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Abstract

This thesis has two parts; in the first of which we give new results for various network flow
problems. (1) We present a novel dual ascent algorithm for min-cost flow and show that
an implementation of it is very efficient on certain instance classes. (2) We approach the
problem of numerical stability of interior point network flow algorithms by giving a path
following method that works with integer arithmetic solely and is thus guaranteed to be free
of any numerical instabilities. (3) We present a gradient descent approach for the undirected
transshipment problem and its special case, the single source shortest path problem (SSSP).
For distributed computation models this yields the first SSSP-algorithm with near-optimal
number of communication rounds.

The second part deals with fundamental topics from algebraic computation. (1) We give
an algorithm for computing the complex roots of a complex polynomial. While achieving a
comparable bit complexity as previous best results, our algorithm is simple and promising
to be of practical impact. It uses a test for counting the roots of a polynomial in a region
that is based on Pellet’s theorem. (2) We extend this test to polynomial systems, i.e., we
develop an algorithm that can certify the existence of a k-fold zero of a zero-dimensional
polynomial system within a given region. For bivariate systems, we show experimentally
that this approach yields significant improvements when used as inclusion predicate in an
elimination method.
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Kurzfassung

Im ersten Teil dieser Dissertation prasentieren wir neue Resultate fiir verschiedene Netzw-
erkflussprobleme. (1) Wir geben eine neue Duale-Aufstiegsmethode fiir das Min-Cost-Flow-
Problem an und zeigen, dass eine Implementierung dieser Methode sehr effizient auf gewis-
sen Instanzklassen ist. (2) Wir behandeln numerische Stabilitat von Innere-Punkte-Methoden
fiir Netwerkfliisse, indem wir eine solche Methode angeben die mit ganzzahliger Arithmetik
arbeitet und daher garantiert frei von numerischen Instabilitdten ist. (3) Wir prasentieren
ein Gradienten-Abstiegsverfahren fiir das ungerichtete Transshipment-Problem, und seinen
Spezialfall, das Single-Source-Shortest-Problem (SSSP), die fiir SSSP in verteilten Rechen-
modellen die erste mit nahe-optimaler Anzahl von Kommunikationsrunden ist.

Der zweite Teil handelt von fundamentalen Problemen der Computeralgebra. (1) Wir
geben einen Algorithmus zum Berechnen der komplexen Nullstellen eines komplexen Poly-
noms an, der eine vergleichbare Bitkomplexitdt zu vorherigen besten Resultaten hat, aber
vergleichsweise einfach und daher vielversprechend fiir die Praxis ist. (2) Wir erweitern den
darin verwendeten Pellet-Test zum Zahlen der Nullstellen eines Polynoms auf Polynomsys-
teme, sodass wir die Existenz einer k-fachen Nullstelle eines Systems in einer gegebenen
Region zertifizieren konnen. Fiir bivariate Systeme zeigen wir experimentell, dass eine In-
tegration dieses Ansatzes in eine Eliminationsmethode zu einer signifikanten Verbesserung
fiihrt.
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Preface

This thesis has two parts. Part I deals with a very powerful class of optimization problems,
the so-called network flow problems. We give new algorithms for several different variants
of network flow problems (in different models of computation). This part is based on the
following three papers: [BFK16; BKM16; Bec+17].

[BFK16] Ruben Becker, Maximilian Fickert, and Andreas Karrenbauer. “A Novel Dual
Ascent Algorithm for Solving the Min-Cost Flow Problem”. In: Proceedings of
the Eighteenth Workshop on Algorithm Engineering and Experiments, ALENEX
2016, Arlington, Virginia, USA, January 10, 2016. Ed. by Michael T. Goodrich and
Michael Mitzenmacher. SIAM, 2016, pp. 151-159.

[BKM16]  Ruben Becker, Andreas Karrenbauer, and Kurt Mehlhorn. “An Integer Interior
Point Method for Min-Cost Flow Using Arc Contractions and Deletions”. In:
CoRR abs/1612.04689 (2016). Abstract and Talk at International Network
Optimization Conference 2017 (INOC).

