, the right-hand side vector can be further tightened.
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3.7.4 Examples

As an illustration, we revisit several steps in the reduction chain and analyze them using
this unified framework.

LP(A) to LEN(A)

We revisit the step that transform an LP instance {c¢"x > K,Az < b,z > 0} to an
LEN instance {AZ = b, & > 0}. To be compatible with the form used in the framework,
we rewrite the constraints in LP instance (problem A) as

—c' -K —c' -K
Alz<]| b = A'=| A |, bp*=|b
I 0 I 0

The LEN instance (problem B) is defined by appending slack variables s > 0 and « > 0.
We have -

~ —c' 0 1 = -K

e v el

Constructing A%, b from A, b is straightforward:

A b
AB = | _A|l, b%=|—b
I 0

The operator P performs row additions on A® to match rows in A*T. Concretely,
each row of AT is constructed by adding the corresponding row in A® to a specific row
of —1I, ensuring that any extra non-zero entry in the auxiliary variables is canceled out.

The forward-feasibility mapping L is described in the proof of Lemma 3.5.1. Thus,
by Lemma 3.7.1, the correctness of the reduction can be proven. Moreover, since || P||_,
is a constant here, the approximate error ¢* grows only by a constant factor from e”,

consistent with Lemma 3.5.2.

LEN(A) to 2-LEN(A)

We use a concrete example to illustrate the construction of the constraint operator P for
this step. Starting with a linear constraint 5x, + 32y — 7Tx3 = —1. In matrix form, this

can be rewritten as
T

5 3 =7 |z = [-1].
T3
The reduction algorithm of bitwise decomposition (see Eq. (3.2)) leads to the following
reduced problem:

T
T2
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The first three rows represent the bitwise decomposition constraints, corresponding to
bit weights 2°,2! and 22, respectively; and the last block row with identity matrices I
corresponds to slack variables s added to carry terms ¢, d.

Notice that

11 -1 -2 2 0 0 |
01 -1 1 -1 -2 2
[20 2t 22 OHlO—lI 0 0 1 _1I =[5 3 -7 0 0[],
| 1 | L
and

—1
[20 28 22 o] ! = [-1]
4 0 :

X1,

They correspond to PAZ = A4 T and Pb® = b*, respectively. Hence, we can construct
the constraint operator P (up to column rearrangements) as

p_[2 2" 22 0]
I’

where the first row corresponds to the reverse of the bitwise decomposition process,
summing up contributions weighted by 2°; the last block I's corresponds to non-negativity
constraints for x.

We have
1P|, = O(X),

where X is the magnitude of LEN. Again, it matches the bound stated in Lemma 3.5.4.

2-LEN(A) to 1-LEN(A)
The reduction from a 2-LEN instance (A, b, R) to a 1-LEN instance (A, b, R) is relatively

straightforward. We illustrate with a concrete example from the previous step: @1+ x5 —
x3 — 2(co — dp) = —1. In matrix form,

11 -1 =2 =2] |zs| = [-1].
do
Introducing auxiliary variables ¢, and dj, we reduce it to

$1+$2-8’Jg—00—06+d0+d6:—1
co—cy=0
do—d6:0,
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or in matrix form,
]
T
-1 -1 -1 1 1 T3 -1
1 =10 0 co|l =10
0 0 1 —1] ¢ 0
dg
d;

Notice that a linear combination of the reduced problem recovers the original problem.
Specifically,

11 -1 -1 -111
1 11joo 0 1 -10 0f=[11-1-2-20 0].
00 0 0 0 1 -1

The constraint operator P can thus be constructed accordingly. In the general case,
each coefficient of +2 in the 2-LEN instance leads to the introduction of two auxiliary
variables and two additional equations in the 1-LEN instance. Consequently, each row
of P includes a number of non-zero entries proportional to the number of variables with
coefficients +2. Since the number of such variables is trivially bounded by the number
of non-zeros N in 2-LEN, we obtain a matching bound as Lemma 3.5.6:

1P < O(N).

1-LEN(A) to FHF(A)

Recall the form of 1-LEN {A& = b,& > 0}, where A € R™" and entries of A are in
{0,+1}. For each linear equation in 1-LEN, saying

BEIOEDBEIOEN
jeJ+ jet-
or in matrix form,

EE V| | U B ET

It is encoded by several flow constraints as follows:

Z z(j) =f1+fa (flow conservation)
jeJt
Z z(j) = fs, (flow conservation)
jeJ-
Ji=0 (fixed flow)
Jo—F3=0, (homologous flow)

{?] < u. (capacity)
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In matrix form, the flow constraints are

z(J")

17 1 -1 0
S R LN 8 &
[T~ 1 0 0 fl = bl 0<lf]§u
fo
0 1 -1 0
fs

Observe that by taking a linear combination of the flow constraints, we can recover the
original 1-LEN equation. Specifically,

17, .
170 0 1 . .
0 1 -1

For a single equation, we can derive the above constraint operator P and || P||_ =
©(1). When handling multiple equations, more homologous flow constraints are intro-
duced—each linking multiple flows corresponding to the same variable across different
sections of the network. This increases the complexity of the constraint operator P.
However, the number of non-zero entries in each row of P remains bounded by O(N),
where N is the number of non-zeros in the matrix A. Thus, in the general case,

I1P], < O(WN),

which matches the bound established in Lemma 3.5.9.

Dropping Homologous Flow Constraints

We show that every homologous flow constraint can be encoded as a linear combination
of a constant number of flow conservation constraints, selective flow constraints, and fixed
flow constraints.

Refer to Figure 3.5. Our target is to encode f¥(e) = f?(é), or before solution mapping,
filer) = fi(ér).

We start by flow conservation of vertex vw, vw', yz, yz':

file) + files) = f1(64) Filea) + files),
Faler) +Fales) = Falea) = Falea) + Fales). (flow conservation)
fi(ér) + files) = fi(éa) = fi(é2) + files),

s(é1) +F3(es) = f3(éa) = f3(é2) + fi(es).

Then plugging in the selective constraints on edge ey, s, €1, €5 (i.e., f5(e1) = f5(ex) =
f5(é1) = f3(é2) = 0) and on edge es, e5, €5 (i.e., fi(es) = fi(es) = fi(és) =0), we have

Filer) =fi(es) = file2),

fi(é1) =fi(é4) = fi(éq), (flow conservation + selective)
Files) = filea) =fa(es) = Fa(éa) = f3(é5).

Finally, the fixed flow constraints on edge e, and é, enforce fi(es) + f5(e4) = u and
fi(és) + f3(é4) = u. Combining with the above immediately yields

filer) = fi(ér), (flow conservation + selective + fixed)
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which encodes the homologous flow constraint. Crucially, each original homologous-flow
constraint is encoded by O(1) constraints in the reduced problem, so the corresponding
row sum of P is bounded by a constant.

Dropping Selective Flow Constraints

Consider a selective edge e for commodity 1 (Figure 3.6). The target is to encode f5(e) =
0, or before solution mapping, fg(el) =0.

By flow conservation of vertex xy and t;, because t; has no outgoing edges for com-
modity 2, we have

filer) + fi(es) = fl(es) = 0. (flow conservation)
Since every flow is non-negative, it implies
fi(e)) =0, (flow conservation + non-negativity)

which encodes the selective flow constraint.

Dropping Fixed Flow Constraints
Figure 3.7 shows the gadget that replaces an edge with the fixed capacity constraint

File) + fie) = u.

Before the solution mapping, this means enforcing

filer) + filer) = u.

By flow conservation of vertex zy and no outgoing edges for commodity 2 and 1 for
t1 and t,, respectively, we have

Filer) + files) = fi(es),
Faler) + fa(es) = files).

Moreover, because of the required amount of flow, all incoming edges of ¢, t, saturate.
That is, t; receive exactly u units of commodity i:

Filer) + files) = files) = u,
Foler) + files) = files) = u.

Then combined with capacity constraint of edge e; and e3 (i.e., fi(er) + fy(er) <
u, fi(es)+ fo(es) < u), this gives

(flow conservation)

(flow conservation + requirement + capacity)

filer) + filer) = u, (flow conservation + requirement + capacity)

which encodes the fixed flow constraint.

The examples above demonstrate that every special constraint can be encoded as
a linear combination of a constant number of other constraints. We omit the detailed
encoding of other ordinary constraints associated with the reduced edges, such as flow
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conservation and capacity constraints. Due to the constant size of the gadgets, the
transformed graph G® contains O(|E*|) edges, thus O(|E*|) constraints. Therefore,
every original constraint can be recovered as the sum of at most O(‘EA‘) constraints in
GB,ie.,
A
1Pl < O(|E4]),

yielding the matching error bounds achieved in these reduction steps:

et < O(’EA‘)EB.

3.7.5 Summary

Under this framework, we can treat each reduction step as a composition of two linear
mappings, one on the variables (T') and one on the constraints (P), plus the forward-
feasibility mapping L. Once we construct (T', P, L) for a reduction step, its correctness
follows immediately from Lemma 3.7.1.

In addition, this framework provides a systematic approach to analyzing error prop-
agation. Rather than redoing an error analysis from scratch for each reduction gadget,
it suffices to bound the ¢ norm of the constraint operator || P||  at each step. This
immediately yields how €” translates into €.

Intuitively, the role of || P|| in bounding error growth corresponds to how we break
down an error term into several intermediate terms in our actual proofs:

Azt — b (0)| <> AP ()" - bP ()

jeJ

Y

where J is the set of indices of constraints in B that are related to the ith constraint in
A. Combining these terms is equivalent to forming a linear combination of constraints in
problem B—an operation precisely captured by the constraint operator P.

Although constructing P still requires step-specific analysis for individual reduction
gadgets, the framework serves as a powerful tool both for validating existing reductions
and for guiding the design and verification of new reduction steps within the chain of LP
reductions.
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Chapter 4

Hardness Results for Combinatorial
Laplacians

This chapter is based on [Din+22]. We focus on proving Theorem 1.4.4. Specifically,
we describe the reduction algorithm and analyze it for approximate solvers in Section
4.5. Then in Section 4.6, we slightly modify the reduction for approximate solvers to
handle the general case, when the right-hand side vector may not be in the image of
the coefficient matrix. Theorem 1.4.2 can be derived from Theorem 1.4.4 and standard
arguments in linear algebra, with the proof provided in Appendix B.1.

4.1 Prior Works

Kyng and Zhang [KZ17] initiated the study of hardness results for solving structured lin-
ear equations. They showed that 2-commodity Laplacians, 2-dimensional truss stiffness
matrices, and 2-total-variation matrices are all sparse-linear-equation complete. [KWZ20)]
considered a larger family of hardness assumptions based on linear equations. Through
defining a parameterized family of hypotheses for runtime of solving sparse linear equa-
tions, they prove the hardness of approximately solving packing and covering linear pro-
grams. For example, if one can solve a packing linear program up to € accuracy in time
O(number of non-zeros x €~%16%) then one can solve a system of linear equations in time
asymptotically faster than O(number of non-zeros x condition number of matrix), which

is the runtime of conjugate gradient.

4.2 Our Contributions

We prove that solving linear equations in boundary operators and combinatorial Lapla-
cians of 2-complexes is as hard to solve as general linear equations. As discussed in
Section 1.1, there are extensive applications of combinatorial Laplacians in both pure
math and applied areas. In addition, the problem of solving linear equations in 9,0,
also arises when using Interior Point Methods to solve a generalized max-flow problem
in higher-dimensional simplicial complexes as defined in [MN21]. We sketch how this in-
verse problem arises when using an Interior Point Method in Appendix B.2. By a similar
argument as Lemma 1.4.5, we can show that if we can solve linear equations in 9,0,
to high accuracy in nearly-linear time, then we can solve linear equations in d to high
accuracy in nearly-linear time.

67
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Our reduction is inspired by a reduction in [MN21] that proves NP-hardness of com-
puting maximum integral flows in 2-complexes via a reduction from the graph 3-coloring
problem. However, the correctness of their reduction heavily relies on the fact that the
flow values in the 2-complex are 0-1 integers, which does not apply in our setting. In
addition, it is unclear how to encode linear equations as a graph coloring problem even
if fractional colors are allowed.

We employ some basic building blocks used in [MN21], including punctured spheres
and tubes. However, we need to carefully arrange and orient the triangles in the 2-complex
to encode both the positive and negative coefficients in difference-average equations, and
we need to express the averaging relations not covered by the previous work.

An important aspect of our contribution is that we carefully control the number of
non-zeros of the boundary operator matrix that we construct, and we bound the condition
number of this matrix, and how the error propagates from an approximate solution to the
boundary operator problem back to the original difference-average equations. In order
to do so, we develop explicit triangulation algorithms that specify the precise number
of triangles needed to triangulate each building block and allow a detailed error and
condition number analysis.

We remark that our constructed 2-complex does not admit an embedding into a sphere
in 3 dimensions. Recent work [Bla+22] has shown that simplicial complexes with a known
embedding into R?® have non-trivial linear equation solvers, but the full extent to which
embeddability can lead to better solvers remains an open question.

We analyze our construction in the RealRAM model. However, it can be transferred
to the fixed point arithmetic model with (log N)°®) bits per number, where N is the size
of the problem instance.

4.3 Notations and Preliminaries

4.3.1 Matrix Classes

We are interested in linear equations whose coefficient matrices belong to the following
matrix classes.

1. G refers to the class of General Matrices that have integer entries and do not have
all-0 rows and all-0 columns. We refer to linear equations whose coefficient matrix
is in G as general linear equations.

2. DA refers to the class of Difference-Average Matrices whose rows fall into two
categories:

(a) A difference row which has exactly two non-zero entries 1 and —1;
(b) An average row which has exactly three non-zero entries 1, 1, and —2.
Multiplying a difference row vector to a column vector  gives x(i) — (j); mul-

tiplying an average row vector to x gives x(i) + x(j) — 2x (k). We refer to linear
equations whose coefficient matrix is in DA as difference-average linear equations.

3. By refers to the class of Boundary Operator Matrices Oy in 2-complexes. We refer
to linear equations whose coefficient matrix is in By as 2-complex boundary linear
equations.
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Our definition of “general matrices” specifies that the matrix must have integer entries.
However, when the input matrix is invertible, using a simple rounding argument, we can
convert any linear equation into a linear equation with integer entries O(1) bits per
entry. We caution the reader that this relies on our definition of 5() as hiding poly-
logarithmic factors in the input condition number. In general, the condition number can
be exponentially large — however, our results are mainly of interest when the condition
number is quasipolynomially bounded.

4.3.2 Reduction Between Linear Equations

We will again follow the definition of efficient reductions in [KZ17].
We say LEA over matrix class M, is nearly-linear time reducible to LEA over matrix
class My, denoted by My <,;; My, if the following holds:

1. There is an algorithm that maps an arbitrary instance LEA (M1, ¢q,€;) where
M, € M; to an instance LEA (M, ¢o,€5) where My € M,y such that there is
another algorithm that can map a solution to LEA (M, ¢o,€3) to a solution to
LEA (M4, ¢y, €).

2. Both the two algorithms run in time 6(nnz(M1)).

3. In addition, we can guarantee nnz(M,) = O(nnz(M)), and

61, k(My),U(Ms, by) = poly(nnz(M),e; ', k(M,),U(My, by)).

We do not require a nearly-linear time reduction to preserve the number of variables
or constraints (dimensions) of a system of linear equations. The dimensions of the new
linear equation instance that we construct can be much larger than that of the original
instance. On the other hand, a reduction that only preserves dimensions may construct a
dense linear equation instance even if the original instance is sparse. A nearly-linear time
reduction that preserves both the number of non-zeros and dimensions would be stronger
than what we achieve.

Fact 4.3.1. [f./\/ll Snlt M2 and M2 Snlt ./\/lg, then M1 Snlt Mg.

Definition 4.3.2 (Sparse-Linear-Equation Complete (SLE-complete)). We say LEA over
a matrix class M is sparse-linear-equation complete if G <,,;; M.

Fact 4.3.3. Suppose LEA over M is SLE-complete. If one can solve all instances
LEA (A, b,¢) with A € M in time O(nnz(A)°) where ¢ > 1, then one can solve all
instances LEA (A’ b’ €) with A" € G in time O(nnz(A’)°).

Under the above definitions, [KZ17] implicitly shows the following result.

Theorem 4.3.4 (Implicitly Stated in [KZ17]). LEA over DA is SLE-complete.

4.4 Main Results and Reduction Outline

Our main result is stated in the following theorem.

Theorem 4.4.1. LEA over By is SLE-complete.
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Although our main theorem focuses on linear equation approximate problems, we
construct nearly-linear time reductions for both linear equation problem LE and its ap-
proximate counterpart LEA. We first reduce LE instances (A4, b) (and LEA instances
(A, b¢)) over difference-average matrices to those over 2-complex boundary operator
matrices, under the assumption b € Im(A) (stated in Theorem 4.4.2 and 4.4.3). In this
case, the constructed 2-complexes have unit edge weights. We then provide a slightly
modified nearly-linear time reduction for LEA (A, b,¢) over difference-average matrices
to LEA over 2-complex boundary operator matrices without assuming b € Im(A) (stated
in Theorem 4.4.4). In this case, we introduce polynomially bounded edge weights for the
constructed 2-complexes.

Theorem 4.4.2. Given a linear equation instance LE (A,b) where A € DA and b €
Im(A), we can reduce it to an instance LE (0, ) where Oy € By, in time O(nnz(A)), such
that a solution to LE (O2,7) can be mapped to a solution to LE (A, b) in time O(nnz(A)).

Theorem 4.4.3. Given a linear equation instance LEA (A, b, eP1) where A € DA and
b € Im(A), we can reduce it to an instance LEA (Da,7, €%2) where Oy € By and P2 <
ﬁ;@), in time O(nnz(A)), such that a solution to LEA (0,7, €%?) can be mapped to a
solution to LEA (A, b, eP4) in time O(nnz(A)).

Theorem 4.4.4. Given an instance LEA (A, b,eP?) where A € DA, we can re-
duce 1t to an instance LEA (Wl/232, wWl/2y, eB2) where 0y, € By and W is a di-
agonal matriz with non-negative diagonals, in time O(nnz(A)). Let s,e, K,U denote
nnz(A), P4 k(A),U(A, b), respectively. Then, we can guarantee that

nnz(d,) = O(s), U(WY20,, W/?y) =0 (sUe),
B2 = QU 1s7Y), k(W20,) =0 <515/2K2€72)

and a Ssolution to LEA (W1/282, WI/Q’y,eB?) can be mapped to a solution to
LEA (A, b,eP4) in time O(nnz(A)).

We will prove Theorem 4.4.2 and Theorem 4.4.3 in Section 4.5, and we will prove
Theorem 4.4.4 in Section 4.6.

4.4.1 Overview of Our Proof

Multiplying a 2-complex boundary operator d, € R™*! to a vector f € R? can be inter-
preted as transforming flows in the triangle space to demands in the edge space. Given
d € R?, solving Obf = d can be interpreted as finding flows in the triangle space subject
to edge demands in d. We will encode difference-average linear equations as a 2-complex
flow network.

Encoding a Single Equation. We observe a simple fact: If we glue two triangles
A1, Ay with the same orientation, then the net flow O,f on the shared interior edge
is f(A1) — f(A2) (see Figure 4.1 (a)); if we glue two triangles Ay, Ay with opposite
orientations, then the net flow dof on the shared interior edge is f (A1) +f(Az) (see Figure
4.1 (b)). Given an equation a'x = b with the non-zero coefficients being +1, we can
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encode it by gluing more triangles as above and setting the demand of the shared interior
edge to be b. To handle the coefficient —2 in an average equation, say (i) +x(j) — 2z (k),
we implicitly interpret it as x(i) + x(j) — (k1) — x(k2) together with an additional
difference equation x (k1) = x(k2) (see Figure 4.1 (c)).

N 5 X

(a) () (c) (d)

Figure 4.1: An illustration for encoding a single equation and encoding a variable.

Encoding a Variable. We use a sphere to encode a variable involved in many equa-
tions. We can obtain an oriented triangulation of the sphere and set all the edge demand
to be 0 so that all the triangles on the sphere must have an equal flow value (see Figure

4.1 (d)).

Putting It All Together. For each variable x(i) and the sphere for (i), we create
a “hole” for each equation that involves x(7), and then attach a tube. We can have an
oriented triangulation of the tubes so that the triangles on the tubes have equal value as
the triangles on the sphere. We then connect these tubes properly to encode each given
difference and average equation.

Discussion.

o Why encode difference-average equations rather than directly encoding general equa-
tions with integer coefficients?
We can generalize the above encoding method to encode a general equation g'y = ¢
with arbitrary integer coefficients into a 2-complex with roughly | g||, tubes. How-
ever, the encoding size required to express a general system of linear equations
Gy = c this way can be as large as Q(nnz(G) || G|| This dependence on

max) :

|| G| . 1 Prohibitive, and makes for a fairly weak result.
On the other hand, we can first reduce the general linear equations Gy = ¢ into
difference-average linear equations Az = b, where ||A| ., = 2 and nnz(A4) =

O (nnz(G)log | G||,,...) (by Lemma 5.1.1). Then we can encode Az = b into
a 2-complex. The encoding size required to express the difference-average linear
equations as a 2-complex is thus O(nnz(A)) (by Lemma 4.5.2). Thus, the over-
all encoding size required to express the original linear equation Gy = ¢ is now
O (nnz( @)), exponentially improving the dependence on || G|

max’

Therefore, the two-step reduction is a nearly-linear time reduction while the one-
step reduction is not.

o Why encode into a 2-complex rather than a 1-complex?
We do not expect that general linear equations with integer coefficients can be
efficiently encoded using a 1-complex. This would immediately imply a nearly-linear
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time solver for general linear equations, as fast solvers for 1-complex operators exist
(using Laplacian linear equation solvers).

4.5 Reducing DA to B, in Feasible Case

In this section, we show that the algorithm REDUCEDATOB; and the algorithm
MAPSOLNB;TODA reduce instances LEA (A, b, €) over DA to instances LEA (0,7, €)
over By, under the assumption that b is in the image of A. Specifically, we show that
by a proper choice of €, a solution to LEA (A, b, €) can be converted to a solution to
LEA (0y,7,€) in Section 4.5.5; we upper bound the condition number of d, in Section
4.5.6.

Recall that an instance LE (A, b) over DA only consists of two types of linear equa-
tions:

1. Difference equation: z(i) — z(j) = b(q);
2. Average equation: x(i) + x(j) — 2x(k) = 0.

Suppose LE (A, b) has d; difference equations and dy average equations. Without
loss of generality, we reorder all the equations so that the first d; equations are difference
equations and the rest are average equations.

4.5.1 Reduction Algorithm

Given an instance LE (A, b) where A is a d x n matrix in DA, the following algorithm
REDUCEDATOB, constructs a 2-complex and a system of linear equations in its bound-
ary operator.

Algorithm ReduceD AToB,

Input: an instance LE (A, b) where A € DA is a d X n matrix and b € R%
Output: (0y,7, A€) where 0y € By is an m X t matrix, 7 € R™, and A° is a set of n
triangles.

1. For each i € [n] and variable (i) in LE (A, b), we construct a sphere S;.

2. For each ¢ € [d;], which corresponds to a difference equation (i) — z(j) = b(q),
we add a loop o, with a net flow demand b(g). Then,

(a) we add a boundary component f3,; on S;, and a boundary component 3, ; on
Sj;

(b) we construct a tube 7,; with boundary components {—0,;,®,}, and a tube
7,.; with boundary components {—0, ;, —a,}.

See Figure 4.2 for an illustration.!

3. For each g € {d;+1,...,d}, which corresponds to an average equation x(i)+x(j)—
2z (k) = b(q) =0, we add a loop «, with zero net flow demand. Then,

!Note that since the loop a, has demand b(g), our construction is different from identifying the
boundary component oy of 7, ; and the boundary component —c, of 7 ;.
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0S; 3 By 0S; 2 By

Figure 4.2: The construction for a difference equation x(i) — z(j) = b(q).

(a) we add a boundary component j3,; on S;, a boundary component f3,, on S;,
and two boundary components B k.1, Bq.k2 on S;

(b) we construct a tube 7,; with boundary components {—/5,,, o}, a tube 7T,
with boundary components {—p,;, , }, and two tubes 7, .1, T %2 with bound-
ary components {—f, 1, —ay} and {—f,x2, —ay}, respectively.

See Figure 4.3 for an illustration.?

0S8 3 Byi 0853 By

0S8k > {Byk1, Byk2}

Figure 4.3: The construction for an average equation (i) + x(j) — 2x(k) = 0.

4. For each ¢ € [n], the punctured sphere S; and the tubes connected to S; form a
continuous topological space. We construct an oriented triangulation for this space

2 As four tubes are connected to a single loop, to avoid the intersection of tubes before attaching the
loop, a higher-dimensional space is required.
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such that the induced orientation of each edge on a loop «, is consistent with the
orientation of a,,. We will describe this oriented triangulation subroutine in Section
4.5.1. Let I be the oriented 2-complex. Let 05 be the boundary operator of K.

5. Each edge on a loop ay has net demand b(g); each other edge has net demand 0.
Let v be the vector of the net flow demands.

6. On each triangulated sphere S;, we choose an arbitrary triangle A; € S; as the
central triangle. Let A€ be the set of all the central triangles.

7. We return (0s, v, A°).

The following algorithm MAPSOLNB,TODA maps a solution f to LE (02,7) to a
solution « to LE (A, b).

Algorithm MapSolnB,toD.A

Input: a tuple (A4, b, f, A°), where A € DA is a d X n matrix, b € R? f € R, and A°
is the set of n central triangles.
Output: a vector x € R".

1. If A"b = 0, we return & = 0.

2. Otherwise, we set (i) = f(A;), where A; € A is the central triangle on sphere
S,

Oriented Triangulation

We provide a concrete triangulation subroutine here for the benefit of analyzing our
reduction algorithm.

Oriented Triangulation for Punctured Spheres. By our construction, each sphere
S; has b; = 23:1 | A(q, )| boundary components. We will create ¢; triangles and m; edges
on §;, based on b;.

1. If b; = 1 (see Figure 4.4 (a)), the punctured sphere is topologically equivalent to a
disk. In this case, S; can be triangulated using a single triangle [v(ll), v(Ql), v?l)], thus

2. If b; = 2 (see Figure 4.4 (b)), the punctured sphere is topologically equivalent to
an annulus. We subdivide the triangle [v(ll), U(Ql), U?n] obtained in the previous case

by adding 6 interior edges between vertices of the inner and the outer boundaries:

[U(ll)a ’0(12)], [U(ll)a 0(22)]’ [U(21)7 U(IQ)L [0(21)7 U?2)]7 [U:(Sl)v U(QQ)]a [v?l)a U?Q)]? thUS EZ = 6, mz = 12

3. Generally, if b; = k (see Figure 4.4 (c)), we subdivide the rightmost triangle
[v()> 031y V(1)) Obtained in the case of b; = k — 1 with the same method. By
induction, we have

t; = bb; — 4, m; = 9b; — 6, for b; > 1. (4.1)
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v Vi)

Ué1) ’U<21) U?l) 1)(21)

Figure 4.4: Oriented triangulation of punctured spheres. The light area represents the
“holes” defined by boundary components.

The orientation for triangles on the same sphere should be identical. Without loss of
generality, we orient all triangles clockwise. Note that with this triangulation method,
all boundary components are composed of 3 edges.

Oriented Triangulation for Tubes. A tube is defined by two boundary components.
By our construction, for every tube connected to S;, one of the two boundary components
is always — 3, «,” and the other one is +a,, whose orientation depends on the sign of the
entry A(g,i). Without loss of generality, we orient anti-clockwise for all o, thus clockwise
for all —ay. Therefore, there are two possibilities of boundary component combinations.

1. If A(q,i) > 0 (see Figure 4.5 (a)), then the two boundary components have opposite

orientations: qu* = [Vgi Vo iar Vi) and ag = [vg,07,05]. We triangulate by

qz*’ qz*v qz* q Yq>

3
matching qu* to v qu* to v , and qu* to vy .

2. If A(q,7) < 0 (see Figure 4.5 (b)), then the two boundary Components have identical

: : _ 3 2 _
orientations: —f,;. = [v H,vq”,vq”] and —ay = [vg, v}, vZ]. We triangulate by
1,3 2 3
matching vql . to vy, vy, to vy, and vql . to vy
1 3 2 1 1 3 2
Ugin Ygin  Vgix  Ygix  Ugis U;L* Vg,i,x Vg Vg U;M
D D D 2 3 D D D
Vgiys Vg i Yaix Vg
1
NND v NND
—
v2 3 !
v v 02 3
q a 1 3 2 1 q v 1 2 3 1
v, v, Uq Uq Uq vq Uq Uq
(a) A(g,7) >0 (b) A(g,i) <0

Figure 4.5: Oriented triangulation of tubes with opposite or identical boundary orienta-
tions.

In either case, only 6 triangles and 12 edges are required for an oriented triangulation
of any tube 7,; .. Again, we orient all triangles clockwise.

3We introduce a third element * € {1,2} in the subscript of S,k «, which is activated only when



76 4. Hardness Results for Combinatorial Laplacians

4.5.2 Additional Notations

To facilitate our analysis, we introduce several notions and corresponding notations about
the constructed 2-complex. These notions and notations will be used in the rest of the
paper.

For each i € [n], let KC; be the the union of the triangulated S; and the triangulated
tubes that are connected to §;, which we refer to as the ith complex group; let t; be the
number of triangles in C;; let m; be the number of the interior edges in /C;.

We refer to an edge on a loop o, as a boundary edge and an edge not on any loop
an interior edge. According to our triangulation, each loop ¢, has three boundary edges,
denoted by aj = [v;,v2], a2 = [v2,0]], o} = [v3,v,]. A triangle containing a boundary
edge is called a boundary triangle. For each boundary edge ag, where g € [di] and r € [3],
corresponding to equation x(i) — x(j) = b(q), we denote the boundary triangles by
Al 1, Ay s where A7 € Tyq, A7 € Tgy; for each boundary edge oy, where g € [dy+1 :
ds] and r € [3], corresponding to equation x (i) + (j) = 2x(k), we denote the boundary
triangles by Ay, Ay 5 ALy 1 AL o Where ALy € Toiy ALy € Tags Al i1 Al ko € Toke

Given any two triangles A, A’ € IC, a triangle path from A to A’ is an ordered collec-
tion of triangles P = [A® = A, AM . Al = A’] such that every pair of neighboring
triangles shares an edge. The length of P is [. A triangle path can also be defined by
an ordered collection of edges P = [e(V), ... e®] where ¥ denotes the edge shared by

AU and A for i € [I].

4.5.3 Algorithm Runtime and Problem Size

In this section, we firstly show that the reduction algorithm REDUCEDATOB, and
the solution mapping algorithm MAPSOLNB,TODA both run in linear time, and
REDUCEDATOB, constructs a 2-complex whose size is linear in the number of non-zeros
in the input linear equations.

Lemma 4.5.1 (Runtime). Given a difference-average instance LE (A, b) where A €
R Algorithm REDUCEDATOBy (A, b) returns (0,7, A°) in time O(nnz(A)). Given
a solution f to LE (0a,7), Algorithm MAPSOLNB,TODA(A, b, f, A°) returns x in time
O(n).

Proof. For reduction, REDUCEDATO0B,(A, b) calls the tube triangulation subroutine
for || Al|, times, and the punctured sphere triangulation subroutine for n times. The
tube triangulation subroutine runs in time O(1) since the there are a constant num-
ber of triangles in a tube; and the punctured sphere triangulation subroutine runs in
time O(||A(:,7)]|;) for the jth call, j € [n]. Putting all together, the total runtime of
REDUCEDATOB,(A, b) is O (||A|y1 + e HA(:,j)Hl) < O(nnz(A)), where we use
the fact ||AJ .. = 2.

max

For solution mapping, the runtime of the algorithm MAPSOLNB,TODA is obvious. [

Lemma 4.5.2 (Size of ;). Given a difference-average instance LE (A, b), let (02, v, A°)
be returned by REDUCEDATOB, (A, b). Suppose d, € R™**. Then,

o t <22nnz(A);
e m < 33nnz(A);
e nnz(0dy) < 66nnz(A).
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Proof. We first compute the total number of triangles in the constructed 2-complex /.
For sphere S;, we have t; = 5b; — 4 triangles by (4.1), where b, = > icia 1A 7).
Therefore, the number of triangles of all spheres is

n

dohi=) (5> A —4| =54, 4n.
j=1

j=1 icld]

Moreover, each boundary component on spheres corresponds to a tube, and each tube
has 6 triangles. Hence, the number of triangles of all tubes is 6 || A||,. Putting spheres
and tubes together, we get

t=11|Al|; —4n < 22nnz(A),

where the last inequality is because entries of A are bounded by 2.

Next, we compute the total number of edges in K. By construction, each triangle has
3 incident edges and each edge is shared by a constant number of triangles (2 for interior
edges, and 4 for boundary edges). Thus, we have

m < 1.5t < 33nnz(A).
Since each column of J, has exactly 3 non-zero entries, we have

nnz(0,) = 3t < 66 nnz(A).

4.5.4 Relation Between Exact Solutions

In this section, we show that the algorithm REDUCEDATOB,; and the algorithm
MAPSOLNB;TODA reduce instances LE (A, b) over DA to instances LE over B, by ex-
ploring the relationship between exact solutions.

Given LE (A,b) where A is a d x n matrix in DA, let (0y,7,A°) be re-
turned by REDUCEDATOB:(A,b), and let K be the 2-complex constructed in
REDUCEDATOBy(A, b) and the boundary operator of IC is ;. Let f be a solution
to LE (A, b).

To simplify the analysis, we reorder the columns and rows of d;. The columns [1 : ]
of 0y correspond to the triangles in Ky, the columns [t; +1 : t5] correspond to the triangles
in o, and so on. Then, f can be written as

Fi
f=1:1, where f, € R", Vi € [n].
fn
The rows of 0, and the entries of v are:
i B, ] [ b(1)15 ]
_ B _ | b5
a2 I Ml 77777777 3 Y= 0m1 ) (4 2)
L MTL . L Omn .
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Here, each submatrix B, € {0,£1}*** corresponds to the three boundary edges
{ag, a2, al}; each submatrix M; € {0,£1}™** corresponds to all the interior edges
in ;. Interior edges in K; and those in K; do not share endpoints if ¢ # j. Let
M:diag(Ml,Mg,...,Mn).

Claim 4.5.3. For each i € [n|, f, = al;, for some o € R.

Proof. For each i € [n], we have M ;f, = 0. This means that for any two triangles A, A’
in /C; sharing an interior edge, we have f,(A) = f,(A’). By our construction of K;, for
any two triangles A, A’ in K;, there exists a triangle path connecting A and A’. The
values of f, at the triangles in this triangle path are equal; in particular, f,(A) = f,(A").
Thus, the values of f, at all the triangles in K; are equal, that is, f, = al,, for some

a € R. O

Lemma 4.5.4 (Exact Solvers in Feasible Case). Given a difference-average instance
LE (A,b) where b € Im(A), let (02,7, A°) be returned by REDUCEDATOB, (A, b), and
let f be a solution to LE (0y,7y). Then, € <~ MAPSOLNB,TODA(A, b, f, A°) is a solution
to LE (A, b).

Proof. By Claim 4.5.3, we can write f as

0 1t1

a21t2
f= _ ,  where aq,...,qa, € R.

anltn
According to Algorithm MAPSOLNB,TODA(A, b, f, A°), for each i € [n], (i) = .
Our goal is to show Ax = b.

e For each difference equation in LE (A, b), say (i) — (j) = b(q), we look at the
equations in LE (0, ) related to B,:

FiAg) = Fi(Ag;) = blg), Vre{l1,2,3}.
Thus x(i) — (j) = b(gq) holds.

e For each average equation in LE (A4, b), say x(i) + z(j) — 2x(k) = b(q) = 0, we
look at the equations in LE (0s,7) related to By:

Fi(AL) +F(AL ) = Fr(AL k) — Fr(Ag ) =0, Vr € {1,2,3}.
Thus (i) + z(j) — 2x(k) = 0 holds.

4.5.5 Relation Between Approximate Solutions

Lemma 4.5.5 (Approximate Solvers in Feasible Case). Given a difference-average
instance LEA (A, b,eP) where b € Im(A), let (Dy,y,A°) be returned by
REDUCEDATOB, (A, b). Suppose f is a solution to LEA (Do, 7, €P2) where

DA
Bs €

<
~ 42nnz(A)’

and x is returned by MAPSOLNBsTODA(A,b,f,A). Then, x is a solution to
LEA (A, b, eP4).

€
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Proof. Since b € Im(A), we have ||0of — ||, < |02 — 7|l5 < €22 [|7]],.

We claim
Az — b, < 24nnz(A)"*- ™ |y, . (4.3)

Then,
| Az — bl, < 24nnz(A) - ™ [|9]],.

By REDUCEDATOB,(A, b), ||7]l, < V3| b, Thus,
|Az — b, < 42nnz(A)"? - P |[b]l, < "4 [B],,

that is, x is a solution to LEA (A, b, eP4).

To prove Eq. (4.3), consider an arbitrary equation in LEA (A,b,eP4), say
a;x(i) + ajx(j) + agx(k) = b(q) where a;,a;,a, € {—2,—1,0,1}. According to
MAPSOLNB,TODA(A, b, f, A°), for each | € {i,5,k}, () = f(A;) where A; € K
is the [th central triangle in A°. Then,

a;x(i) + a;x(j) + arz(k) = aif (A;) + a;f (A;) + arf (Ax).

Note that the equation in LEA (2,7, €"?) related to the boundary edge a, shared by

triangles A}, ALy and AL, 1, AL, (if the equation is an average equatlon) satisfies

aF (o) + asF(Bl;0) + sk (F(Ahe) + F(Dhs)) — b(@)| < € Ihl,.

For each A € {A};,,Al;
central triangle A°. We can find a triangle path connecting A and A¢, say P = [A©®) =
A, ..., A% = A, such that two adjacent triangles A®, AU+ share an interior edge
e Then,

Al p1, Ao}, we will replace f(A) with its corresponding

lq
£ =191 =, AUD) — f(AD) <Y [FAY) — A(“I—Z\égf

1=1

= Z |[0f — ’}/](6(l))| since y(e) = 0 for interior edges
I=1
i e : <
where the subvector corresponds to [e™), ... ell4)]

<Vt H[@Zf — v](e(l) : e(lq))H2 since I, <'t;
<Vt [10of =,

< Vi |,
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Thus,

la;z (i) + ajz(j) + apz (k) — b(q)|
= |aif (As) + a;f (A;) + arf (Ar) — b(q)|

1
< sz( gin) T a;f (A q]l) + S ak (f(Atll,k,l) +f<Ac11,k,2)) —b(q)

2 v
<e2lpl,
‘Hf q7,1 f(Az)‘/JF\‘ Aé]l) f(Aj)‘ﬂ'\‘ Aém ‘/ } A;m Ak)|}
S\/EeB2Hv||2 g\/t_jeBzuwb S\/TeeBﬂWIIQ S\/?eBﬂth
< 5V e
< 24nnz(A)V%. P2 y),, by Lemma 4.5.2
That is, ||Az — b|_ < 24nnz(A)YV2- P2 ||5|,. O

4.5.6 Bounding the Condition Number of the New Matrix

In this section, we show that the condition number of 05 is upper bounded by a polynomial
of nnz(A),k(A).