[Bec+17]  Ruben Becker, Andreas Karrenbauer, Sebastian Krinninger, and
Christoph Lenzen. “Near-Optimal Approximate Shortest Paths and
Transshipment in Distributed and Streaming Models”. In: 31st International
Symposium on Distributed Computing, DISC 2017, October 16-20, 2017, Vienna,
Austria. Ed. by Andréa W. Richa. Vol. 91. LIPIcs. Schloss Dagstuhl -
Leibniz-Zentrum fuer Informatik, 2017, 7:1-7:16.

Part II is concerned with topics from symbolic-numeric computation. We present new
algorithms for the computation of the complex roots of a univariate complex polynomial
and for counting the number of zero-dimensional polynomial systems within a given
region. The second part is based on the following two manuscripts: [Bec+18; BS17].

[Bec+18]  Ruben Becker, Michael Sagraloff, Vikram Sharma, and Chee Yap. “A
near-optimal subdivision algorithm for complex root isolation based on the
Pellet test and Newton iteration”. In: J. Symb. Comput. 86 (2018), pp. 51-96.

[BS17] Ruben Becker and Michael Sagraloff. “Counting Solutions of a Polynomial
System Locally and Exactly”. In: CoRR abs/1712.05487 (2017).

Besides the above publications, during my PhD, that I have started in October 2013, I
published the following articles: [BK14; Bec+16; Wim+17].

[BK14] Ruben Becker and Andreas Karrenbauer. “A Simple Efficient Interior Point
Method for Min-Cost Flow”. In: Algorithms and Computation - 25th International
Symposium, ISAAC 2014, Jeonju, Korea, December 15-17, 2014, Proceedings. Ed. by
Hee-Kap Ahn and Chan-Su Shin. Vol. 8889. Lecture Notes in Computer
Science. Springer, 2014, pp. 753-765.

[Bec+16]  Ruben Becker, Michael Sagraloff, Vikram Sharma, Juan Xu, and Chee Yap.
“Complexity Analysis of Root Clustering for a Complex Polynomial”. In:
Proceedings of the ACM on International Symposium on Symbolic and Algebraic
Computation, ISSAC 2016, Waterloo, ON, Canada, July 19-22, 2016. Ed. by
Sergei A. Abramov, Eugene V. Zima, and Xiao-Shan Gao. ACM, 2016, pp. 71-78.

[Wim+17] Ralf Wimmer, Andreas Karrenbauer, Ruben Becker, Christoph Scholl, and
Bernd Becker. “From DQBF to QBF by Dependency Elimination”. In: SAT.
Vol. 10491. Lecture Notes in Computer Science. Springer, 2017, pp. 326-343.

Note that [BK14] contains the results of my master’s thesis.
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Part1

Flows and Paths






Chapter 1

Introduction to Part I

Networks appear literally everywhere in today’s world. Whenever a discrete set of entities
get into contact with each other, a network is inherent. If their goal is to transport some
sort of good through the network, a network optimization problem appears. The first part
of this thesis deals with a very fundamental and classical class of network optimization
problems, namely network flow problems. The work of mathematicians on this class of
problems goes back to the first half of the previous century [AMO93]. In fact, the so-called
transportation problem, a special case of the min-cost flow problem that we will consider
later on in this thesis, was already studied independently by mathematicians on different
continents [Hit41; Koo51; Kan60] around 1950. Kantorovich and Koopmans later received
the Nobel Prize in Economic Sciences for their work on this problem. The more general
minimum-cost flow problem was first studied algorithmically by Dantzig [Dan63] and Ford
and Fulkerson [FF62] around 1960. Their work can be considered as the basis of what we
consider the classic literature on network flow problems today. Besides this, it had a great
influence on the evolution of the whole field of linear optimization [AMO93]. In addition to
this great impact on mathematics, economics, and computer science, network flow problems
have always been of great interest also because they offer such a vast set of applications
in many different fields [Ahu+95]. Besides applications in other fields of computer science
and mathematics (see, e.g., [Tam87; 1I86]), network flows have applications in physics (see,
e.g., [Rie98]), in telecommunications (see, e.g., [BOR80]), in biology (see, e.g., [Wat89]),
in image processing (see, e.g., [SG82; Cos98]), and many more. In fact, many real-world
problems that admit polynomial-time algorithms in the first place can be turned into network
flow problems [Ahu+95].

Naturally, many different variants of the abstract description of transporting a good
through a given network are conceivable. In what follows, we describe the most important
ones in the context of this thesis. The question of how to get from one point in a network
to another point in the shortest manner, i.e., the famous shortest path problem, is the simplest
version of a network flow problem. Here, shortest may just refer to the number of links or,
in the weighted version, lengths are associated to the links in the network and the path of
shortest length is called for. Shortest path problems are of huge importance in logistics and
routing and by now many of us use algorithms to compute shortest paths on a daily basis —
namely, whenever we use a route planner like Google Maps or any other navigation system.
This problem has received a lot of attention both from theoreticians and practitioners [Dij59;
Tho99; Bas+07; DGJ09]. From a theoretical point of view, the problem can be considered
as solved in the standard RAM model of computation. However, as nowadays computer
systems are more and more distributed and data becomes larger and larger, it becomes
necessary to consider different, more realistic models of computation such as distributed
and streaming models. In this thesis, we will present a result in this scope for the shortest
path problem. Another variant of network flow problems that has also received plenty of
attention by researchers is the max-flow problem and its dual the min-cut problem [Kar73;
ET75; Kar00; KT15; Mad13; HRW17]. In the max-flow problem the question is how to send a
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maximum amount of flow from one point in the graph to another, while respecting capacity
constraints on the links.

The already mentioned min-cost flow problem generalizes both the shortest path and the
max-flow problem. The problem is described as follows: Given a network with costs and
capacities on the links, the goal is to send a good in the cheapest possible way from some set
of sources, i.e., nodes having surplus, to some set of sinks, i.e., nodes having deficit, while
respecting the capacity constraints on the edges. This problem is known as the capacitated
min-cost flow problem or min-cost flow problem in the case where no capacities are given. We
will see that there is a very close relation between the capacitated and the non-capacitated
version of the problem, see Section 1.3. Each of the described problems can be thought of in
the setting of a directed graph, where flow is only allowed to be sent in one direction over
the edges or in undirected graphs, where flow can travel in both directions. In the setting
of non-capacitated undirected graphs, the min-cost flow problem is also referred to as the
undirected transshipment problem.

We proceed with more history on network flow problems before giving an overview of
the main results of this part of the thesis.

1.1 Related Work

The literature on network flows is extremely vast. A good overview can be found in standard
books on the topic [AMO93; Sch03]. We will focus on the most relevant contributions for
the topics of this thesis. The algorithmic work on the problem starts with the seminal works
of Dantzig [Dan63] and Ford and Fulkerson [FF62]. Dantzig, in his book on linear program-
ming, focuses on the simplex method and its interpretation for network flow problems. Ford
and Fulkerson’s work can be understood as the starting point of an extremely fruitful line
of research: the primal-dual combinatorial algorithms. Edmonds and Karp [EK01] were
the first to give a weakly-polynomial time algorithm for the min-cost flow problem, i.e.,
an algorithm with a run-time that is polynomial in the size of the graph, as well as in the
encoding length of the numbers in the input representing costs, capacities, and demands.
The first strongly-polynomial time algorithm, i.e., an algorithm with polynomial time com-
plexity in the number of nodes and edges, but independent of the size of the numbers
in the input, was given by Tardos [Tar85]. There have been many further contributions
since then. The strongly-polynomial time algorithms peak in the algorithm of Orlin [Orl88],
which refines the algorithm of Edmonds and Karp. It solves the uncapacitated min-cost
flow problem by computing a sequence of O(n log(n)) many shortest path problems, which
leads to a run-time of O(n log(n)(m + nlogn)), where n is the number of nodes and m the
number of arcs. Using a standard reduction that we will review in Section 1.3, a run-time
of O(mlog(n)(m + nlogn)) can be achieved for the capacitated min-cost flow problem. In
terms of weakly-polynomial time algorithms, the scaling algorithms [GT90] finally lead to
the bound of O(nm loglog U log(nC)) that is due to Ahuja et al. [Ahu+92]. Here C denotes
an upper bound on the cost and U an upper bound on the capacities and demands.