Lemma 4.5.6 (Condition Number of 0;). Given a difference-average instance
LEA(A, b, eP4) where b € Im(A), let (Da, 7, A°) be returned by REDUCEDATOB, (A, b).
Then,

r(0) < 10° nnz(A)"?k(A)>.

Note that
)\max(a;— 82)

AInin((92T82) .
We will upper bound Apax(9; 2) and lower bound Ay (05 02). Our proof will heavily
rely on the Courant-Fischer theorem.

/@2(82) = /1(0;82) =

Theorem 4.5.7 (The Courant-Fischer Theorem). Let M be a symmetric matriz in R™*"
where Apax, Amin are its mazximum and minimum non-zero eigenvalue, respectively. Then

' Mz , x' Mz
Amax = MaX —=——, Amin = min —.
A0 X' zlKer(M),z#20 X' &

The Maximum Eigenvalue

Lemma 4.5.8 (Maximum Eigenvalue). Ay (9, 95) < 12.

Proof. By the Courant-Fischer theorem,

)\max(82T82) = fﬁflﬁix—lf a 82f
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Then for any f with ||f], = 1,

Frojof = ( > ag(ei,A)f(A)> <4> ) fAA) =12)f]; =12

=1 Ace; €A i=1 A:e;€EA

where the inequality is by the Cauchy-Schwarz inequality.

The Minimum Non-Zero Eigenvalue

We start with proving a relation between the null space of A and that of 0s.
Lemma 4.5.9. Let
1,
H= : e R,
1,

n

Then, H is a bijection from Ker(A) to Ker(0s).

Proof. Let © € Ker(A). By our construction of 0y, we have Ha € Ker(dy). For any
f € Ker(0,), by the proof of Lemma 4.5.4, f = Hx for some £ € R” and Az =0. [

Lemma 4.5.10 (Minimium Non-Zero Eigenvalue).

S min{)\min(ATA)z, 1}

/\min<8;82) = 1016d7 (44)
Proof. By the Courant-Fischer theorem,
/\min(a;ag) = min fT82T82f
fERtH:fﬁKer(&)
f 2:1

Let

min{ A\pin (A" A), 1}
10642-5 ’
We will exhaust all the vectors in {f : f L Ker(ds), ||f]|, = 1} by the following two cases.

C:

Case 1. Suppose there exists i € [n] such that IC; contains two triangles A, A’ satisfying
If(A) — f(A")| > C. Consider a triangle path in K; connecting A and A/, say [A©) =
A AW AD = A’) where | < 22d. There must exists i* € [I] such that

C

FACD) —FAD)] 2 7.

Note that

FTOouf > (F(ATD) = F(A)) >

c\> o min{Ann(ATA)% 1}
1) = 101647 '
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Case 2. Suppose for every i € [n] and every two A, A’ € K;, we have |f(A) — f(A')| <
C. We write f as

(0%} 1t1
0521t2

anltn
where «; is the value of f at the central triangle of ;. Then,

lell, < Vi€ < v/22dC = o(1),
~ 1
7, = 1r - elae (3.2).

We lower bound the quadratic value:

FToToof = F 0] 0uF +2F 0 Ore + €1 0] e

~T ~ ~
> Foj0uf — 2 0] 0uF | lell,
~T ~
>f 0,0.f —4 ||82Ta2||2 €]l
> o] a,F — 48v/22dC, by Lemma 4.5.8
Note that
~TATa 3 9
f 82 Oof =3 HAO(H2,
where a = (g, ..., a,) 7. Write @ = @) + g, where ] is orthogonal to the null space

of A and «y is in the null space of A. Then,
~T ~
f a;—an > 3/\min(ATA> ||04L||§ . (4'5)

It remains to lower bound [la|,. We can write f = Hoa, + Hoy. By Lemma 4.5.9,
Hay € Ker(0y) and Hay 1 Ker(02). On the other hand, f = f — e and f L Ker(0,).
We know

[Heplly > [IF]l, = llelly

and thus

1 1 1
a > — ||Ha > ——0> —=.
H J-H2— \/I_fH J-H2— \/E m
Together with Eq. (4.5),
~T Ta 7 BAmln(ATA>
> Zrmnigr A7)
P ool ==
This completes the proof. O

Proof of Lemma 4.5.6. The proof follows by combining Lemma 4.5.8 and 4.5.10. O]
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4.6 Reducing DA to B, in General Case

In this section, we show how to reduce LEA (4, b, eP4) to instances LEA over B, without
requiring the assumption that b is in the image of A as we did in earlier sections. In
this more general case, LEA (A, b,eP4) aims to compute an approximate solution to
argmin, ||Ax — b||, = argmin, ||Ax — II4b|,.

We remark that our reduction for this general case does not work for LE (A, b), which
computes an ezact solution to min, ||Ax — b||,. Approximate linear equation solvers,
however, can be more interesting in practice, since numerical errors occur unavoidably
during data collection and computation, and approximate solutions may be computed
much faster than exact solutions.

4.6.1 Warm-Up: Reweighting Infeasible Equations to Preserve
Solutions

There is a crucial difference between the reductions we use for LE (A,b) and
LEA (A, b,eP4) when b € Im(A) and in the general case when we may have b & Im(A).

To understand this, consider the following feasible system of just two linear equations
in two variables x and y.

x_y:17
—r4+y=—-1

A feasible solution is x = 1 and y = 0. Now, suppose we add another linear equation that
is satisfied by all solutions to the previous equations, for example, we can simply repeat
the first constraint + —y = 1. It remains true that the existing solutions are feasible.

Now, in contrast, consider an infeasible system of two linear equations in variables x
and .

:L'—yzl,
—z+y=0.

This linear equation is not feasible. In particular, we can consider the associated mini-

mization problem arg min, ||Ax — b||, with A = {_11 _11} and b = B} , for which one
1/2

minimizing solution is € = } . Notice that if we add a row which simply repeats the

0
first constraint, i.e. x —y = 1, then the resulting minimization problem has
1 -1 1
A=|—-1 1| and b= (0],
1 -1 1
and now & = { is no longer a minimizing solution to argmin, [[Az — b||,. In

/2
0
1(/)2] achieves a value of \/3/ 2, while ' = [263} achives the smaller

particular, x = [

value v/6/3.
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However, if we reweigh the first and last row of our system of inequalities by a factor
1/ V2, so that
1/vV2 —1/V2 1/v/2
A= -1 1 and b = 0 ,
VG 12 1/V3

1/2
0
we modify an infeasible system of linear equations, we have to be very careful about
the weight we assign to different constraints if we are to (approximately) preserve the
correspondence between the optimal solutions of the original and the final problems. In
the following section, we describe a reweighting scheme which can be combined with our
existing reductions to ensure that optimal solutions are (approximately) preserved, even

when the original problem is infeasible.

then we in fact maintain that the original solution & = stays optimal. Thus, when

4.6.2 Reduction Algorithm

Our reduction is almost the same as the algorithm REDUCEDATOB,, except that we
assign edge weights for the constructed 2-complex.

Suppose we are given an instance LEA (A, b, eP4) where A is a d X n matrix in DA.
Let (0a,7, A°) < REDUCEDATOB,(A,b). Let K be the 2-complex whose boundary
operator is d,. We compute the edge weights of K as follows.

1. For each boundary triangle A}, where ¢ € [d],i € [n] and * € {1,2}, we find a
minimal triangle path Pj; . in K; from the central triangle A; to A}, .. Let E}

Q0% q,%,%
be the set of edges shared by neighboring triangles in P}, .4

G,k

2. For each interior edge e and equation ¢, let k;,. be the number of triangle paths
indexed by equation ¢ that contain e. For each equation g, let [, be the sum of the
lengths of all the triangle paths indexed by equation q. Then, we set the weight for

edge e to be
1 if e is a bound d
w, — : if ¢ is a boundary e ge7 (4.6)
e Faelg, if € is an interior edge
where
2
- (D)2

Let W be a diagonal matrix whose diagonals are the edge weights. We return
( W, 82, v, AC)

Note that an edge in I may have weight 0. If we want to make all the edge weights
positive, we can impose polynomially small edge weights for these 0-weight edges, which
only affects the error propagation and condition number up to polynomial factors.

We refer to the above algorithm as REDUCEREGDATOB;. We use the algorithm
MAPSOLNB,TODA to map a solution to LEA (W /29,, W'/2y, P2) back to a solution
to LEA (A, b, eP4), where we choose

EDA

P <

N \/3 (1+ 3 ol mmz(A) || A5,

max

share exactly one edge. So, the length of P}

4Note that any two neighboring triangles in ’P; i

1 |
Q%"

717*

equals |E
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Computing the Edge Weights in Linear Time. Since the weight of an interior
edge e only depends on K; that contains edge e, we will compute the edge weights for the
edges in each KC; separately.

For each i € [n], consider a graph G; whose vertices are the triangles in K; and the
two vertices are adjacent if and only if the two corresponding triangles share an edge
in ;. We run the breadth-first-search (BFS) to construct a shortest-path tree T; of G;
rooted at A;. For each boundary triangle A;iy*, we choose the triangle path 73(1172-7* to
be the triangle path induced by T} from the root A; to the node corresponding to A;m*,
whose length is the height of the node A}m’*. Since we are only interested in these triangle
paths, for simplicity, we remove a node from T; if it is not a boundary triangle A;i’* for
some ¢ and none of its descendant is a boundary triangle A}M-’* for some q. After this
operation, every leaf of T} is a boundary triangle A(lm-’* for some gq.

Our goal is to count geld kq.elq for each edge in the tree T;. We observe that an edge
e appears in a triangle path from the root A; to a boundary triangle Aé,i,* if and only if
Aé’i?* is a descendant of an end-node of e with the higher height. First, we BFS traverse
the tree T; to store the height of each boundary triangle node. Then, we traverse the tree
T; to store [, at each boundary triangle node Al ; | for each ¢ € [d]. Next, we traverse the
tree T; from the leaf nodes to the root to count . kg.elq for each edge e. The total

runtime is linear in the number of triangles in ;.

4.6.3 Relation Between Exact Solutions

In this section, we show that by reweighting all the edges in K, an exact solution to
(W1/20,, W1/2y) is close to an exact solution to (A, b), stated in Claim 4.6.1. Claim
4.6.1 plays a key role in analyzing approximate solutions and condition numbers.

Claim 4.6.1. For any f € R' and © + MAPSOLNB,;TODA(A, b, f, A°),

«Q
a+1

2
| Az — b3 < || W"20,F — W]

Note that if f satisfies dof = v, then ||Az — b||> = ||dof — 7|5 Claim 4.6.1 states
that by our choice of weights in W', we can generalize this relation to more general f.

Proof. For the convenience of analysis, we construct an auxiliary boundary matrix Ds.
For each interior edge e, let k. be the number of all the triangle paths containing e, and
we split the row 0y(e) into k. copies. For each copy related to equation ¢, we assign its
weight to be o - ;. Let W be the auxiliary weight matrix, and let 4 be the auxiliary
demand vector. We can check

A 1/2 |12

129 ¢ w2l w248 p
w agf w Y ) =||W 82f w Y ) (47)

We reorder rows of the matrices W, dy and the vector 4 in the following way. For
each ¢ € [d], let E, be a (multi)set that is the union of the shared edges in the triangle
paths indexed by ¢ °. Then, we reorder rows of W, 95,4 by grouping those corresponding

°If the gth equation is a difference equation, then every edge appears in E, at most once; if the gth
equation is an average equation, then some edges may appear twice.
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to the edges in E, U {a,}:

Oo=1|: 1, where G, = . (4.8)
Ga

where B, corresponds to the boundary edge a; and M, is the submatrix corresponding
to all the interior edges in E,. Correspondingly, we write

W, g0 b(a)
W = and y=|: |, where §,= v (4.9)
) ) 015,
W, Yd
Let
of 4 1, if e is a boundary edge
Wee ©w e e) = yes

a-lg, if e is an interior edge

For each ¢ € [d], we define

— A(@)z — b(g), &= B.f —blg), 5. = M,(e)f.
We can check
€q = 1T<Gqf — ) =&+ Z de-
ecly

By the Cauchy-Schwarz inequality;,
2

e=[e+> 0] < 1+Z §5+ D Wyl =(1+é) &+ D Waed;

e€ky e€ky 3¢ ecky eckEy

That is,
2

\|A<q>m—b<q>”;g(1+ )HW G W,

Summing over all d equations, we get

1/2

HAa;—bugg< )HW of — W

By Eq. (4.7), we get the inequality in the statement. O

Claim 4.6.1 implies the following relation between the exact solutions to (A, b) and
those to (W20, W'/%).

Lemma 4.6.2. Given any dxn matriz A € DA and vector b € R?, let (W, Dy, 7, A€)
REDUCEREGDATOB, (A, b, eP4). Then,

2
&Lﬂmmm | Az — b} < min H W20, — Wl/%H2 < min|| Az — b]3.
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Remark that Lemma 4.6.2 can also be stated as

«Q
a+1

2
(7 = TLa)B |3 < ||(F = TLypun,) W25 | < (T — TLo)B.

We do not prove equalities. But as a — oo, the leftmost hand side and the rightmost
hand side are equal.

Proof. Let f* € argminy H W20, f — W1/
MAPSOLNB,TODA(A, b, W'/29,, f*). By Claim 4.6.1

and * € argmin,, ||Ax — b|,. Let z
2

(0% N 2
Az — bl < | W Po — WP

C_||Az b2 <
a-+1 Qa

which is the first inequality in the lemma statement. Let

w*<1)1t1
f= :
z*(n)1y,
Then,
1/2 * 1/2 2 1/2 1/2 2 * 2
|wizaugs — wia|| < | WiRopr — wis|| < |4z b3,
which is the second inequality in the lemma statement. O

4.6.4 Relation Between Approximate Solutions

Linear equation problem LE (A, b) aims to find a vector & such that Az = II4b. In our
setting, both A and b have integer entries. We will need the following claim to lower
bound Ax = TI4b.

Claim 4.6.3. Let A € R and b € R? such that HATb”2 > 1. Then,

1
abl2> —— .

Proof. Note that

1
b2 =b"AATAYATD > Ao (ATADATB] > —
|TI4B]; ( ) > Amin(( )N || HQ_AW(ATA)

O

Claim 4.6.3 and Lemma 4.6.2 enable us to relate ||[IT4b|, with HHWUQBQ W2y

‘2'

Claim 4.6.4.

2 1
< (1 Do A7) [012) LD
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Proof. We apply Lemma 4.6.2.

HHAMEZHM@—WI—HAW@

‘ 2
2

- H (I - HW1/282)W1/2

2

LI Wl/2

2

Z HW1/282 Wl/Q,V

— — (I =TI4)b|;.
]2 ~ /(1 — TLa)b]
Since A, b have integer entries, by Claim 4.6.3,
I(I = TL)bll5 < [[B]5 < 15115 Amax(AT A) |TL4D5
Thus,
12, |7 1 T 2 2

[T, W72 < (14 A (AT 4) [0 ) [T

O

Now, we apply Claim 4.6.1 and Lemma 4.6.4 to prove a relation between approximate
solutions.

Lemma 4.6.5 (Approximate Solvers in General Case). Given a difference-average in-
stance LEA (A, b,eP4), let (W,0,,7,A°) < REDUCEREGDATOBy(A,b,a). Sup-
pose f is a solution to LEA (W20, W/%y eB2), where P < %. Let © <«
MAPSOLNB,TODA(A, b, f, A°). Then,  is a solution to LEA (A, b, eP4).

Proof. By Claim 4.6.1, we have

a—+1
| Az — blf; <

H W28, — Wl/nyH (4.10)
Also note that
|Az — b||; = Az — TL4b|; + [|(I — TI4)bll;
H WY20,f — W2y

2 2
]2 - ] W20 f — Ty ay, W2y (2 + H(I — Ly, W2y

Plugging these into Eq. (4.10) and apply Lemma 4.6.2,

2
‘2 + H(I - HW1/282) W1/2’)/

1
HAw — HAng < a;_ () Wl/Qan — HW1/282 W1/27

— (I = T14)b|l;
a+1

1
< L W08 — Tgarag, W24 I~ LB

By the fact that f is a solution to LEA (W /28,, W'/2, eP2) and by Claim 4.6.4,
DA)

> _
HWl/zazf —HW1/282W1/27 < (™) HHW1/28 WWVH ITLAB]f5.

2

In addition,

(DA 2
( )Hﬂmﬁ-

I =TI < b <
Thus,
| Az — TL4b|; < (4)° |TL4b]3.
that is, « is a solution to LEA (A, b, P4). O
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4.6.5 Bounding the Condition Number of the New Matrix

We will upper bound the maximum eigenvalue of 9, W, and lower bound its minimum
non-zero eigenvalue. The proofs are similar to those in Section 4.5.6, which bound the
eigenvalues of 9, 5.

Lemma 4.6.6. 1(9, W) = O ((¢?4)"2nnz(A)/?k(AT A)).

Proof. The proof follows the same proof line in Section 4.5.6 for W = I. Here, we lose
a factor wya.e Wwhen we upper bound /\mx((92T W ,), and we lose a factor Ymax when we

min

lower bound Apax (95 W 3;), where wy,y is the maximum diagonal in W and wyy, is the
minimum non-zero diagonal in W. By our setting, wy., = O(annz(A4)?) and wp, = «,
where o = 2(eP4) =2, O
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Chapter 5

Hardness Results for More
Structured Problems

This chapter extends the reduction from Chapter 4 to derive additional hardness results.

We begin by presenting the reduction algorithm from general linear equations to
difference-average equations for completeness, and prove Theorem 1.4.3: LEA over DA
is sparse-linear-equation complete. Next, using matrices in DA as our starting point,
we introduce an even simpler form called One-Or-Three matrices, in which each row has
either one or three non-zero entries (all of which are +1). We denote this matrix class by
OT . Building on this simplification, we extend the reduction of linear equations to the
reduction of linear programs, leading to what we call 1-or-3 linear programs. We believe
these programs serve as a strong foundation for further reductions to more structured LP
problems. We remark that this result is unpublished.

For simplicity, throughout this chapter we focus on the reduction algorithms. Analyses
such as error propagation and condition number are omitted.

5.1 Reducing General LE to Difference-Average LE

In this section, we prove Theorem 4.3.4: LEA over DA is sparse-linear-equation complete.

We show a nearly-linear time reduction from linear equation problems over matrices in
G to linear equation problems over matrices in DA. This reduction is implicit in Section
4 of [KZ17], as an intermediate step to reduce linear equation problems over matrices in G
to matrices in a slight generalization of Laplacians. We explicitly separate the reduction
step and simplify the proofs in [KZ17], which might be of independent interest.

Recall that a matrix in G has polynomially bounded integer entries and polynomially
bounded condition numbers, and they do not have all-0 rows or all-0 columns; a matrix
A € DA only has two types of rows such that if we multiply A to a vector «, then the
entries of Az are in the form of either x(i) — x(j) or (i) + x(j) — 2z (k).

The reduction in [KZ17] has three steps:

1. Reduce linear equation problems over matrices in G to matrices in G., a subset of
G containing matrices with row sum 0. Given an instance (G, b) where G € G, we
construct a new instance (G', b) where G' = [G —G1] €G..

2. Reduce linear equation problems over matrices in G, to matrices in G, 5, a subset
of G, containing matrices such that the sum of positive entries in each row is a

91



92 5. Hardness Results for More Structured Problems

power of 2. Given an instance (G’, b) where G’ € G,, we construct a new instance

"oqn " G g —9g " _ b
(G",b") where G —{0 1 _1| €Yspand b" = ol

3. Reduce linear equation problems over matrices in G, 5 to matrices in DA.

The first two steps are proved in Section 7 of [KZ17], by standard tricks. We will
focus on the third step.

In the rest of this section, to be consistent with the notations used in [KZ17], we use
subscripts to denote entries of a matrix or a vector. Let A; denote the 7th row of a matrix
A, and A;; denote the (7, 7)th entry of A. Let x; denote the ith entry of a vector z,
and ;.; denote the subvector of entries ©;, 11, ..., x,;. Moreover, we let ||A|| . be the
maximum magnitude of the entries of A.

Given an instance of linear equation problems over G, ,, our construction of an in-
stance over DA does not depend on the error parameter. Therefore, we will describe
our construction without the error parameters; then we will explain how to set the error
parameter for the construction instance over DA.

Let (A, ¢*) be an instance over G, 5. The idea is to write each equation in (4, ¢*) as
a set of difference equations and average equations, via bitwise decomposition. Same as
[KZ17], we first explain the idea by an example:

3$1 + 52132 — T3 — 7:]34 =1. (51)

We will manipulate the variables with positive coefficients and the variables with negative
coefficients separately. Let us take the positive coefficients as an example. We pair all
the variables with the odd positive coefficients and replace each pair with a new variable
via an average equation. In this example, we pair @, 5; we then create a new variable
€12 and a new average equation

T+ Ty — 2212 = 0.
Plugging this into Eq. (5.1), we get
2@ +4xy + 219 — x5 — T2y = 1.
We pull out a factor 2:
2(x1 + 2y + T12) — w3 — Txy = 1.

We repeat the pair-and-replace process to pair @, ;2 with a new variables x; ;2 and a
new average equation €, + 12 — 2x; 12 = 0:

2(2x1 12 +2x2) — 3 — Ty = 1.
Pull out a factor 2:
Ad(xy112+ T2) — x5 — Ty = 1.
Repeat pair-and-replace with € 19 + T2 — 2% 122 = O:

8$171272 — L3 — 72134 =1.
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Similarly, we can use a sequence of average equations for the variables with odd coeffi-
cients, and the above equation becomes:

8581’1272 — 83334 = 1.

where x34 is a new variable. The final equation is a difference equation.

The above reduction relies on the fact that the sum of all the coefficients is 0 and the
sum of all the positive coefficients is a power of 2.

Pseudo-code of the reduction from linear equation problems over G, , to DA is shown
in Algorithm 1.

Lemma 5.1.1. Let A € G.o, and let B be returned by running Algorithm
REDUCE G,2TODA on A. Then,
e nnz(B) = O(nnz(A)log || Al

max)’

e both the dimensions of B are O(unz(A)log ||A||

max) °

Proof. The second statement is implied by the first one.

To prove the first statement, we focus on Algorithm REDUCEG,>TODA for a sin-
gle equation in A;. The number of the while-iterations from line 16 to 27 is at most
log || A||,,... We observe that (1) in each iteration, the number of newly created variables
and equations is at most the value of nnz(A4;) at the beginning of the iteration; (2) once
an auxiliary variable is added to A;, it must be replaced with a new auxiliary variable in
the next iteration (if exists). Therefore, nnz(A;) = O(nnz(A;)) for every iteration. So,
nnz(B) = O(nnz(A) log || Al O

max) :

Knowing that the first two steps of reduction only increase the problem size by a
constant factor, we obtain the following result directly.

Corollary 5.1.2. Let A € G and we reduce a polynomially bounded general LE (A, b)
to a difference-average LE (B, c¢), where B € DA. Then,

nnz(B) = O(nnz(A)log || Al

max) :

5.2 Reducing Difference-Average LE to 1-or-3 LE

Recall that a matrix in D.A only has two types of rows such that for any ¢th equation in
Ax = b, it takes one of the following forms:

1. Average equation: x(q;) + z(q2) = 2x(q3);
2. Difference equation: x(q1) — x(q2) = b,.

In this section, we present a reduction algorithm to reduce DA to OT, a class of
matrices with a further simplified structure. Specifically, a matrix A € OT only has two
types of rows such that for any gth equation in Ax = b, it has one of the following forms:

'Note that given two singleton multi-sets each containing a single equation, e.g. {alTa: = cl} and
{a] © = co} where a1, ay are vectors, we define {ajz =c1} +{aJz =c2} = {a{z+a]z =c1 + 2}
and we define {a{z =1} U{ajz =2} = {a{z =c1,a] x = o }.
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Algorithm 1: REDUCEG, ,TODA

Input: (A, c*) where A € G, is an m X n matrix, ¢* € R", and o > 0.
Output: (B, cP) where B € DA is an m x n matrix, and ¢® € R™.
1 X+ {u,...,u,}; // DA variables and index of new variables
2 Let @ be the vector of variables corresponding to the set of variables X
3t+n+1

14 A0, B+ 0; // Multisets of main and DA auxiliary equations
respectively

5 for each equation 1 <i<m in A do

6 if A; is already a difference equation or an average equation then
7 A—AU{A;, u;, — A, u; =c}

8 w; oai—&-l

9 end

10 else

11 Let ZH + {j: A;; >0}, 7« {j: A;; <0}

12 A — {Aiu = ¢;}

13 B; <0

14 for s=—1,+1do

15 r<0

16 while A; is neither a difference equation nor an average equation do
17 For each j, let ;1”- be the coefficient of u; in A;.

18 I5, « {j € I*: ||Ay|/27] is odd}

19 Pair the indices of Z3,, into disjoint pairs (ji,1), (ja2.l2),- -
20 for each pair of indices (ji,lx) do

21 Ai<—AZ-+s-2”{(2'u,t—(ujk—kulk)) :O} !

22 B <+ B;Us-2"{(2u; — (uj, + u;,)) =0}

23 X <+ X U{w;}, update & accordingly

24 t<—t+1

25 r<r+1

26 end

27 end

28 end

29 w; < a| B

30 B<—8Uwz-1/2-8i

31 A— AUA,.

32 end
33 end

34 return B, c s.t. Bx = ¢ corresponds to the equations in AU B, on the variable
set X.

1. Three-variable equation: x(q;) + ©(q2) = =(q3);
2. Fixed-value equation: x(q) = 1.

We independently reduce each average or difference equation into the OT form. The
reduction process is presented step by step.
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5.2.1 Reducing Average Equations

For each average equation x(q;) + x(¢q2) = 2x(q3), we first introduce auxiliary variables
5% and replace it with a constant number of equations:

(1) + 2 (q2) = 8™ (),
( ) avg(q2> — savg(ql) |
x(q3) + 578 (qs) = s™8(g), (Average reduction)

San( 3) =0.

Compared to the OT form, it remains to reduce the last equation s*#(g3) = 0 because
its right-hand-side (RHS) is not 1. For this, we reduce it to

Savg(q3) + Savg(q4) an(qS)
s™8(qq) =1, (RHS reduction from 0 to 1)

San(Q5) =1.

Now, the reduced equations are in the form of O7. And we can check that this
reduction preserves equivalence with the original average equation.

5.2.2 Reducing Difference Equations

For each difference equation (q;) — (q2) = b,, the major challenge lies in the reduction
of the RHS b, to 1. Without loss of generality, we can assume b, > 0 because we can
switch &(q1), (q2) otherwise. Moreover, we assume that entries of b are integers and
can be represented with polylogarithmic bits.

We present the reduction in several steps.

1. First, we reduce the difference equation to the following two equations:

z(q) + s (q) = 2(qa),
diﬂ(q) b

S

2. We then conduct bitwise decomposition of b,:

K
by=» r{"2", where r{) € {0,1} and K = logb,.

=0

Using more auxiliary variables, we break down s4iff(¢) = b, into K equations:

diﬁ(qo) _ (0) c {O 1}
s(q) = dﬂ(qz D)+ y,(0), Vie{l,...,K},
y, (i) =rl2", vie{1,... K}.

S

3. In this step, we reduce y,(i) = r((f)Qi. If rqi) = 0, then we skip. In the case of

7“((;) = 1, we reduce it to a series of ¢ equations:

yq(io) =1,
y,(i;) =2y, (i;-1), Vjie{l,... i}
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4. For each equation y,(i;) = 2y,(i;_1), we reduce it to

Yo (ij-11) + y,(i5-12) = y,(75),
Y (ij-11) — Y, (ij-12) = 0.

Notice that the second equation is a difference equation with RHS being 0, applying
the reduction in step 1 gives

Yo (ij11) +y,(i5-13) = Y,(1-12),
Y,(ij13) = 0.

5. Finally, for all equation with only one variable and 0 RHS, we apply the reduction
in (RHS reduction from 0 to 1).

Now, all the equations are reduced to the two types of equations in OT: {x(q1) +
z(g2) = ®(g3), (q) = 1}.

Lemma 5.2.1. Let A € DA and we reduce a difference-average LE (A, b) to a 1-or-3
LE (B, ¢), where B € OT by applying the above reduction algorithm. Then,
nnz(B) = O(nnz(A) log? ||b||

max)'

Proof. We first have that each average equation is reduced to a constant number of
equations. For each difference equation with RHS b,, step 1, 4, and 5 only increase
the number of equations by a constant factor, while step 2 and 3 increase the reduced
number of equations by a factor of O(logb,), respectively. Thus, each difference equation
is reduced to O(log® b,) equations.

To conclude, nnz(B) = O(nnz(A)log” || b]| O

max) :

The following corollary is obtained by combining Corollary 5.1.2 and Lemma 5.2.1.

Corollary 5.2.2. Let A € G and we reduce a polynomially bounded general LE (A, b)
to a 1-or-3 LE (B, c), where B € OT and entries of ¢ are in {0,1}. Then,

mnz(B) = O(nnz(A) log | Al log” ||

max ma,x) :

5.3 Reducing General LP to (Simplified) 1-or-3 LP

In this section, we present a reduction algorithm from general linear programs to (sim-
plified) 1-or-3 linear programs.
We start with an arbitrary polynomially-bounded LP

{Az =0b, =z >0}, (General LP)

where entries of A, b are polynomially bounded integers and |||, is also polynomially
bounded. Our goal is to reduce it to 1-or-3 LP, which is in the form of

{Axz=b, 0<x <1}, where A€ OT. (1-or-3 LP)

Compared to the reduction algorithms for general LE described in Section 5.1 and 5.2,
reducing general linear programs (LPs) requires extra caution to preserve non-negativity
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constraints. Moreover, to reduce to 1-or-3 LP, we have to reduce and maintain the scale
of & to be in the range of [0, 1].

Interestingly, the upper bound of variables < 1 in a 1-or-3 LP can be relaxed,
leading to a further simplified problem:

{Az =1, =z >0}, (Simplified 1-or-3 LP)

The reduction algorithm for transforming a 1-or-3 LP into its simplified version is de-
tailed in Section 5.3.4. The reduction algorithm from (General LP) to (1-or-3 LP) is
presented in Section 5.3.1, 5.3.2 and 5.3.3, following a chain of reductions through several
intermediate problems:

General LP — Scaled LP — Difference-Average LP — 1-or-3 LP,
where a scaled LP takes the form

1
{Az =b,z >0, |z| .. <c}, wherec< 5 is a constant, (Scaled LP)

max

and a difference-average LP is defined as

1
{Az=b,z > 0,||z| .. <=}, where A€ DA. (Difference-Average LP)

max — 2
5.3.1 Reducing General LP to Scaled LP
Since (General LP) is polynomially bounded, let

B = |2 < ll2]l, = poly(n).

And set k and C be integers such that

k= “Og2 ”meaX“’ C = Qmax{k, 1+[log, B]}_
Then we set
- 2k 9 - 2]4:’ - C?

and obtain a scaled LP
~_ = - - B
{Azc:b, x>0, |z <—}, (5.2)

where we can notice that

o A= % is a matrix with integer entries since 2% is an integer;

max

<
x =

Qlw

<

N =

ma
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5.3.2 Reducing Scaled LP to Difference-Average LP

We apply the reduction algorithm described in Section 5.1. Recall the three steps to
reduce a general LE to DA, and we closely keep track of the non-negativity and the
infinity norm of variables.

1. To reduce A to a matrix with row sum 0, we set

A,:[z —zli|, B/:Ba il:[ﬁx}?
and we add an additional equality constraint
™ =0.

Then we can check that Z' > 0 and ||Z']| < 1/2.

max
~1
2. To reduce A to a matrix such that the sum of positive entries in each row is a
power of 2, we set

~/ ~/ T
A" = A g —g ’ 5 — b &= ||
0 1 -1

and we add additional equality constraints

aux __ aux __
x9 =0, 257 =0.

~ I

Again, we can check that Z” > 0 and ||Z <1/2.

Hmax

3. To reduce A" to a difference-average matrix, notice that each time we introduce a
new variable, its value is the average of two old variables. Hence, new variables are
also non-negative, and the infinity norm of the auxiliary variables will not exceed
that of the original variables. The resulting problem is a difference-average LP,
denoted as

_ _ 1 _
{Aaz:b, >0, ||z <-}, where A4 € DA. (5.3)

max — 2
~1
In particular, b = [% ], thus Hl_)Hmax <1

5.3.3 Reducing Difference-Average LP to 1-or-3 LP

In this step, we extend the reduction algorithm from DA to OT, as described in Section
5.2. To reduce average equations as shown in (Average reduction), we have

s 20, 8™ ax < 2[[ 2oy < 1.

max max

The reduction for difference equations needs to be slightly adjusted. The reason is
that in Section 5.2, we assume that entries of the RHS vector are polynomially bounded
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integers, while here we have the RHS H b Hmax < 1. Therefore, for each difference equation
Z(q1) — Z(g2) = by, conducting bitwise decomposition of b, gives

k
by = Zréi)Z’i, where réi) € {0,1} and k = [log || b]|

1=0

max—‘ °

And to reduce y, (i) = r{27% in the case of r{”) = 1 and for i € {1,...,k}, we reduce it

to the following series of i equations:

y,(io) = 1,
Y,(i5) = y,(i;-1)/2, Vje{l,... i}

And for each equations y,(i;) = y,(i;-1)/2, we reduce it to

Y (ij-11) + Y, (i5-12) = 2y,(i;),
Y (ij12) = 0.

Notice that the first equation is an average equation, which can be further reduced by
applying (Average reduction). As the last step, we reduce one-variable equations with
0 right-hand side by applying (RHS reduction from 0 to 1). Again, we have the newly
introduced variables to satisfy

<1

s 1Y i <

sdiﬁ, y>0 and Hsdiff

Putting it altogether, we reduce the difference-average LP (5.3) to a 1-or-3 LP in the
form of (1-or-3 LP).

Lemma 5.3.1. Let A € G be the coefficient matriz in (General LP) and let B € OT be
the coefficient matriz in (1-or-3 LP). Then,

nnz(B) = O (nnz(A)log || Al|,,., log” || b]|

max max) :

Proof. It follows directly from Corollary 5.2.2. [

5.3.4 Reducing 1-or-3 LP to Simplified 1-or-3 LP

Actually, (1-or-3 LP) can be further simplified by dropping the upper bound of variables
x < 1, and achieving the following form:

{Ax =1, x>0},
where equality constraints have one of the following forms:

L z(q) + z(q2) +x(g3) = 1;

2. x(q) = 1.
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For this, because of < 1, we can replace each equation in the form of & (q;)+x(¢q2) =
x(q3) with the following equations:

z(q1) + (q) + s(q) = 1,
=1
2(gs) + 8(q1) + 5(a2) ’ (Dropping upper bound)
S(QI) Z 07
s(q2) = 0.
And the equation s(g2) = 0 can be further reduced to
s(q2) + s(q3) + s(qa) = 1,
s(q3) =1, (Another RHS reduction from 0 to 1)
s(qs) = 0.

The simplified 1-or-3 LP has a much more direct and intuitive structure, making it
easier to relate to 3-SAT. Like 3-SAT, it serves as a promising starting point for proving
the hardness of other problems, and for ultimately establishing a sparse-linear-program
complete problem class, similar to the NP-complete problem class. This perspective
aligns with the findings of [PW17], which also reduced general LPs to the simplified
1-or-3 LP but used a different reduction algorithm. Moreover, [PW17] extended this
work by reducing the simplified 1-or-3 LP to LP relaxations of several combinatorial
optimization problems, such as Set Cover, Set Packing, Maximum Satisfiability, and
Maximum Independent Set. These results concluded that the LP relaxations of these
combinatorial problems are sparse-linear-program complete.



Chapter 6

1-Laplacian Solver for Well-Shaped
Simplicial Complexes

This chapter is based on [DZ23b]. We will prove Theorem 1.4.6 and 1.4.7. In the published
version of [DZ23b], we further developed additional technical components that are not
included in this thesis but may be of independent interest (e.g., sufficient conditions for
3-complexes that enable efficient r-hollowing computation; a nearly-linear time hollowing
algorithm; a faster solver for up-Laplacian).

6.1 Prior Works

Cohen, Fasy, Miller, Nayyeri, Peng, and Walkington [Coh-+14a] initiated the study of
fast approximate solvers for 1-Laplacian linear equations. They designed a nearly-linear
time approximate solver for simplicial complexes with zero Betti numbers and known
collapsing sequences. Later, Black, Maxwell, Nayyeri, and Winkelman [Bla+22], and
Black and Nayyeri [BN22] generalized this algorithm to subcomplexes of such a complex
with bounded first Betti numbers. One concrete example studied in these papers is convex
simplicial complexes that piecewise linearly triangulate a convex ball in R3, for which a
collapsing sequence exists and can be computed in linear time [Chi67; Chi80]. However,
deciding whether a simplicial complex has a collapsing sequence is NP-hard in general
[Tan16]; computing the Betti numbers is as hard as computing the ranks of general
{0,1} matrices [EP14]. In addition, 1-Laplacian systems for general simplicial complexes
embedded in R* are as hard to solve as general sparse linear equations [Din+22], for
which the best-known algorithms need super-quadratic time [PV21; Nie22].

In addition to the specialized solvers for 1-Laplacian systems mentioned above, Nested
Dissection can solve 1-Laplacian systems in quadratic time for simplicial complexes in
R3 with additional geometric structures [Geo73; LRT79; MT90] such as bounded aspect
ratios of individual tetrahedra. Furthermore, iterative methods such as Preconditioned
Conjugate Gradient approximately solve 1-Laplacian systems in time O(n+/k)," where n
is the number of simplexes and « is the condition number of the coefficient matrix.

Inspired by solvers that leverage both geometric structures and spectral properties,
we develop efficient 1-Laplacian approximate solvers for well-shaped simplicial com-
plexes embedded in R? without known collapsing sequences and with arbitrary Betti num-

IWe use O(-) to hide polylog factors on the number of simplexes, the condition number, and the
inverse of the error parameter.

101
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bers. Our solver adapts the Incomplete Nested Dissection algorithm, proposed by Kyng,
Peng, Schwieterman, and Zhang [Kyn+18] for solving linear equations in well-shaped 3-
dimensional truss stiffness matrices. These matrices represent another generalization of
graph Laplacians; however, they differ quite from the 1-Laplacians studied in this paper.
A primary distinction is that the kernel of a truss stiffness matrix has an explicit and
well-understood form, while computing a 1-Laplacian’s kernel is as hard as that for a
general matrix.