More recently, a different approach has been very fruitful. It dates back to the work of
Vaidya [Vai89] who was the first to give a tailored interior point method for network flow
problems. Although his algorithm did not improve over the best combinatorial methods at
that time, the general approach of using continuous optimization techniques for network
flow problems has become extremely successful in the last decade. The first very prominent
result goes back to Daitch and Spielman [DS08]. They gave a randomized O (%2 log® U)-
time algorithm! that heavily relies on nearly-linear time equation solvers [ST04; KMP14;
Kel+13]. This general approach of using nearly-linear time equation solvers as a subroutine

1We use the O(-)-notation to hide logarithmic factors, i.e., O( f):= O(flog®(f)) for any constant ¢ > 0.



1.2. Main Results of Part I 5

has proven successful also for various other optimization problems. Daitch and Spielman’s
method was the first to achieve a sub-quadratic running time in sparse graphs (assuming that
the costs, capacities, and demands are polynomially bounded in 7). The same running time
(up tologarithmic factors) was achieved in [BK14] for the classical min-cost flow problem with
a simple potential reduction algorithm. Even more recently, the breakthrough result of Lee
and Sidford [LS14] yields a very intricate randomized interior point method of complexity
O(m+n1log®V U) for the min-cost flow problem. Most recently, Cohen et al. developed
a new framework to analyze interior point methods [Coh+17]. They obtain a bound of
O(m'%71og C) for the special case of min-cost flows with unit capacities. The very same
bound has been achieved before by Madry for the max-flow problem in directed graphs
with unit capacities [Mad13].

For network flow problems in undirected graphs, the picture is slightly different. On the
one side, it is rather easy to see, confer Section 1.3, that the undirected setting can be reduced
to the directed one by introducing two directed arcs for every undirected edge and thus all
the previously mentioned asymptotic bounds also apply for the undirected case. However,
the current state of research is that the undirected case actually allows for better results in
some settings. Namely, when allowing for some approximation, i.e., searching for a solution
that is within a factor of 1 + ¢ of the optimum, both the undirected max-flow as well as the
undirected transshipment problem can be solved in close to linear time. For the max-flow
problem the first results in this scope were simultaneously given by Sherman [Shel3] and
Kelner et al. [Kel+14]. Peng improved their run-time from almost linear in m, i.e., O(mi+o)y,
to nearly-linear in m, i.e.,, O(m polylog(n)) = O(m). For the undirected transshipment
problem without capacity constraints a comparable result, namely an almost-linear time
(1 + e)-approximation algorithm is due to Sherman [Shel7].

These advances in theoretical run-time bounds, however, did not yet translate into faster
implementations in practice. In fact, the fastest implementations for solving network flow
instances in practice are still based on the classical combinatorial approaches, see for exam-
ple [GK91; Gol97] or [KK12] for a comparison study. It is one of the ambitions of this thesis
to help narrowing this gap.

1.2 Main Results of Part I

Main Result 1.1. Chapter 2 introduces a fully-combinatorial dual ascent algorithm for the
capacitated min-cost flow problem. We formally prove the correctness of the approach and
show further properties. After presenting a greedy variant of the algorithm’s dual step,
we report on an implementation of the algorithm and several variants of it. We evaluate
these variants experimentally and show that our approach is competitive with recent third-
party implementations of well-known algorithms for the min-cost flow problem and even
outperforms them on certain realistic instance classes such as road networks.