6.2 Motivations and Applications

In the past decades, combinatorial Laplacians have played a crucial role in the devel-
opment of computational topology and topological data analysis in various domains,
such as statistics [Jia+11; ODO13], graphics and imaging [Ma+11b; Ton+03b], brain
networks [Lee+19], deep learning [Bro+17], signal processing [BS20], and cryo-electron
microscope [YL17b]. We recommend readers consult accessible surveys [Ghr08b; Car09;
EH10; Lim20] for more information.

Combinatorial Laplacians have their roots in the study of discrete Hodge decompo-
sition [Eck44], which states that the kernel of the i-Laplacian L; is isomorphic to the
1th homology group of the simplicial complex. Among the many applications of combi-
natorial Laplacians, a central problem is determining the Betti numbers — the ranks of
the homology groups — which are important topological invariants. Additionally, discrete
Hodge decomposition allows for the extraction of meaningful information from data by
decomposing them into three mutually orthogonal components: gradient (in the image
of 8,), curl (in the image of d;;1), and harmonic (in the kernel of L;) components. For
instance, the three components of edge flows in a graph capture the global trends, local
circulations, and “noise”.

The computation of both Betti numbers and discrete Hodge decomposition of higher-
order flows can be achieved by solving systems of linear equations in combinatorial Lapla-
cians [Fri96; Lim20]. The rank of a matrix L; can be determined by solving a logarithmic
number of linear equation systems in L; [BV21]. The discrete Hodge decomposition can
be calculated by solving least square problems involving boundary operators or combi-
natorial Laplacians, which in turn reduces to solving linear equations in these matrices.

Furthermore, an important question in numerical linear algebra concerns whether
the nearly-linear time solvers for graph Laplacian linear equations can be generalized
to larger classes of linear equations. Researchers have achieved success with elliptic
finite element systems [BHVO08b], connection Laplacians [Kyn+16], directed Laplacians
[Coh+17a; Coh+18], well-shaped truss stiffness matrices [DS07; ST08; Kyn+18]. It would
be intriguing to determine what structures of linear equations facilitate faster solvers.
Another theoretically compelling reason for developing efficient solvers for 1-Laplacians
stems from the “equivalence” of time complexity between solving 1-Laplacian systems
and general sparse systems of linear equations [Din+22]. If one can solve all 1-Laplacian
systems in time O((number of simplexes)¢) where ¢ > 1 is a constant, then one can solve
all general systems of linear equations in time O((number of non-zeros)©).
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6.3 Notations and Preliminaries

Aspect Ratio. The aspect ratio of a set S C R3 is the radius of the smallest ball
containing S divided by the radius of the largest ball contained in S. The aspect ratio of
S is always greater than or equal to 1. We say a simplex o is stable if it has O(1) aspect
ratio and ©(1) weight. Miller and Thurston proved the following lemma. As a corollary,
the numbers of the vertices, the edges, the triangles, and the tetrahedra of a 3-complex
IC that is composed of stable tetrahedra are all equal up to a constant factor.

Lemma 6.3.1 (Lemma 4.1 of [MT90]). Let K be a 3-complex in R® in which each tetra-
hedron has O(1) aspect ratio. Then, each vertex of K is contained in at most O(1)
tetrahedra.

r-Hollowings. Let K be a pure 3-complex with n simplexes. A set of triangles
A, ..., A, form a triangle path of length k — 1 if for any 1 <1 < k — 1, A, and Ai“
share an edge. The triangle distance between two triangles A; and A, is the shortest
triangle path length between A; and Ay. The triangle diameter of IC is the longest trian-
gle distance between any two triangles. A spherical shell is {x € R*: Ry <||z|, < Ra}
where Ry < Ry. If K triangulates a spherical shell, we define the shell width to be the
shortest triangle distance between any two triangles where one is on the outer sphere and
one is on the inner sphere.

Definition 6.3.2 (r-Hollowing). Let I be a 3-complex with n simplexes, and let r =
o(n) be a positive number. We divide K into O(n/r) regions each of O(r) simplexes,
O(r*3) boundary simplezes, and O(r?/3) exterior simplexes. Non-boundary simplexes
are called interior simplezes.? Interior simplexes from different regions do not share any
subsimplexes. The boundary of each region triangulates a spherical shell in R? and has
triangle diameter O(r'/3) and shell width at least 5. The union of all boundary simplexes
of each region is referred to as an r-hollowing of K.

Figure 6.1 illustrates an example of r-hollowing by showing a cross-section of a 3-
complex. The left figure presents a cross-section of a 3-complex K with two holes inside,
depicted as two empty discs. The outlines in black represent the “exterior simplexes” of
KC. On the right-hand side of Figure 6.1, the gray area represents an r-hollowing of K.
It divides K into 4 balanced regions {(1),(2),(3), (4)}, each indicated by the area inside
the red, blue, green, or orange outline, respectively. Region (1) includes the smaller
hole, while the larger hole “intersects” regions (3) and (4). The unshaded area inside the
squares corresponds to “interior simplexes,” which encompasses the exterior simplexes of
the smaller hole and the left half of the larger hole. In contrast, the gray area represents
“boundary simplexes,” including the exterior simplexes of the right half of the larger hole.
The shell width is indicated by arrows.

In the full version, [DZ23b] examines sufficient conditions for 3-complexes that enable
us to compute an r-hollowing in nearly-linear time. Here, we focus on the case where K
is already equipped with a known r-hollowing.

2We would like to emphasize that “exterior simplex” is defined for any 3-complex, while “boundary
simplex” and “interior simplex” are defined for r-hollowing. Although boundary and interior simplexes
are mutually exclusive, an exterior simplex can be either a boundary or an interior simplex for a region
of an r-hollowing.
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Figure 6.1: A cross-sectional illustration of an r-hollowing.

Algorithms for Solving Linear Equations. Our algorithm combines two of the most
important tools for solving linear systems: Nested Dissection and preconditioning.

Theorem 6.3.3 (Nested Dissection [MT90]). Let A € R™™ be a symmetric matriz
defined on a simple tetrahedral mesh. A Cholesky factorization A = PLL'P" can be
computed in time O(n?), in which P is a permutation matriz and L is a lower triangular
matriz with O(n*3) non-zero entries. As a result, a linear system in A can be solved in
time O(n?) by Gaussian Elimination.

Theorem 6.3.4 (Preconditioned Conjugate Gradient [Axe85]). Let A, B € R™*™ be two
symmetric PSD matrices, and let b € R™. Fach iteration of Preconditioned Conjugate
Gradient multiplies one vector with A, solves one system of linear equations in B, and
performs a constant number of vector operations. For any e > 0, the algorithm outputs an
x satisfying HA:B — HIm(A)bH2 <e HHIm(A)bH2 in O(y/klog(k/€)) such iterations, where
I}y is the orthogonal projection matriz onto the image of A and k = k(A, B).

6.4 Main Results

We formally state our main results as follows.

Theorem 6.4.1 (A Pure 3-Complex). Let K be a pure 3-complex embedded in R3 con-
sisting of n stable simplexes and with a known r-hollowing. Let L, be the 1-Laplacian
operator of IC, and let II; be the orthogonal projection matrixz onto the image of L. For
any vector b and e > 0, we can find a solution & such that | L1 — II;b||, < €||II1b]|, in
time

O (nr +n*3r% ¥ log(n/e) + n’r~2/?).

We will overview our algorithm for Theorem 6.4.1 in Section 6.5 and provide detailed
proofs in Section 6.6, 6.7, 6.8, and 6.9.

Theorem 6.4.2 (A Union of Pure 3-Complexes). Let U be a union of pure 3-complezes
glued together by identifying certain subsets of their exterior simplexes. Assume that
each 3-complex chunk is embedded in R?, contains n; stable simplezes, and has a known
@(n?/5)-hollowing. Let Ly be the 1-Laplacian operator of U, and let I1; be the orthogonal

projection matrix onto the image of Ly. For any vector b and € > 0, we can find a
solution & such that | Lz — II;b||, < €||IL; b, in time

6(n8/5 —|—n3/10k2+k3),
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where n 1s the number of simplexes in U and k is the number of exterior simplexes shared
by more than one chunk.

We will defer our proof of Theorem 6.4.2 to Section 6.10.

6.5 Algorithm Overview

Cohen, Fasy, Miller, Nayyeri, Peng, and Walkington [Coh-+14a] observed that
L = (L) + (L),

where L{°"™ = 0] W0, is the down-Laplacian and L}® = 0, W50, is the up-Laplacian.
The orthogonal projection matrices onto Im(9;") and Im(dy) are:

e ol @,00) 0, TP X 0,0 0,)0;

Lemma 6.5.1 (Lemma 4.1 of [Coh+14a]). Let b be a vector. Consider the systems
of linear equations: Lyxz = TIib, [}z = TI{"b, L9 gdwn = TI%“"b. Then, & =
HTILPZIIUP + Hilownmdown'

Lemma 6.5.1 implies that four operators are needed to approximate LI: (1) an ap-
proximate projection operator ﬁ‘f"wn ~ I19°"2 (2) an approximate projection operator
II'P ~ II'", (3) a down-Laplacian solver Z%" such that LI Z%""p ~ b for any
b € Im(L;®), and (4) an up-Laplacian solver Z® such that L{*Z{’b ~ b for any
b € Im(L").

6.5.1 Down-Laplacian

We will apply the same approximate orthogonal projection ﬁ‘fown given in [Coh+14a],
which does not depend on Betti numbers. Our solver for the first down-Laplacian is a
slight modification of the one in [Coh+14a] to incorporate simplex weights. We state the
two lemmas but defer their proofs to Section 6.6.

Lemma 6.5.2 (Down-Projection Operator, Lemma 3.2 of [Coh+14al). Let I be a 3-
complex with n simplexes. For any e > 0, there exists a linear operator ﬁ‘fow", computable
i nearly-linear time, such that

(1 . €)Hiioum < ﬁfown(E) < Hiloum'

Lemma 6.5.3 (Down-Laplacian Solver). Let K be a weighted simplicial complex, and let
b € Im(L¥"™). There exists an operator Z%“" such that L¥""Z%""b = b. In addition,
we can compute Z""b in linear time.

6.5.2 Solver for Up-Laplacian

One of our primary technical contributions is the development of an efficient solver for
the up-Laplacian system, stated in Lemma 6.5.4. We will describe the key idea behind
our solver in this section.
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Lemma 6.5.4 (Up-Laplacian Solver). Let K be a pure 3-complex embedded in R and
composed of n stable simplexes. Suppose we are given an r-hollowing for IC where r =
o(n). Then for any € > 0, there exists an operator Z ¥ such that

Vb € Im(LY"), [|Li"Z,"b = bl|, < €]b],.
In addition, Z"b can be computed in time O (nr + n*/3r®8log(n/e) + n*r=2/3).

We remark that Lemma 6.5.4 can be improved to 6(713/ %) by using a slightly dif-
ferent r-hollowing (proved in Section 10 of [DZ23b]), which might be of independent
interest. Since the bottleneck of our solver for 1-Laplacians is from the projection for up
1-Laplaicans, we use the same r-hollowing here.

The given r-hollowing suggests a partition of the edges in K into F U C. We will
explain the concrete partition shortly. We have the following matrix identity:

o I LP(F,F) I BP(E F) (R C)
L L(C,F)LP(F,F)! I Sc(L®)e I ’
where
SC(Llllp)C = Llllp(cu O) - Llllp(ov F)‘Llllp(Fu F)TLlllp(Fu O)

The following Lemma 6.5.5 reduces (approximately) solving a system in L}* to (approx-
imately) solving two systems in L*(F, F') and one system in Sc(L;*)¢, which is proved
in Appendix C. It is worth noting that Lemma 6.5.5 holds if we replace L|” with an
arbitrary symmetric PSD matrix, and we will apply it or its variants for different PSD
matrices in our solvers. To avoid introducing additional notations, we state the lemma
below in terms of Li*.

Lemma 6.5.5. Suppose we have two operators:

1. UPLAPFSOLVER(:) such that given any b € Im(L{*(F,F)), UPLAPFSOLVER(b)
returns a vector & satisfying Li"(F, F)x = b;

2. SCHURSOLVER(:,:) such that for any h € Im(Sc(Li")¢) and 6 > 0,
SCHURSOLVER(h, §) returns & satisfying ||Sc(L")c@ — hl, < 0 ||k, .

Given any b = [ZF] € Im(L}") and any € > 0, let
c

h =bc— Li¥(F,F) - UPLAPFSOLVER(bp),
Zc = SCHURSOLVER(h, §), (6.1)
Zr = UPLAPFSOLVER (br — L*(F,C)&c),

where § < , € . Then
= 4| L (F R L (R R, ’

1L — bll, < €[],

where & = [217} Let mp = |F| and me = |C|, and let UPLAPFSOLVER have runtime
c

ti(mp) and SCHURSOLVER have runtime to(me). Then, we can compute & in time
O(ti(mp) + ta(me) +mp +me).

The proof of Lemma 6.5.5 can be found in Appendix C.
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Partitioning the Edges

As suggested by Lemma 6.5.5, we want to partition the edges of I into F' U C' so that
both systems in L} (F, F) and the Schur complement Sc(L;”)¢ can be efficiently solved.
The given O(n®°)-hollowing divides K into “disjoint” and balanced regions with small
boundary. Let F' be the set of the interior edges of the regions and C be the set of the
boundary edges.

We first show that the interiors of different regions are “disjoint” in the sense that
Li*(F, F) is a block diagonal matrix where each diagonal block corresponds to the interior
of a region. We can write L;® as the sum of rank-1 matrices that each corresponds to a
triangle in C:

LY =9, W50, = Z Wi(o,0) - 05(:,0)05(:,0)

o:triangle in K

For any two edges ey, ey, Li"(e1,e5) = 0 if and only if no triangle in K contains both
e1, e3. By our definition of r-hollowing in Definition 6.3.2, for different regions R;, Ry of
IC w.r.t. an r-hollowing, no triangle contains both an edge from R; and an edge from R;.
In addition, the following lemma shows that the boundaries of the regions well ap-
proximate the Schur complement onto the boundaries. The proof is in Section 6.7.2.

Lemma 6.5.6 (Spectral Bounds for r-Hollowing). Let K be a pure 3-complex embedded
in R3 composed of stable simplexes. Let T be an r-hollowing of K, and let C be the edges
of T. Then,

LY < Se(L)o < O(r) L.

Proof of Lemma 6.5.4 for Up-Laplacian Solver

Algorithm 2 sketches a pseudo-code for our up-Laplacian solver.

Algorithm 2: UPLAPSOLVER(KC, T, b, €)

Data: A pure 3-complex K of n stable simplexes with up-Laplacian L;*, an
r-hollowing T, a vector b € Im(L;"), an error parameter € > 0
Result: An approximate solution & such that || L’z — b, < €]|b]|,

1 F' < the interior edges of regions of I w.r.t. 7;  C < the boundary edges of
regions.

2 UPLAPFSOLVER(:)< a solver by Nested Dissection that satisfies the
requirement in Lemma 6.5.5.

3 SCHURSOLVER(+, )¢ a solver by Preconditioned Conjugate Gradient with the
preconditioner being the up-Laplacian of T that satisfies the requirement in
Lemma 6.5.5.

4 & < computed by Equation (6.1)

return solution x

[S)]

By Lemma 6.5.5, the & returned by Algorithm 2 satisfies || Li*& — b||, < €||b||,. To
bound the runtime of Algorithm 2, we need the following lemmas for lines 2 and 3.
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Lemma 6.5.7 (Solver for the “F” Part). Let K be a pure 3-complex embedded in R?
and composed of n stable simplexes. Let T be an r-hollowing of IC, and let F be the
set of interior edges in each region of K w.r.t. T. Then, with a pre-processing time
O(nr), there exists a solver UPLAPFSOLVER(-) such that given any bp € im(L*(F, F)),
UPLAPFSOLVER(by) returns an & such that LYP(F, F)xp = by in time O(nr'/?).

By our choice of F, the matrix L*(F, F') can be written as a block diagonal matrix
where each block corresponds to a region of IC w.r.t. the r-hollowing 7. Since each region
is a 3-complex in which every tetrahedron has an aspect ratio O(1), we can construct the
solver UPLAPFSOLVER by Nested Dissection [MT90]. However, since each row or column
of LY?(F, F) corresponds to an edge in K, we need to turn the good vertex separators
in [MT90] into good edge separators for regions of K. We prove Lemma 6.5.7 in Section
6.7.1.

Lemma 6.5.8 (Solver for the Schur Complement). Let K be a pure 3-complex embedded in
R3 and composed of n stable simplexes. Let T be an r-hollowing of K, and let C be the set
of boundary edges of each region of IC w.r.t. T. Then, with a pre-processing time O(nr +
n2r=2/3) there exists a solver SCHURSOLVER(-,-) such that for any h € Im(Sc(L{")c)
and 6 > 0, SCHURSOLVER(h, d) returns an &¢ such that ||Sc(Li”)cxc — by, < 6|k,

in time O (nr5/6 + n4/37"5/18).

Our solver SCHURSOLVER is based on the Preconditioned Conjugate Gradient (PCG)
with the preconditioner L;%-, the up-Laplacian operator of 7. By Theorem 6.3.4 and
Lemma 6.5.6, the number of PCG iterations is 5(\/7) In each PCG iteration, we solve
the system in L‘ff} via Nested Dissection. We prove Lemma 6.5.8 in Section 6.7.2.

Given the above lemmas, we prove Lemma 6.5.4.

Proof of Lemma 6.5.4. The correctness of Algorithm 2 is by Lemma 6.5.5. By Lemma
6.5.7 and 6.5.8, the total runtime of the algorithm is

5 (nr5/6 + n*/3y5/18 + nr 4+ n27"_2/3) .

6.5.3 Projection onto the Image of Up-Laplacian

As the first Betti number of K can be arbitrary, the approximate projection operators for
the up 1-Laplacian provided in [Coh+14a; Bla+22; BN22] are not applicable here. Our
approximate projection operator follows a similar approach to our up-Laplacian solver,
which is based on an incomplete Nested Dissection for triangles, instead of edges.

Lemma 6.5.9 (Up-Projection Operator). Let K be a pure 3-complex embedded in R?
and composed of n stable simplexes. Suppose we are given an r-hollowing for K. Then,
for any € > 0, there exists an operator II{* such that for any b, II{*b is in the image of
L", and

Hﬁ;‘pb ~ b

| < clmyral,.
2

In addition, I:I’fpb can be computed in time O (nr + n*/*r5/%¥log(n/e€) + n*r=2/3).

A detailed proof of Lemma 6.5.9 is deferred to Section 6.8. The subsequent Lemma
offers a helpful formula of IT}”, the orthogonal projection matrix onto the image of Lj”.
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Lemma 6.5.10. Let K be a simplicial complex with boundary operator J,. For any
partition F'U C of the 2-simplexes of IC, the orthogonal projection II}" for K can be
decomposed as

1Y = o (. 1)) + Wieriog () 025 C) (SALE™ ™)) 105 (C )M oy (1,
where L™ is the down 2-Laplacian.

Once more, an r-hollowing offers a natural partition of the triangles within C. We
assign all the interior triangles to F' and all the boundary triangles to C'. As such, Nested
Dissection can be utilized to compute Iy, r)) and HKGT(%T(F,:)), and PCG to solve the
system in the Schur complement. The primary technical challenge arises when bounding
the relative condition number of the Schur complement and the preconditioner, which
requires a different approach.

6.6 Solver for Down-Laplacian

This section shows how to solve L2 = b for any b € Im(L{°™™) in linear time and
proves Lemma 6.5.3. Recall that L{*™ = 9] W(0;. Our down-Laplacian solver works
for any simplicial complexes and returns a solution without error. Our approach is a
slight modification of the down-Laplacian solver in [Coh+14a] to incorporate the vertex
weights W . Specifically, we compute z°"™ by three steps: solve 9, W(l]/ 2y = b, project
y onto Im( Wé/Qal) and get a new vector y’, then solve Wé/281wdown = y'. The first
and the last steps can be solved by the approach in Lemma 4.2 of [Coh+14a] (stated
below), and the second step can be explicitly solved by utilizing that 0; is a vertex-edge
incidence matrix of an oriented graph.

Lemma 6.6.1 (Restatement of Lemma 4.2 of [Coh+14a]). Given any by € Im(9])
(respectively, by € Im(0y)), there is a linear operator 0" such that 807 by = b,
(respectively, 0f = (07 )T such that 0,0} by = by). In addition, we can compute ;" by
(respectively, Of by ) in linear time.

We remark that the operators 9" and ;"' in Lemma 6.6.1 are not necessary to be
the pseudo-inverses of 9; and 9, .

Claim 6.6.2 explicitly characterizes the image of Wé/ %,.

Claim 6.6.2. Let IC be a simplicial complex whose 1-skeleton is connected, and let v be

the number of vertices in IC. Let Wy = diag (wy, ..., w,) where wy,...,w, > 0. Then,
Ker(0] W1/2) =span{u}, where u = ( ! ! )T
1 0 ) \/w—la ’ \/w—v

Proof. Let dim(V) be the dimension of a space V. Since all the diagonals of W are
positive,

dim(Ker(3] W /%)) = dim(Ker(9])) = v — dim(Im(8,)) = 1,
where the last equality holds since the 1-skeleton of IC is connected. We can check that
oy Wilu=08]1=0.

Here, 1 is the all-one vector, and the second equality holds since 0; is the vertex-edge
incidence matrix of an oriented (weakly) connected graph. Thus, the statement holds. [J
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We construct our down-Laplacian solver by combining Lemma 6.6.1 and Claim 6.6.2.
We remark that this down-Laplacian solver applies to any simplicial complex.

Proof of Lemma 6.5.5. Without loss of generality, we assume the 1-skeleton of K is con-
nected. Otherwise, we can write LI as a block diagonal matrix, each corresponding to
a connected component of the 1-skeleton, and we reduce solving a system in L‘foWn into
solving several smaller down-Laplacian systems.

Let 07,0 " be the linear operators in Lemma 6.6.1 for K, and let u be the vector in
Claim 6.6.2. We define

.
ziom & o w2 (I o “H ) w, 2ot
2

We can compute Z{°"b in linear time. In addition, we define

’LLUT

y:c?fTb, z = W(;l/zy, z1=|1I—-
[k

)z andm—8+W_1/2

Then, z; € Im(WO/ 01) and z — z; € Ker(9] Wl/Q).

Lo zdowngy — 9T W oo = 0] Wo0,0f Wy 2,

=0/ WyW, 1/221 since Wfl/zzl € Im(0,)
=0, W[l)/2z since z — z; € Ker(9] WI/Q)
=0/y=0b.

[

6.7 Solver for Up-Laplacian

In this section, we will prove the two key lemmas, Lemma 6.5.7 and Lemma 6.5.8, for
building the first up-Laplacian solver.

6.7.1 Solver for L{P(F F)

In this section, we construct an efficient solver UPLAPFSOLVER(b) that returns an x
such that Ly*(F, F)x = b for any b € Im(L,*(F, F)) and prove Lemma 6.5.7.

We first show that the interiors of different regions are “disjoint” in the sense that
L®(F, F) can be written as a block diagonal matrix where each diagonal block corre-
sponds to the interior of a region after proper row and column permutation. By definition,
we can write L] as the sum of rank-1 matrices that each corresponds to a triangle in k:

Llllp = 82 W282T = Z W2(07 0) : 82(:7 0)82(:7 U)T'

o:triangle in K

For any two edges ey, e5, Li*(e1,e2) = 0 if and only if no triangle in K contains both
e1,eo. We say such e; and ey are A-disjoint. The following claim shows that interior
edges from different regions are A-disjoint.
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Claim 6.7.1. Let K be a stable 3-complex and T be an r-hollowing of IC. Let Ry, Ry be
two different regions of IC w.r.t. T, and let e; be an interior edge in Ry and ey an interior
edge in Ry. Then, e; and ey are A-disjoint.

Proof. Assume by contradiction there exists a triangle ¢ € K that contains both ey, es.
Let e3 be the third edge in o. Since ey, e; are interior edges of different regions R, Rs,
es must cross the boundary of Ry, R;. This contradicts the fact that regions can only
intersect on their boundaries. Thus, e, e; must be A-disjoint. O

By the above Claim 6.7.1, computing an & such that L{’(F, F)x = b reduces to
computing a solution for each diagonal block submatrix per region. For this reason,
Lemma 6.5.7 is a corollary of the following Lemma 6.7.2.

Lemma 6.7.2. Let X be a 3-complex with O(r) simplezes embedded in R3 such that (1)
each tetrahedron of X has O(1) aspect ratio, and (2) X has O(r?/3) exterior simplexes.

Let I be the set of interior edges of X, and let Li’;( be the up-Laplacian of X and

MY qu’x(F, F). Then, there is a permutation matriz P and a lower triangular matriz

L with O(r*/3) non-zeros such that
M =PLL'P". (6.2)

In addition, we can find such P and L in time O(r?). Given the above factorization, for
any b € Im(M), we can compute an = such that Mx = b in O(r*/3) time.

The factorization in Equation (6.2) is called Cholesky factorization. We will utilize
the geometric structures of X to find a sparse Cholesky factorization efficiently. Miller
and Thurston [MT90] studied vertex separators of the 1-skeleton of a 3-complex X in
which each tetrahedron has O(1) aspect ratio. A subset of vertices S of a graph over v
vertices d-separates if the remaining vertices can be partitioned into two sets A, B such
that there are no edges between A and B, and |A|,|B| < dv. The set S is an f(v)-
separator if there exists a constant 6 < 1 such that S d-separates and |S| < f(v). These
separators can be incorporated with Nested Dissection to efficiently compute a sparse

Cholesky factorization of a matrix in which the non-zero structure encodes the 1-skeleton
of X.

Theorem 6.7.3 (Vertex Separator for a 3-Complex, Theorem 1.5 of [MT90] and
[Mil+98]). Let X be a 3-complex in R® in which each tetrahedron has O(1) aspect ra-
tio, and suppose X has t tetrahedra and v exterior vertices. Then, the 1-skeleton of X
has a O(t*3 + v)-separator that 4/5-separates X. In addition, such a separator can be
found in linear time.

We need a slightly modified version of Theorem 6.7.3 to apply to our matrix M.

Corollary 6.7.4 (Edge Separator for a 3-Complex). Let X' be a 3-complex that satisfies
the requirements in Theorem 6.7.3. In addition, the 1-skeleton of X is connected. Let m
be the number of edges in X. Then, there exists an algorithm that removes O(t*/* + v)
edges in linear time so that the remaining edges can be partitioned into two A-disjoint
sets, each of size at most cm for some constant ¢ < 1.

Proof. Let v = O(r) be the number of vertices in X'. By Lemma 6.3.1, v = O(m). Let S
be the set of O(t*3 + ©) vertices that 4/5-separates X (by Theorem 6.7.3), and let A, B
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be two disjoint sets of the remaining vertices after removing S such that |A], |B| < 4v/5.
Let E be the set of edges in X' incident to some vertex in S. Since each vertex has O(1)
degree by Lemma 6.3.1, |E| = O(|S|) = O(t*?4+9). Now, we remove edges in £ from the
edges of X. Let E4 be the set of the remaining edges incident to a vertex in A, and let Fp
be the set of the remaining edges incident to a vertex in B. Since A, B are disjoint, F4
and Ep are A-disjoint. We then show that |E4|, |Ep| < e¢m for some constant ¢ < 1. Let
E', be the set of edges in X" that are incident to some vertex in A. Since the 1-skeleton
of X' is a connected graph, |E;| > [A| > (1 —o(1))%. Besides, || = [E4| + |E’|, where
E" contains edges with one endpoint in A and the other in S. Since |E’4| = O(t*® + v),
we know |E4| > (1 —o0o(1))¢ > ¢/m for some constant ¢. Since E4 and Ep are disjoint,
we know |Eg| < m — |E4| < (1 — d)m. By symmetry, we have |E4| < (1 — )m. O

We need the following theorem about Nested Dissection from [LRT79).

Theorem 6.7.5 (Nested Dissection, Theorem 6 of [LRT79)). Let G be any class of graphs
closed under subgraph on which a v®-separator exists for o > 1/2. Let A € R"*" be
symmetric and positive definite (that is, all eigenvalues of A are positive). Let G4 be a
graph over vertices {1,...,v} where vertices i,j are connected if and only if A(i,j) # 0.

If G4 € G, then we can find a permutation matriz P and a lower triangular matriz L
with O(v*®) non-zeros in O(v>®) time such that A = PLL"P".

Combining Corollary 6.7.4 and Theorem 6.7.5, we prove Lemma 6.7.2.

Proof of Lemma 6.7.2. Our approach for finding a sparse Cholesky factorization is the
same as Section 4 of [MT90]. Specifically, we find a family of separators for X' by recur-
sively applying Corollary 6.7.4 to the remaining sets of edges A, B. Since the separator
size grows as a function of the exterior vertices, at the top level of the recursion, we
include all the exterior edges O(r2/ 3) in the root separator, which only increases the root
separator by a constant factor. In each remaining recursion step, suppose we want to
separate )V, a sub-complex of X'; we let )) be the complex consisting of ) and all the
simplexes in X’ that contain a vertex in ). Then we apply a slightly modified version of
Corollary 6.7.4 (obtained by a slightly modified Theorem 6.7.3) to ) in which we only
separate ). Here, the exterior-vertex term O(v) in the size of the separator can be ignored
since all the exterior edges of ) have already been included in upper-level separators; we
also use the fact that the number of exterior vertices and the number of exterior edges are
equal up to a constant factor. This separator family provides an elimination ordering for
the edges of IC, which is the permutation matrix P in Equation (6.2), and the ordering
uniquely determines the matrix L. By Theorem 6.7.5, L has O(r*3) non-zeros, and P, L
can be found in time O(r?).

One issue left is that M in Lemma 6.7.2 is positive semidefinite but not positive
definite. During the process of numeric factorization, the first row and column of some
Schur complements are all-zero. We simply ignore these zeros and proceed (Ref: Chapter
4.2.8 of [GV96]). This produces a Cholesky factorization of PT M P = LL" such that
only k columns of L are non-zero, where k is the rank of M. We permute the rows and
the columns of L by multiplying permutation matrices P, Py so that

o [H, 0
P,LP,= [T 0] ¥ {H; 0} ,
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where H; is a k X k non-singular lower-triangular matrix. Then, solving Ma = b is
equivalent to solving

TT z=P,P b%¥ ¢ PP z=2z

We solve the first system by solving Ty = f and T'z = y. We let y satisfy Hyy =
F[1: k]. Since H; has full rank and O(r*/?) non-zeros, such a y exists and can be found
in O(r*/3) time. Since y € Im(T), we know Ty = f. Then we let z[k+1 : v] = 0, where
v is the number of vertices in X, and we let H| z[1 : k] = y. Again, such z exists and
can be found in O(r*?) time. Finally, we compute & = PP/ z in linear time. O

Proof of Lemma 6.5.7. We apply Lemma 6.7.2 to each diagonal block matrix of L*(F, F')
to compute a sparse Cholesky factorization as in Equation (6.2) in time

O (E : 7“2) = O(nr).

r

Given this Cholesky factorization, we can solve a system in L{’(F, F') in time

O (E . r4/3) =0 (m’l/3) :

r

6.7.2 Solver for the Schur Complement

In this section, we establish a fast approximate solver for Sc(L}”)c and prove Lemma
6.5.8. Recall that C' contains all the edges in T (an r-hollowing of K), and Sc(L;*]¢ is
the Schur complement of the up-Laplacian operator of K onto C'. The idea is to run the
Preconditioned Conjugate Gradient (PCG) for systems in Sc(L;")c with preconditioner
L = 92,705 1, which is the first up-Laplacian operator of 7. By Theorem 6.3.4, the
number of PCG iterations is O(y/klog(/¢€)) where k = k(Sc(L}")c, L") is the relative
condition number and € is the error parameter; in each PCG iteration, we need to solve
a system in L)%, multiply Sc(L}"]c with O(1) vectors, and implement O(1) vector oper-
ations. In Section 6.7.2, we upper bound the relative condition number. In Section 6.7.2,
we prove Lemma 6.5.8 about the solver for Schur complement.
We will need the following observation.

Claim 6.7.6. Let X be a simplicial complex. Changing the orientations of the triangles
in X does not change its first up-Laplacian operator.

Proof. Let 0, x be the second boundary operator of X', W x the diagonal matrix for
the triangle weights, and Llff)X the first up-Laplacian. Changing the orientations of the
triangles in X' corresponds to multiplying a £1 diagonal matrix X to the right of 0, ».
Observe

Orx (X WoxX)0y o = Orx Wax0y x = L.
Thus the statement holds. O
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Preconditioning the Schur Complement

We will upper bound the relative condition number of Sc(L;”)¢ and L% and prove will
Lemma 6.5.6.

We decompose the r-hollowing 7 into two parts. Recall that the boundary of each
region triangulates a spherical shell in R?. Let B; be a 2-complex of the union of all the
inner spheres of the boundaries, and let By be a 2-complex of the rest of the boundaries.

Let C; be the set of edges of B;. Let ilf\p be the first up-Laplacian of the union of B; and
all the interior simplexes in all the regions. Then,

L = L% + L% and Sc(L{P)e = Sc(L{P)o, + L%,
Claim 6.7.7. If LY < Sc(ff\p)cl < aLy’s , where o > 1, then
L% < Sc(LiP)o < el
Proof. We have

Se(LiP)e = Lifg, + L, = L'y,
Se(L{P)e < oLy + L% < aLl.

To prove Lemma 6.5.6, it suffices to show the following lemma.

Lemma 6.7.8. -
LY < Se(LP)o, < O(r)Li%,.

The first inequality of Lemma 6.7.8 follows immediately from a well-known fact about
Schur complements, stated in Fact 2.3.7. For completeness, we restate it below.

Fact 6.7.9. Let A be a symmetric and PSD matriz:
L [ARP) AFO)
- lA(CF) A(C,O)]

Let Sc(A)c = A(C,C) — A(C,F)A(F, F)TA(F,C) be the Schur complement of A onto
C. Then, for any = € RIC!,

: T T yl_ T

yrenﬂég‘ [y" ='] A [m] =z Sc(A)cz.

As a corollary, Sc(A)c is symmetric and PSD.

In the rest of the section, we prove the second inequality in Lemma 6.7.8. Since both

L\” and L% can be written as a block diagonal matrix where each block corresponds
to a region w.r.t. T (after proper row and column permutation), it suffices to show the
inequality in Lemma 6.7.8 holds for each region, restated in the following lemma.

Lemma 6.7.10. Consider an r-hollowing region. Let B be the 2-complex of the inner
sphere of the boundary, and let B be the set of edges in B. Let X be a 2-complex of the
union of B and the interior simplexes. Then,

Se(Lyy)p < O (1) L.
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We first show that the images of Sc(L"y)c and Ly; are equal.

Claim 6.7.11.
Im(Se(L%,)5) = Im(L}%).

Proof. In the proof, we drop the subscript X to simplify our notations by letting L{® =
L\", and 0, = 0y x. We let A be the set of edges in X but not in B, and let V4 be the
set of vertices in X but not in B and Vg the set of vertices in B.

Since both the two matrices Sc(L;")p, L}'; are symmetric and PSD, the statement in
the claim is equivalent to Ker(Sc(Ly")p) = Ker(L";). By Fact 6.7.9,

Li% < Sc(Li®)p = Ker(Sc(L;?)p) C Ker(Llf%).

It remains to show Ker(Sc(L}")p) 2 Ker(L}'s).

Let xp be an arbitrary vector in Ker(L";). We want to show xp € Ker(Sc(L,")5),
that is, & 5Sc(Li")pxp = 0. By Fact 6.7.9, it suffices to show that there exists an
T = [Z;A] such that " LY’z = 0. This is equivalent to € Ker(9, ). Suppose we add

B
tetrahedra, triangles, and necessary edges to X' and get a new simplicial complex X’ so
that B is the boundary of X’ and &” triangulates a 3-ball. Since operator d, maps the

vector space of edges to the vector space of triangles and no new edges in X’ can appear
/

in a triangle in X, it suffices to show there exists an &’ = [z"‘] such that =’ € Ker(9, 1)
B K

(restricting &4 to x4 gives = € Ker(d; »)). Since the first Betti number of X’ is zero,
x € Ker(0) ) <= x LIm(dsar) < o €Im(0] 1) (6.3)

Let A’ be the set of interior edges in X/, and V4 the set of interior vertices in X’. We
can write

8T — aIX/ (A/7 VA/) ailjxl (A/, VB):|
1,X7 )

O ailjx/<B, VB)
where 0y x/(Vp, B) = 01 5. Since xp € Ker(@ZTB) and the first Betti number of B is 0, by

an argument similar to Equation (6.3), we have x5 € Im(9/ ), that is, x5 = 0] gy for
some y . Setting @y = 9 (A, Vp)yp, we have z € Im(9) »,). O

Claim 6.7.12.
Amax(SC(L?i\JB) = O<wmax>7

where Wyay s the maximum triangle weight in X .

Proof. We drop the subscript A in the proof to simplify our notations. The Courant-
Fischer Minimax Theorem (see Theorem 4.5.7, or Theorem 8.1.2 of [GV96]) states that
for any symmetric matrix A,

Amax(A) = ﬁnlf(llx X x Az,
xT:||T 2=

Apply this theorem and Fact 6.7.9,

Amax(Sc(LiP)p) = max @ 'Sc(L)pz < max [0T zT] L [g] < Amax(L77).

z:||z|[;=1 ||z ,=1
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Below, we bound Apa(Ly"):

Mo L) = max @ Lz = max > Wi(0,0)(0(,0) @)
z:||z|,=1 z:|zl=1 .
o:triangle in X

< B+ mAX > (@) +2()’ + 2(k)?) = O(winax).
wllzl=t
triangle in X'

The last inequality holds since each edge appears in at most O(1) triangles by Lemma
6.3.1. Thus, Apax(Sc(LP) ) = O(Wmax)- O

One more piece we need is a lower bound for )\min(L‘f}JB), which will be established via
eigenvalues of graph Laplacian matrices.

Theorem 6.7.13 (Section 4.2 of [Moh91]). Let G be an unweighted graph over n vertices
with diameter D, the length of the longest path in G. Let Lg be the graph Laplacian
matrix of G. Then,
4
)\min L 2 - "
(L) 2 —
Claim 6.7.14.
Amin(LipB) = Q(u}min : 7,,—1)’

where Wi, s the minimum triangle weight in B.