Main Result 1.2. Although the current record bounds for the min-cost flow problem are
achieved by interior point methods, the combinatorial algorithms are still the methods of
choice in practice. In fact, we are not aware of any interior point method that has been
reported superior to combinatorial algorithms for network flow problems in practice. The
striking efficiency of the combinatorial algorithms is partly due to their straightforward
arithmetic. Interior point methods, however, are formulated for real arithmetic and bridg-
ing the gap between real and finite-precision arithmetic requires tedious error analysis. In
Chapter 3, we approach this problem by presenting an interior point method for the min-cost
flow problem that uses integer arithmetic only. The use of arc contractions and deletions
avoids having to deal with huge and small numbers simultaneously, and an initial scaling
guarantees that data stays integral as the algorithm visits only integer lattice points in the
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vicinity of the central path of the primal-dual polytope. We provide explicit bounds on the
size of all numbers appearing through the computation. We moreover show that our algo-
rithm runs in time O(1n%/2) time with high probability and thus, in terms of time complexity,
dominates over the classical combinatorial methods. By eliminating one of the drawbacks
of interior point methods for network flow problems, we hope to narrow the gap between
practically and theoretically efficient algorithms for the min-cost flow problem.

Main Result 1.3. In Chapter 4, we turn to undirected flow problems and make use of one
big opportunity that continuous optimization techniques have to offer for becoming relevant
in practice, namely concurrency. That is, in addition to the standard RAM model, we also
approach the topic from the perspective of distributed and streaming models of computation,
more precisely the BRoapcast Congest model, the BrRoapcast Congestep CLIQUE model, as
well as the Mutripass STREAMING model. We present a tailored gradient descent technique
for computing a solution to the undirected transshipment problem that is optimal up to a
(1 + e)-approximation factor. Besides an interesting result in the RAM model that improves
over the work of Sherman [Shel7] in certain settings, we obtain the first non-trivial results
for undirected transshipment in the aforementioned distributed models of computation.
Maybe even more interestingly, when applied to the special case of single source shortest
path, our method is the first to achieve a near-optimal number of communication rounds in
the BRoapcast ConGesT and Broapcast CoNGesTED CLIQUE models. We would like to note that
the previous best results for distributed single source shortest path follow the framework of
sparse hop sets and that the recent lower bounds by Abboud et al. [ABP17] had shown that
it is impossible to achieve near-optimality when using approaches based on this framework.

We continue by introducing some basic notation and then proceed with formally defining
the described network flow problems.

1.3 Preliminaries

1.3.1 Basics

In what follows, we define [n] := {1,...,n} for any natural number n € Ny;. For any set
S and integer k < |S|, we denote with (i) the set of all subsets of S that have size k. For a
vector x € R" and a subset S C [n] of the indices, we denote x(S) := };cs x;. With 1 we
denote the vector of suitable dimension with all entries being one, while for any index i,
the vector 1; is the vector that is 1 at position i and zero everywhere else. For any vector
x e R? by ||x|l1 = ZZ 1 Ixi |we denote its 1-norm, by ||x|2 = (ZZ 1xz)l/2 we denote its 2-norm,
and by ||x||c = max{|x;| : i € [d]} its co-norm. We will also use ||x||w = (Zflzl wixl.Z)l/2 for
the weighted 2-norm with a square and positive weight matrix W € RIf". Moreover, we
use (X)max := max{x; : i € [d]} to denote the maximum entry in the vector x. We will use
log(-) to denote the logarithm with base 2 and In(:) to denote the natural logarithm. We
write poly f and polylog f for O(f¢) and O(log(f)) for some constant c, respectively. As
stated in a footnote before, we use the O(-)-notation to hide poly-logarithmic factors, i.e.,

O(f) := O(f polylog f).

1.3.2 Graphs

We will deal with undirected as well as with directed graphs. An undirected graph G consist of
two sets (V, E): a set of nodes V and a set of edges E. We will, w.l.o.g., assume that V = [n].
The set of edges E is a set of unordered sets of size two, i.e., E C (‘2/) A directed graph consists
of a set of nodes V and a set of arcs A, where A C V2 is a set of ordered pairs. Whenever an
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undirected or directed graph G is given, n denotes the number of nodes and m the number
of edges or arcs of that graph.

For an undirected graph G, we denote with 0¢(v) := {e € E : v € e}, the set of incident
edges to v in G. For a directed graph, we distinguish between the set of ingoing arcs
62‘(0) :={a € A: thereisu € V witha = (u,v)} and the set of outgoing arcs 62"(v) := {a €
A thereis w € V with a = (v, w)}. In the directed case, we let 6(v) := 62(v) U 62" (v).

Given a directed graph G = (V, A), after fixing some order ¢ : [m] — A of the arcs, we
associate the so-called node-arc incidence matrix A € {-1,0, 1} with G. It is defined as

1, ifo(j) € 6%(v)
Ay, =14-1, ifo(j)e 6%“(0)
0 otherwise.

Instead of writing A, ; for the entry corresponding to v and j, we just write A, , with a = o(j)
from now on, i.e., we will assume the order implicitly. Note that the matrix —A corresponds
to a graph on the same set of nodes and with the same number of arcs, but the direction of
each arc is flipped. Thus, we will use —A = {-a = (w,v) : a = (v, w) € A} for the set of
reversed arcs analogously.

For an undirected graph G = (V, E), we frequently fix an orientation E~ C V? of the edges
E. We then call e € E™ a forward edge and —e a backward edge. After fixing the orientation
E™ of E, we can associate a directed graph G = (V,A) = (V, E” U —E™) consisting of the
forward and backward edges with G. We call G the bidirected graph corresponding to
G. With a slight abuse of notation, we write 6{%(v) instead of 6., (v) and 62"(v) instead of
62t (v) for a node v € V. To an undirected graph G we associate the node-arc incidence
matrix A € {-1,0,1}"*?" corresponding to its bidirected graph G*. If the graph G is clear
from the context, we will sometimes entirely omit the subscript and just write 6™(v) and
6out(v)‘

1.3.3 Network Flow Problems

Undirected network flow problems. As described above, there are many different variants
of network flow problems, both in directed as well as in undirected graphs. One of the
most fundamental ones in undirected graphs is the undirected transshipment problem. It
is defined by a tuple (G, b, w), where G = (V, E) is an undirected graph, b € Z" is a demand
vector with one entry per node that satisfies 170 = 0, and w € N, is a weight or cost vector
with one entry per edge. Let us fix an arbitrary orientation E™ of the edge set E. The task
is to find a flow vector x € Ri’g, i.e.,, x has an entry x, for everya € A = E7 U -E7, that
is feasible and of minimum cost. We call a flow x feasible, if it fulfills flow conservation, i.e.,
x(6%2(v)) = x(62"(v)) = b, holds at every node v € V, or equivalently, Ax = b in vector-matrix
notation. The cost of a flow x is defined as 1T Wx = Y ,c 4 w,x,, where W = diag(w, w) € Ni’{‘
is the diagonal matrix given by the weights w and we define w_, = w, for any e € E™.
The undirected transshipment problem can then be written as the following minimization
problem with non-negativity and linear equality constraints:

min{1"Wx : Ax = b, x > 0}. (1.1)

We remark that every optimal solution x* of the above problem satisfies x; - x*, = 0 for
e € E7 asw > 0. Assume that this is not the case for some ¢, then x* — e(1, + 1_,) is feasible
for a sufficiently small ¢ > 0 and has a smaller objective value.

The asymmetric transshipment problem is defined exactly as the undirected transship-
ment problem with the sole difference being that the weight w; for a forward edge e € E™
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can be different from the weight w_, for the corresponding backward edge. That s, the edges
have different cost depending on the direction that the flow travels along them. W.l.o.g., we
assume that w* > w7, i.e., that we picked the E™ such that the forward weight is at least
the backward weight. The asymmetric transshipment problem can then be written as before
with the definition W = diag(w™*, w™) € Ni*? Clearly, if w™ = w~, then the asymmetric
transshipment problem reduces to the symmetric or standard undirected transshipment
problem.