Proof. We drop the subscript B in the proof to simplify our notations. Again we decom-
pose the matrix as a sum of rank-1 matrices for each triangle in 5’

LP = Y Wi0.0)0(.0)0(,0) = Wi - 0205

o:triangle in B

So,
Amin(Llllp) Z Wmin * )\min(GZa;) = Wmnin * /\min<a;—82)'

Since B triangulates a two-sphere, each edge of B appears in exactly two triangles.
Since changing the orientations of the triangles in B does not change L (by Claim
6.7.6), we assume all the triangles in B are oriented clockwise. Then, each column of
d, has exactly one entry with value 1 and one entry —1 and all others 0. That is,
Oy Oy is the Laplacian of the dual graph of B: the vertices are the triangles in B, and
two vertices are adjacent if and only if the corresponding two triangles share a common
edge. The dual graph has O(r?3) vertices and diameter O(r'/3). By Theorem 6.7.13,
Amin(8;82> = Q(wmin . T‘71>. ]

Combining all the claims above, we prove Lemma 6.7.10.

Proof of Lemma 6.7.10. Let II be the orthogonal projection matrix onto Im(L}'y) =
Im(Sc(L}%)5) (by Claim 6.7.11). By Claim 6.7.12, Sc(L,"})p < O(wmax)IL. By Claim
6.7.14, TI < O(;=) L. Combining all together, we have

Wmin

SC(LLLPX)B < O(T’U)Llll%,

where U = %max — (O(1). O

Wmin
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Proof of Lemma 6.5.8

By Theorem 6.3.4 and Lemma 6.5.6, the number of Preconditioned Conjugate Gradient
(PCG) iterations is

0 (k (Se(LiP)e, i) ?) = O(r'P2).

In each PCG iteration, we solve a system in L% and multiply Sc(L;")c with O(1)
vectors. Recall

SC(Llllp)C = Llllp(ca C) - Llllp(cu F)Llllp(FJ F>TLlllp(F7 C)

In our preprocessing, we compute a Cholesky factorization of Ly*(F, F') in time O(r?- n) =
O(nr); then, we can multiply Sc(L{")c onto a vector in time O(r*/3 - 2) = O(nr'/3).
Similarly, we solve a system in L, by Nested Dissection. By our construction, 7" has
O(r*? . 2) = O(nr~'/%) triangles. The Cholesky factorization runs in time O(n?r=%/%),
and each system solve runs in time O(n*/3r=%/9). So, the runtime per PCG iteration is

O (nr1/3 n n4/3r_4/9) '
Therefore, the total time is
O (r'/2 (nr'/® + 30 4o+ ) = O (nr + /3518 4 p2p=2/3)

This completes the proof of Lemma 6.5.8.

6.8 Projection onto the Image of Up-Laplacian

In this section, we will show how to approximately project a vector onto the image of the
first up-Laplacian of a well-shaped 3-complex with a given r-hollowing and prove Lemma
6.5.9. The following lemma gives an explicit formula for the orthogonal projection onto
the up-Laplacian.

Lemma 6.8.1. Let K be a simplicial complex with boundary operator Oo. For any parti-
tion FUC' of the 2-simplexes of IC, the orthogonal projection I1}* for KC can be decomposed
as

I = W, 1)) + Wgceroq ()02, C)(Se(L57™) )10, (C) )\Mgerior (£,)- (6.4)

In addition, the second matriz on the right-hand side of the above equation is the orthog-
onal projection matriz onto the image of Iy o1 () 02(:, C).
Proof. For any b € R", we define

fr=0y(F,)b, fo=0,(C. )b,

h=fc— Ly (C, F)(Ly™ (F. F)'f p,

zc = (Sc(Ly™™)c) h,

zp = (L™ (F, ) (fr — Ly™"(F.C)zc) .

(6.5)

Let ¢ = EC] Applying Lemma 6.5.5 with § = 0, we have 9, O,z = 9, b. That is,
F
x can be written as € = x; + xy where &, = (9, 0,)10, b and x5 is in Ker(d,). Then,

82213 = 82m1 = Hlllpb



118 6. 1-Laplacian Solver for Well-Shaped Simplicial Complezes

By Equation (6.5),
II}"b = Ohz = Iy (02(: b + ke, (09 (F) 82( C)(SC(LSOWH)C)T@T(Q 3)HKer(a;(F,:))b~
Thus, the equation in the statement holds. By Fact 2.3.10,
Sc(L5™™) ¢ = 05 (O, )Mker(a] (502 O)-

The second matrix on the right-hand side of the equation in the statement is the orthog-
onal projection onto the image of Ik (o7 (5,0 (:; O). O

To apply IT}” to a vector b, we will need to (1) project b onto Im(ds(:, F)), (2)
project b onto Ker(d; (F,:)), and (3) solve a system in Sc(Ly*™)c. We let F be the set
of all the interior triangles of I w.r.t. the given r-hollowing, and let F' be the set of
all the boundary triangles. Similar to our up-Laplacian solver, we will apply the Nested
Dissection for the “F” part and the Preconditioned Conjugate Gradient for the Schur
complement onto C.

With a slight modification of the edge separator for a 3-complex (Corollary 6.7.4), we
obtain a triangle separator for a 3-complex as the corollary below.

Corollary 6.8.2 (Triangle Separator for a 3-Complex). Let X' be a 3-complex that sat-
1sfies the requirements in Theorem 6.7.3 and has a connected 2-skeleton. Let p be the
number of triangles in X. Then, there exists an algorithm that removes O(t2/3 +0) trian-
gle in linear time. The remaining triangles can be divided into two sets, each containing
at most cp triangles (where ¢ < 1 is a constant), with no shared edges between the two
sets.

Proof. The proof is very similar to that of Corollary 6.7.4, by replacing edges with trian-
gles. O

Given a triangle separator algorithm for a 3-complex, we can obtain a solver for
L™ (F,F) = 0] (F,:)05(:, F) by Nested Dissection. Note Ly*™[o1, 0] # 0 if and only
if two triangles oy, 05 share a common edge.

Lemma 6.8.3. Let X be a 3-complex with O(r) simplexes embedded in R3 such that (1)
each tetrahderon of X has O(1) aspect ratio and (2) X has O(r*/?) eaterior simplexes.
Let I be the set of interior triangles of X, and let L;lj’;’" be the second down-Laplacian of

X and M & Lgf/{f“(F, F). Then, there is a permutation matriz P and a lower triangular

matriz L with O(r*/?) non-zeros such that M = PLL'P". In addition, we can find
such P and L in time O(r?). Given the above factorization, for any b € Im(M), we can
compute an x such that Mz = b in O(r*/3) time.

Claim 6.8.4. Given any 1-chain vector b, we can compute o, r) b and g 57 (p.)b
in time O(nr).

Proof. We have
M, b = B2, F) (05 (F,)05(, F)) ' 0, (F,)b.

We can compute 0 (F,:)b in time O(n). To apply (9, (F,:)02(:, F ))T, we compute a
Cholesky factorization of 9 (F,:)da(:, F) in time O(r?- ) = O(nr) via Nested Dissection
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(Lemma 6.8.3), where the Cholesky factorization has O(r*/? - 2) = O(nr'/?) non-zeros;

given such a Cholesky factorization, we can apply (8, (F,:)0s(:, F ))Jr to a vector in time
O(nr'/?). Then, multiplying 0(:, F') with a vector runs in linear time. So, the total
runtime of computing Iy, () b is O(nr). Since Iy o1 (p)) = I — (o, F)), We can
apply Hye (o7 () to a vector in the same time up to a constant. O

It remains to bound the runtime of (approximately) solving a system in the Schur com-
plement Sc(L%"")c. We run the Preconditioned Conjugate Gradient and precondition
the Schur complement by the boundary itself 9, (C,:)0:(:, C).

6.8.1 Preconditioning the Schur Complement

In this section, we prove the following lemma for the relative condition number of the
preconditioner for the Schur complement.

Lemma 6.8.5.
/f(Sc(Lgow")C, 6;(0, )0s(:,C)) = O(r).

We will bound the relative condition number for each region and then combine them to
get Lemma 6.8.5. Recall that in each region of an r-hollowing, the boundary triangulates
a spherical shell in R3. We call the boundary triangles in a region containing an edge
on the inner sphere of the boundary the boundary layer. Since each region boundary
has its shell width of at least 5, boundary layers from different regions are disjoint. For
the ith region, let S; be the Schur complement of the interior triangles and the triangles
in the boundary layer of the region ¢ onto its boundary layer. We can write the Schur
complement

Sc(Lg™)¢ = diag(S1, ..., Sk) + 4,
where A is a PSD matrix. Similarly, let M; be the boundary layer of the region ¢. We
write the boundary

0, (C,:)0y(:,C) = diag(M 4, ..., M},) + A.

By an argument similar to Claim 6.7.7, proving Lemma 6.8.5 reduces to proving the
following lemma.

Lemma 6.8.6. For each 1,

In the rest of this subsection, we prove Lemma 6.8.6. We locally use 0, for the
boundary operator of the region i and drop the region index 7 in the rest of this subsection.

We write
B,
aT — int ’
i[5

where the rows of Bj;,; correspond to the interior triangles and the rows of By, the
boundary layer triangles. The Schur complement onto the boundary layer triangles, by
Fact 2.3.10,

S = Byallkex(,,,) By

Let M ¥ B de;d, and let IT be the orthogonal projection onto the image of S. Then,
S < M, and

S =TIMYV>M2S M"?MY?II = A\ (M 28 M'/?) . TIMTI.
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Claim 6.8.7.

Amin <MT/2SMT/2) = Amin <H1m(B;d)HKe7"(Bmt)Hlm(B;d > '

Proof. We take the singular value decomposition: By; = UD V', where the columns of
U (resp., V) form an orthonormal basis of Im(By,) (resp., Im(B,,)). Then,

M?SM"? = UD'UTUDV Mk, )VDU UD'U" = UV Mk, VU
Since U’s columns are orthonormal,
Amin(M72S M) = Xppin (V Mker(,,n V).
We claim
Ain(V ke (800 V) = Aiin (V' V ke VV'), (6.6)

which implies the claim statement. Let A be an eigenvalue of V' 'Ikeys,,,) V with
eigenvector u. Then,

V' Hkap,)Vu= M = VV Hkum,. ) VV Vu=AVu

- HIm(B;)rd)HKer( HIm BT Vu=A\Vu.

Z

'Lnt)

That is, A is an eigenvalue of Iy, g1 Hker(B,,) Him(p7,) With eigenvector Vu. Let p

be an eigenvector of IT,,,, B], yKer(B;

int

gy, with eigenvector w. Then,

Hlm(Bde)HKer(B HIm(Bde)w = pw = VTHKer(Bmt) VV'iw= MVTw

int)

That is, p is an eigenvalue of V' Hkey(p,,,) V with eigenvector V' w. So, Equation (6.6)
holds. O

Claim 6.8.8. The image of I, g ke, mpr) i

U={ucIm(B)): wl In(B)NIn(B],)}.

Proof. We first find an orthogonal basis of the kernel of Iy, g1 ) IlKer(B,,.)
. def

IS u/ = {u : HIm(B;rd)HKer( 1nt)HIm(BT)u = O} {u HKer wzt)HIm(BT)u - O}
Clearly, Ker(Byg) C U'. We consider u € Im(By,). In this case, Ike (s ) HimsT 8 =
Iker(B,,) v = 0 if and only if u € Im(B, ). So, the claim statement holds. O

int

Lemma 6.8.9.
Amin (H]m(B;d)HKeT(Bint)H[m(B;rd ) = Q(T_l)'

Proof. By the Courant-Fischer min-max theorem and Claim 6.8.8,

UTHIm(BT)HKer(Bmf)HIm( o

: : B
Amin (Hlm(Bde)HKer(Bmt)HIm(B;i ) = min = . , (6.7)

where U = {u € Im(B},) : v L Im(B,,) NIm(B, )} \ {0}.
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Recall that in each region, the boundary triangulates a spherical shell in R3. We
further decompose 0y according to the inner sphere of the boundary:

B, By | 0

| By=1]0 By | Bs|. (6.8)
0 0 | B,

9, = B,

int

Here, the blocks of the rows from top to bottom correspond to the interior edges, the
boundary edges on the boundary inner sphere, and the other boundary edges, respec-
tively; the blocks of the columns from left to right correspond to the interior triangles
with only interior edges, the interior triangles with both interior and boundary edges, and
the boundary triangles, respectively. The column in 0, corresponding to a triangle whose
edges are all on the boundary inner sphere can be written as a linear combination of
the other boundary triangle columns. We remove these boundary inner sphere triangles
so that every remaining triangle has at most one edge on the boundary inner sphere.
Without loss of generality, we can orient and reorder the edges and the triangles so that

By, =diag(1",...,1"), Bsy=diag(1",...,1"). (6.9)

In addition, in each triangle with one edge on the boundary inner sphere, we let the other
two edges point away from the inner sphere so that every column of B, and of B4 has
exactly two non-zero entries with values 1 and —1 each.

We want to characterize Im(B, ) N Im(B,,). Let

int
V= Bz | : x € Ker(By)

By Equation (6.8), Im(B; ;) NIm(B,) € V. We will show V C Im(B;,)NIm(B,,), that
is, V C Im(B,,). Since the boundary layer triangulates a spherical shell in R? whose
first Betti number is zero, V is orthogonal to the image of 9] of the boundary layer.
Without loss of generality, we can also assume the 2-complex of the interior triangles
touching the boundary inner sphere has the first Betti number being zero. Otherwise,
we shift the boundary inner sphere towards the boundary outer sphere and include the
boundary layer in the interior part. This can be done since, in the given r-hollowing,

each region boundary triangulates a spherical shell with a “hop” shell width of at least 5.

B,
Under this assumption, V C Im | | By C Im(B,,,). Thus, V = Im(B},,) N Im(B,).
0
Then,
0
U= |Bsy| : Bsy L Bsz, Ve € Ker(By) ; \ {0}.
B.y

By Equation (6.7) and (6.8),

| Bay|l”
)\min <H m IT er(Bint IT m ) 2 n
I (B;rd) Ker(Bny) 41 (B;—d) y#O:B;BgyLKer(BAL) ”BngQ + HB4yH2

1
min 5 5 .
y#0:Bj Bay LKer(By) || B3yl|” /|| Bayl|” + 1
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2
It suffices to show % =O(r).

Without loss of generality, we can assume each diagonal block of B3 in Equation (6.9)
has equal dimensions ¢ by duplicating columns in B de (which does not change its image).

Bl B; =diag(J,...,J) < oI

is a multiple of projection matrix where J is the all-one matrix in dimensions ¢ X ¢. Since
B; B3y 1 Ker(B,), we know B3 Bsy = cIly € Im(B,). Since IT is an orthogonal pro-

jection, we have ||ITy|| < HHIm(BI)yH‘ Note B, B, can be treated as a graph Laplacian
matrix. By the eigenvalue bound in Theorem 6.7.13,

_ 2 _ _ 1
IBuyl = Q0" [Mpy| = 20 ) ITyl? = 267 -~ |1 Bsy ).

Therefore,
I Bsyll”

1Bayl®

Combining all the lemmas and claims above, we prove Lemma 6.8.6.

= O(r). O

6.8.2 Proof of Lemma 6.5.9

Given a vector b, we approximate II{"b by the following steps: (1) compute
by = Il,¢,r)b; (2) compute by = 8;(0,:)HKGT(82T(F,:))b; (3) approximately solve
Sc(L;lOW“)Cbg = by via Preconditioned Conjugate Gradient and get an approximate so-

lution bz up to error 6 < | ; (4) compute by = Ilge o7 () 02(:; C)bs; (5) compute

| 23]
bs = by + by. Let ITI® be the above operator so that bs = IT}"b.
Claim 6.8.10. II'’b is in the image of L.

Proof. By Lemma 6.8.1, the image of L|” can be decomposed as a direct sum of two
orthogonal subspaces: Im(0,(:, F)) and Im(Ilk,, o7 () 02(:, C)). Note IIT"b = by + by,

where by € Im(0s(:, F)) and by € Im(TLie, o7 (1)) 82(., 0)). So, II'"b € Im (L. O

We bound the error of TI"b:

|Trs — s - HHKer o ()220, C) ((Se(Ldown> ) = 81) 0] (C, ) Moy (b
HKer BT HKer(aT( Fy)) H
< Mmax(L‘fp) ||H‘fpr
< €| II"b], by the setting of §

Finally, we bound the runtime of our approximate projection algorithm. The proof
is similar to that of Lemma 6.5.8. By Theorem 6.3.4 and Lemma 6.8.5, the number of
Preconditioned Conjugate Gradient (PCG) iterations is

O (K(Sc(LE™) 6, 05 (C,)da(:, C)Y?) = O(r/?).
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In each PCG iteration, we solve a system in 9, (C,:)ds(:,C) and multiply Sc(L5*™)¢
with O(1) vectors. Recall

SC(LSOWH)C = azT(Ca 5)HKer(a;(F,;))82(i, C).

In our preprocessing, we compute a Cholesky factorization of 9; (F, Mkerog (72025 F)
in time O(nr) (by the proof of Claim 6.8.4); then, we can multiply Sc(L3**™)¢c onto
a vector in time O(nr'/?). Similarly, we solve a system in 9, (C,:)0(:,C) by nested
dissection. By our construction, C' has O(r*/?® - %) = O(nr=/3) triangles. The Cholesky
factorization runs in time O(n?r~2/3), and each system solve runs in time O(n*/3r=%/9),
So, the runtime per PCG iteration is

10) (nr1/3 + n4/3r_4/9) ‘
Therefore, the total time is
5 (7“1/2 (m,l/3 + n4/37“_4/9) +nr + n2r_2/3) _ 5 (m“ + n/3,5/18 + n2r_2/3) .

We finish the proof of Lemma 6.5.9.

6.9 Proof of the Main Theorem

Given all the four operators in Lemma 6.5.2, 6.5.3, 6.5.4, and 6.5.9, we prove the following
main theorem.

Theorem 6.9.1 (Restatement of Theorem 6.4.1). Let KC be a pure 3-complex embedded
in R® consisting of n stable simplexes and with a known r-hollowing. Let L, be the 1-
Laplacian operator of K, and let I1; be the orthogonal projection matrix onto the image

of Ly. For any vector b and € > 0, we can find a solution & such that ||Liz — IL;b||, <
€|[TL;b]|, in time O (nr + n*3r5/%log(n/e) + n?r=2/3).

Proof. Let k be the maximum of x(L{*™) and x(L\P). Let § > 0 be a parameter to be
determined later. Let TI&%® = I1do%2(5) TI™ = II'"(6) be defined in Lemma 6.5.2 and
6.5.9, and let Z9°"™ be the operator in Lemma 6.5.3 with no error and Z'® in Lemma
6.5.4 with error ¢. Let

TUP def £up -down def =~ jown
~ def T up ~d def ~down
o= Z7b o, 2= Z{b

)

- def Trup~ o ~d
= MPz™ 4 Iz,

Then,

| Lz — IL; b,

gHL?ﬁ?$m—B

~down

+HFm+b _TI,b
2

~down

up ~ ~d
4 H L?OWHH?OWH own _ p
2

) .