Note that the undirected single-source-shortest path problem, where we want to com-
pute the shortest path from one source node to all other nodes, is the special case of the
undirected transshipment problem with b = 1 —n1;. Also for the shortest path problem, we
may allow the weights to be asymmetric.

Directed network flow problems. We now turn to network flow problems in directed
graphs. The min-cost flow problem is defined by a tuple (G, b, c), where G = (V,A) is a
directed graph, b € Z" as before is a demand vector with one entry per node that satisfies
17b = 0,and ¢ € N, is a cost vector with an entry for every arc. The task in the min-cost flow
problem is to find a flow x € R, that is feasible and of minimum cost. Note the difference
to the undirected problem above: an arc a = (v, w) € A only permits flow to travel in one
direction from v to w, while an edge e = {v, w} results in two arcs (v, w) and (w, v) in the
bidirected graph and thus permits flow to travel in both directions.? Again, we call the flow
x feasible, if it fulfills flow conservation, i.e., in vector-matrix notation, if Ax = b is satisfied.
The weight of a flow x > 0 is defined as c’x. Clearly, the min-cost flow problem can be

written as the following linear program:
min{c’x : Ax = b, x > 0}. (1.2)

In a variant of the problem, the so-called capacitated min-cost flow problem, in addition a
capacity vector u € N7, is given, i.e., an instance is described by a tuple (G, b, ¢, u). In this
problem, there is the additional constraints that x < u, i.e., in form of a linear program the
problem writes as

min{cTx: Ax =b,0 < x < u}. (1.3)

The directed single-source-shortest path problem is a special case of the min-cost flow
problem. We sometimes refer to the standard min-cost flow problem as the uncapacitated
min-cost flow problem if we want to emphasize that there are no capacity constraints.

1.3.4 Relations Between the Problems

We proceed by giving relations between the above introduced problems. It is clear that
the undirected and asymmetric transshipment problems are actually special cases of the
min-cost flow problem with cost vector ¢ = [ ] and ¢ = [ 4" ], respectively:

Lemma 1.1. The asymmetric and undirected transshipment problem on a graph with n nodes and m
edges can be solved by solving a min-cost flow problem on a graph with n nodes and 2m arcs.

Now let (G, b, c,u) be an instance of the capacitated min-cost flow problem. There
is a straightforward, well-known reduction to the min-cost flow problem. Recall the LP-
formulation of the capacitated min-cost flow problem from (1.3) and consider the LP resulting

2We remark that some authors use the term directed transshipment problem for what we define as the min-
cost flow problem. In this thesis, we will reserve the term transshipment for the undirected case in order to have
a clearer differentiation between the directed and undirected variant of the problem.
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Ficure 1.1: The transformation that, when done for every arc a = (v, w), leads
to a min-cost flow problem from a capacitated min-cost flow problem.

from introducing slack variables s for the capacity constraints x < u:
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We will now argue how to transform this LP into the form of a min-cost flow problem again.
For this, we need to achieve the form of a node-arc incidence matrix for the constraint matrix
B = [*Il ?] € {~1,0,1}("+m>x2m - Note that every column B, for a = (v, w) € A in the first
half of B has three non-zero entries (two +1s and one —1) and every column in the second
half has only one non-zero entry. In order to obtain a node-arc incidence matrix from B, we
subtract the a’th row of [11] from the w’th row of [A 0]. In other words the matrix A’ :=
[‘? ?] — Da=(v,w)eA [eg’ ] [eﬂT el ] is again a node-arc incidence matrix. Doing the equivalent
transform for the right-hand side vector [ ! | leads to the vector b’ := [} | = Zocojen | & | a
as new demand vector. Together with ¢’ = [8], we obtain the problem

min{cTx: A’x =b',x > 0},

which corresponds to an uncapacitated min-cost flow problem as in (1.2) with m + n nodes
and 2m arcs. The applied transformation is equivalent to doing the graph transformation
from Figure 1.1 for every arc in the graph. We remark that this is a well-known construction,
see for example [AMO93, Section 2.4]. We obtain the following lemma.