We will upper bound the three terms on the right-hand side separately.
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e For the first term,

~ ~ 2 up ~ ~ ~ up
HL;lpn;lpwup By LUPITPE™ — [T

<]

- HLT%“F’ ~b
2

2 2

< ‘ LYPTIVPZ P — [YPTTUPE P , by Lemma 6.5.4

+5H5up
2

By Lemma 6.5.9,

|

LTIV — LUPIIP 3™

< |z, || (e — e
2

<Oyl (T2, -

2

Let y & (L‘fp)Tgup. By Lemma 6.5.4,
up ~u u u up ~u Jup u ~up
[T 2™ — yl|, < H(qu)T”g LI °z™ — b ) <9 H(L1P>TH2 b .
By the triangle inequality,
up~u u Zup u 7up
I3, < flyll, + 6 [, |87, < @ +o @y, |s"]
So,
‘LlllpHTpiuP — LPTIPE™|| < §(1+0)x Hbup ’
2 2
and N ~u Y
( e - 50| < 355‘ b
2 2

. ~d
e For the second term, the operator Z%°"™ has no error, which means L{®""z"" =

~down

b . Then,

’ ’ Ldownﬁdownidown o gdown
1 1

_ HLdownﬁdown&Edown - Ldowngdown
- 1 1 1

2
~down

§5(1+6)/<;Hb

2

e For the third term,

~up ~down

2 ~ 2 ~ 2
b +b _ Hlb — H(Hup _ Hup)b 4 H(Hdown o Hdown)b
2 2

2

< o (IIrmep|3 + e )
by Lemma 6.5.2, 6.5.9, Fact 2.3.6
= 6| TL. b5

Combining all the above inequalities,

~down

L& — L, b||, < 30k H'E“p +20n Hb HZ L8| b,

< 30k(1 + 0) [|[TL}"b]|, + 26k(1 + 6) ||TL{"b]|, + & | TT1b],
< 116k || TL; b, .

: €
Choosing 0 < T1=> we have

| Ls& — LB, < | TL,b)),.
The runtime bound follows Lemma 6.5.2, 6.5.3, 6.5.4, and 6.5.9. O
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6.10 A Union of Pure 3-Complexes

In this section, we consider a union U of h pure 3-complex chunks Ky,..., K, that are
composed of stable simplexes, and these chunks are glued together by identifying certain
subsets of their exterior simplexes. Let k£ be the number of simplexes shared by more
than one chunk. We remark that &/ may not be embeddable in R? and the first and
second Betti numbers of U are no longer zero. This makes designing efficient solvers
for 1-Laplacian systems of & much harder. Edelsbrunner and Parsa [EP14] showed that
computing the first Betti number of a simplicial complex linearly embedded in R* with m
simplexes is as hard as computing the rank of a 0-1 matrix with ©(m) non-zeros; Ding,
Kyng, Probst Gutenberg, and Zhang [Din+22] showed that (approximately) solving 1-
Laplacian systems for simplicial complexes in R* is as hard as (approximately) solving
general sparse systems of linear equations.

We design a 1-Laplacian solver for &/ whose runtime is comparable to that of the
1-Laplacian solver for a single pure 3-complex when both A and k are small and prove
Theorem 6.4.2. The approximate down-projection operator for in Lemma 6.5.2 and the
approximate solver for systems in the down-Laplacian in Lemma 6.5.3 hold for any sim-
plicial complexes. Thus, it suffices to generalize the approximate up-projection operator
in Lemma 6.5.9 and the approximate solver for systems in the up-Laplacian in Lemma
6.5.4 from a single chunk to a union of chunks.

Lemma 6.10.1 (Up-Laplacian Solver). Let U be a union of pure 3-complexes glued to-
gether by identifying certain subsets of their exterior simplexes. Fach 3-complex chunk is
embedded in R3, comprises n; stable simplexes, and has a known @(n?/5)—h0llowing. For
any b € Im(L*) and € > 0, we can compute an & such that | L;*& — b||, < €||b||, in
time O (n8/5 +nd/10k2 4 k3) where n is the number of simplexes inU and k is the number
of simplexes shared by more than one chunk.

Lemma 6.10.2 (Up-Projection Operator). LetU be a 3-complex satisfying the conditions
in Lemma 6.10.2. For any € > 0, there exists an operator II{* such that

Vb, Hﬁ;‘f’b )

| < el
2

In addition, TI'"b can be computed in time O (n®® 4+ n3/10k% + k), where n is the number

of exterior simplexes of U and k is the number of simplexes shared by more than one
chunk.

Our approaches align with those for a single chunk. We partition the simplexes of
into F'U C, then deal with the “F” part and the Schur complement separately. Given
the definition of r-hollowing, the exterior simplexes of each chunk /C; must belong to the
boundary of some region. We let C' be the union of the hollowing boundary of each chunk
and let I be the remaining simplexes. Then, F' is a union of disjoint subcomplexes,
each embedded in R? and can be handled by Nested Dissection. We precondition the
Schur complement by the union of the hollowing boundaries. However, systems in this
preconditioner cannot be approximately solved Nested Dissection directly since it may
not allow an embedding in R3. We will need a slightly more careful treatment.

Proof of Lemma 6.10.1. We let C' be the union of the hollowing boundary edges in
each chunk and let F' be the union of the hollowing interior edges. Suppose U has
h pure 3-complex chunks. By our definition of r-hollowing, we can write L{"’[F, F] =
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diag(Li"[Fy, Fi], . .., L\°[F}, F}]) where F; contains all the hollowing interior edges in the
tth chunk. Let r; = n?/5 be the hollowing parameter for the ith chunk. By Lemma 6.5.7,
with a pre-processing time

O (Zh: niri) =0 (Zh: nf/‘r’) =0 (n8/5) ,

for any b € Im(L{"[F, F]), we can find & such that L*[F, F]x = b in time

h h
) (Znirl.l/?’) =0 (Zn?/s) =0 (n6/5) .
i=1 i=1

To solve the system in the Schur complement Sc[Lj"|c, we precondition it by the
union of the hollowing boundaries of each chunk, denoted by 7. By Claim 6.7.7 and
Lemma 6.7.8, the relative condition number is O(max; n?/ ®). Let C; C C contain the
edges shared by more than one chunk and Cy = C'\ (. Then, the submatrix LipTU [Cy, Cs]
is a block diagonal matrix where each block corresponds to a chunk. We solve L} by
Lemma 6.5.5: We solve a system in Ly [Cy, C5] by Nested Dissection and solve the Schur
complement onto C by directly inverting the Schur complement. With a pre-processing

time , \
2
M 23 3] — 8/5 | 13| _ (n8/5 4 1.3
0<Z(Ti r ) +k:> O(;nl +k) O(n®® + k),

i=1

we can solve a system in L} in time
(i 2\ 1o
0 Ni | 23 2 =0 16/15 4 1.2 ) _ (p16/15 | 12
(; (n T > + ;nz + (n™* + k%)

Therefore, the total runtime of approximately solving a system in Lj® is
O(n8/5—|—n3/10k2+k3). N

We can prove Lemma 6.10.2 by a similar argument.
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Appendix A

Missing Proofs of Linear Algebra
Facts

Proof of Fact 2.1.1. By the definition of image, Im(A) D Im(AA"). It suffices to show
Im(A) C Im(AA"). Let = be an arbitrary vector in Im(A). Then, & = Ay for some
y € R". Write y = y, + y, such that y, € Im(A") and y, € Ker(A). Let z satisfy
A"z =1y,. Then,

AA Tz = Ay, = Ay ==z.

Thus, € Im(AA"). O

Proof of Fact 2.1.2. Since A < B, by definition, C := B— A is PSD, i.e., for all x € R",
we have £ Cxz > 0. Then, for any y € R™, let £ = V 'y. Substituting this into the
quadratic form, we get:

y (VCV)y=(V'y) ' C(V'y)=2'Cx >0,

This shows that VC V' = V(B — A) V" is PSD. Consequently, VAV' < VBV .
O

Proof of Fact 2.3.2. To minimize || Az — bl|,, we compute the gradient with respect to
x and set it to zero. This gives the normalized equation:

AT (Az* —b)=0.
Solving it gives #* = (AT A)T AT b, thus
Az* = A(ATA)'ATb = T4 b.
Substituting Az* = Il 4)b back to the f, norm of residual gives

|4z — b2 = ||(I — Th(a))b])’.

Proof of Fact 2.5.4. For the first equality, we have
HATAJZ — ATbH(ATA)T —(A"TAz —ATb)"(ATA)(ATAz — A"d)
= (Am — b)THIm(A)(A{II — b)
= (Mjm(a) Az — M4y b) " (Mpn(ay Az — I a)b)
= | Tt A2 — Mo b -
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For the second equality, we have

|z — 2|7y = (@ —2") AT A(z — z¥)
—2"ATAz — 22 AT Az* + (z*) AT Az
=z A" Ax — 22" A Tl a)b + b T, 4 i) b
= || Az — M b,

O
Proof of Fact 2.3.5. We have
|Az — b} < || Az — Ti(a)b][; + || (I — Minca)) ]
= ||Az — HIm(A)bH; + | Az* — b3 by Fact 2.3.2
< € ||H1m(A)bH§ + || Az* — b3, by Definition 2.3.3
O

Proof of Fact 2.5.6. We start with proving the first statement. Since A is PSD, eigen-
decomposition gives A = UAU', where U is an orthogonal matrix and A =
diag(A1, ..., A,) with A; > 0. Since b € Im(A) and by Eq. (2.4), we have

b =T, ab = AY2AV?b.
Then we rewrite
|AZb—b|, = ||a"? (A1/22A1/2 - Hlm(A)) AT/%H2
b
bl

—|lvavruT (AWZAV2 - Hlm(A)> UA? UTH2 151,

< || a2 (A1/2ZA1/2 _ HIm(A)) A2

_ a2y <A1/2ZA1/2 _ HIm(A)) UA/171/2H2 Ib]l,
since U is orthogonal
A2z AV2 _ HIm(A)H2 ||b||2

A1/2 A71/2

\% )\max

\/)\min
< VK(A) HAI/QZAI/2 - HIm(A)H 161l
2

< evr(A)]b],,

where the last step follows from the assumption (1 — €)A' < Z < (1 + €)A', and
multiplying A'/? on both sides gives

IN

2 2

AI/QZA1/2 o HIm(A)H2 ”bHQ

(1 - E)Hlm(A) < AV2Z AV? < (1 + G)Hlm(A) = Hz‘ll/QZA.l/2 — HIm(A)HQ <e

To prove the second statement, again, since b € Im(A), we can write b = Ax for
some x:

|AZb - b]|, = ||AZ Az — Az|, < €| Az],.
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Then for any x,
(1—e)lAz], <[[AZAz|, < (1+¢)[Az]|,.

As a result,
(1-6) A AZA < (1+¢€)A.

Multiplying A" on both sides gives
(1—e)ATAA" X ATAZAAT < (14+6)ATAAT
By ATAAT" = AT and ATA = AAT = Iy 4), we have

(1 — E)AJr =< HIm(A)ZHIm(A) < (1 + E)AT.

Proof of Fact 2.5.7. We expand the left hand side,
7 y'] A m —z A(F,F)z + 22" A(F,C)y +y  A(C,C)y. (A.1)
Taking the derivative w.r.t.  and setting it to be 0 gives that

2A(F, F)x + 2A(F,C)y = 0.

Plugging x = —A(F, F)TA(F,C)y into Eq. (A.1),

min [z7 y'] A B} =y AC,C)y —y " A(F,C)A(F,F)TA(F,C) "y = y"Sc(A)cy.

T

This completes the proof. O
Proof of Fact 2.3.9. We multiply the right-hand side:

(AKLFiMRPT I)(Auﬁﬂ quk)<I AﬂngAwuﬂ)

:<A A ] I) (A[F’F} ‘S[ﬂf})

[C, F]
 (A[F, F] A[F,C]
_(A[CaF] A[QF]A[RF]*A[F,C]+SC[A]c)
A[F.F] A[F.C]
:(MGH qu)_A O

Proof of Fact 2.3.10. By the definition of the Schur complement,

Sc[Alc = B¢B, — BeB) (BrB}) BrB]
— Be <I — BJ(BrB})' BF) Bl = Bollkus, Bl

]
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Appendix B

Missing Proofs of Chapter 4

B.1 Reducing 2-Complex Boundary LE to Combina-
torial Laplacian LE

In this section, we formally state Theorem 1.4.5 as below and provide a proof. Recall
that we use opin(A) to denote the smallest non-zero eigenvalue.

Theorem B.1.1. Let Ly = 0] ) + 9,0, € R™™ be the combinatorial Laplacian of a
2-complex. Let d € Z™. Suppose we can solve LEA (Ly, d, €) in time O(nnz(L,)¢) where
¢ > 1 is a constant. Then, we can solve LEA (0s2,d,0) in time O(nnz(0s)°) by choosing

Umin(L1)1/2 1

€< )
Omax(02)? ||d||2

Proof. Suppose x; satisfies
[L12y = Mz @], < € ||z, @], -
By our assumption, we can compute @, in time O(nnz(L;)). We choose
f=0,x.

We claim that f solves LEA (8s, d,d). Since 919, = 0, we have Li = (8] 8;)! + (8,0] )7
and Hlm(a2)(airal)Td =0. Then,

192 = Moy ]

le (828T dH (920, )2
amax 82 Hml - (aQaT dHB oy
= Urnax a2 H]-_-[Im 92) (331 (828T Td HB BT

IN

— o (02) || T (21 — L1 d)

828;—
= O'max(ﬁg) ry — LJ{d

020

S Umax(aZ) T —

O max (((92

S (L)1 | Ly — iz, d),
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Umax(a2>
= Omin(L1)1/?
5
Omax(02)
< 6 || Mo, @], » by Claim 4.6.3

€ | Mz d),

<

O

B.2 Connections With Interior Point Methods

We now show that in order to solve a generalized maxflow problem in a 2-complex flow
network using an Interior Point Method (IPM), it suffices to be able to apply the pseudo-
inverse of 9y Wa, for diagonal positive weight matrices W (and this problem is essen-
tially equivalent to applying the pseudo-inverse of the combinatorial Laplacian of the
complex, c.f. Appendix B.1). We sketch how these pseudo-inverse problems arise when
solving a generalized maxflow using IPM, which is motivated by [Mad16]. For the more
curious readers, we recommend the book [Ren01] for a complete view of general IPM
algorithms.

Given a 2-complex flow network K with m edges and ¢ triangles, a non-negative
capacity vector ¢ € RL,, and a demand vector v € R™ such that v € Im(d;). The
y-maxflow problem is formulated by the following linear programming:

max F

)

—e<f<ec

The y-maxflow in 2-complex flow networks is a generalization of s-t maxflow in graphs.
The first constraint encodes the conservation of flows for edges in K. And the second
constraint forces the flow on triangles to satisfy the capacity constraints.

We call F' the flow value of f when O,f = Fvy. We assume that the optimal flow value
F* is known by IPM algorithms, which can be estimated by the binary search.

The main idea of IPM is to get rid of inequality constraints by using barrier functions,
and then apply Newton’s method to a sequence of equality constrained problems. The
most widely used barrier function is the logarithmic barrier function, which in the ~-
maxflow problem gives

V(F) =) —log(e(A) = f(A)) —log(e(A) + f(A)).

A€(t]
Then for a given 0 < o < 1, we define the following Barrier Problem:

min V(f)
f (B.2)
st. Oof = aF™y

We start with zero flow, i.e., ap = 0, and then increase a;,1 = «; + ' gradually in each
iteration to make progress. Given a small enough o/, each iteration is composed of a
progress step and a centering step.
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Progress Step. We first take a progress step by making a Newton step to Problem
(B.2) at the current point f, while increasing the flow value by o/, which gives

min g7 ()5 + 6 H(f)s
s.t. 08 = ' F*y

(B.3)

where g(f) and H(f) are the gradient and Hessian of V' at the current point f, respec-
tively.
Problem (B.3) has the Lagrangian

L6, 2) = gT(F)d + %6TH(f)6 b2 (0 Fy — 0y0).
Using the optimality condition, we have
VsL(d,2) = g(f) + H(f)d — 9,z =0,

which gives
6 =H'(f)(0, = — g(f)).
Multiplying d» in both sides and using the constraint 0,0 = o/ F™*v, we obtain

OLH T (f)0, x = . H *(f)g(f) + o/ F*.

Thus, we have shown that it suffices to apply the pseudo-inverse of . H ' (£)0, to solve
x and §:

z = (0.H(£)9;)  (@H ' (F)g(f) + a'F),
5= H'(£)0] (0.H " (£)0))" (0. H ' (f)g(f) + o' F*y) — H'(f)g(f).

Centering Step. We then take a centering step by making a Newton step to Problem
(B.2) at the updated point of f oof f + 6 without increasing the flow value, which gives

. TyFE L LT o V&
msln g (f)5+25 H(f)o (B.4)

s.t. 02(5 =0

Similar to the progress step, it suffices to apply the pseudo-inverse of 0y H _1(f)8; to
solve &:

5o (H—1<f>a; (aE (P ) 02 - I) H (g (F).
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Appendix C

Missing Proofs of Chapter 6

Proof of Lemma 6.5.5. Since b € Im(L;*), we know bp € Im(L®(F,F)) and bp —
L*(F,CYxc € Im(L{*(F,F)). We can apply the solver UPLAPFSOLVER to these
two vectors. By the statement assumption, we an write UPLAPFSOLVER(bp) =
L°(F,F)'br +y, where 05[F,:]"y = 0. Then,

h =bc — LY*(C, F) - UPLAPFSOLVER(br) = be — L\P(C, F) - Ly (F, F)'bp.

We first show that h € Im(Sc(Lj”)c) so that we can apply the solver SCHURSOLVER to
h and obtain a vector ¢ satisfying ||Sc(Ly®)c&c — h|, < 0 ||Rh||,. Since b € Im(L®),

there exists £ = {:BF} such that
Tc

brl [ I 1 [L¥°(F, F) I L™(F F)YL™(F,C)] [zr
bc o _Llllp(C, F)Llllp(F, 17)]L I_ i SC(Llllp)C I o
N I | [LiP(F, F) zr + L (F, F) L{°(F,C)zc
| L(C,F)LY(F ) I Sc(Li?)e xc
_ [ I | _Llllp(F,F)mp—FLlllp(F,C).’Bc
LYP(C, F)L"(F,F)t I | Sc(Li?)cxe
o [ Llllp(F,F)wF—i-Llllp(F,C)wc
| LP(C F)xp + L (C, F)LYP(F, F)ILY*(F, C)xc 4+ Sc(Ly¥)cxc|

(C.1)
Here, the third equality holds since
LP(F, F)LP(F, F) I (F,C) = T, B¥(F.C) = LP(F,C),
and the fourth equality holds similarly by using symmetry. Thus,

be = LiP(C, F)zr + L (C, F) L (F, F)' (bp — LiP(F, F)xr) + Sc(L{®)cxc
= L°(C,Fxp + L (C, F)L(F, F)'bp — L (C, F)xp + Sc(L®) oz
= L{°(C,F)LY*(F, F)'bp + Sc(LY®)czc.

That is, h € Im(Sc(L}")c).
Next we look at Li’&. Let § = Sc(L”)c&c — h. We replace & and ¢ in Equation
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(C.1) with p and Z¢:

e i L™(F, F)&p + L™(F,O)&c
! B _L?p(ca F)LTP(F7 F)T I SC('LTP)CQEC

_ br
~ | LP(C,F)LYP(F,F)tbp + Sc(L‘fp)czEC}

_| br
- _bc +4|
Then,
ILi"2 — bll, = 18]l < 8 [|kll, < 6 ([[bell, + || Ly (C, F) LY (F, F)Y[, [bFll,)
<6 (1+[[LY(C P LPP(F F),) ]l < e[b]],,
where the last inequality is by our setting of 4.
We compute & by two calls of UPLAPFSOLVER and one call of SCHURSOLVER and

O(1) matrix-vector multiplications and vector-vector additions. Thus, the total runtime
is O(t1(mp) + ta(me) + the number of non-zeros in L}®). O
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