Lemma 1.2. The capacitated min-cost flow problem on a graph with n nodes and m arcs can be solved
by solving an uncapacitated min-cost flow problem on a graph with n + m nodes and 2m arcs.

Note that depending on the application or the algorithm used, this cost of introducing
a node for every arc might be undesirable, e.g., assume the graph to be dense, i.e., m =
©(n?) and the algorithm’s run-time, in terms of n and m, to be O(y/nm). In this case, the
construction would lead to a run-time of O(n?) instead of O(n%/?). Avoiding this blow-up is
one of the contributions of Lee and Sidford in [LS14].
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Chapter 2

A Dual Ascent Algorithm for
Capacitated Min-Cost Flow

2.1 Introduction

In this chapter, we present an algorithm for the capacitated min-cost flow problem. This
algorithm is inspired by the crossover technique described in [BK14] in the context of an
interior point methods for min-cost flow. In [BK14], the crossover technique was used in
order to round a given fractional dual solution to an optimum integral solution, provided
that the fractional solution is sufficiently close to the optimum solution. In the work that
we report on in this chapter, we notice that even if the given dual solution is far from being
optimal, this technique returns an integer solution that is not worse (and in many cases
much better) than the given one. This observation leads to the idea of using the crossover
procedure as a subroutine in a min-cost flow algorithm that iteratively improves a dual
feasible solution until it becomes optimal. In order to certify optimality of the dual solution,
the algorithm maintains complementary slackness of the dual solution together with some
primal variables. The primal variables always satisfy the property that they are a pseudo-
flow ,i.e.,a vector x with 0 < x < u that satisfies the capacity constraints but may violate flow
conservation. As complementary slackness is maintained as an invariant, it holds that as
soon as x becomes feasible, i.e., satisfies flow conservation, we actually have optimum primal
and dual solutions. This abstract procedure is not different from other dual algorithms such
as successive shortest path, but the novelty is the way we perform the dual update; namely,
we replace the shortest path routine by the crossover technique. In fact, our method can be
considered a generalization of the computation of a shortest path tree. While the shortest
path tree is directed either towards or away from the root, we grow an undirected tree, i.e.,
with some arcs pointing towards and some away from the root. To this end, we also take
the residual demand of the current pseudo-flow into account to decide whether to extend
the current tree and the subgraph it spans by an ingoing or an outgoing arc. We will offer a
precise description in Section 2.2. We remark that this dual update is not only different from
the one in the successive shortest path method [Tom71; EK70], but also substantially different
from the primal-dual method in [Has83] and the dual heuristic improvements in [Gol97] —
as we take into account the sign of the deficit of the nodes during the dual step, our primal
steps are closely tied to the tree resulting from the dual step, and we improve node potentials
along n — 1 cuts in each iteration.

Although this approach does not achieve a record complexity bound, it is interesting
from a practical point of view, as we will see that its implementation turns out to be very
efficient on certain instance classes.

Structure of the Remainder of this Chapter. The rest of this chapter consists of three
sections. In Section 2.2, we first introduce the dual ascent algorithm, prove that it is correct
and fulfills certain properties. We then present a greedy variant of the algorithm. In
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Section 2.3, we describe some implementation choices and details. In Section 2.4, we report
on the experimental evaluation. We evaluate several variants of the dual ascent technique.
These include the choice of the starting node, the premature termination of the dual step if
primal progress is already guaranteed. The premature termination of the dual step is similar
to stopping the shortest path search as soon as a sink is reached when starting from a source.
Moreover, we compare our implementation with recent third-party implementations on
instances that have been commonly used for benchmarks in previous works. These include
randomly generated artificial instances and realistic instances. We conclude in Section 2.5.

2.2 The Dual Ascent Algorithm

2.2.1 Preliminaries

We have seen in the previous chapter that the capacitated min-cost flow problem can be
written as a linear program. Moreover, when written as a primal-dual pair, the problem
takes the form

min{c’x:Ax =band 0 < x < u} =max{b’y —u'z: ATy -z <cand z > 0},

where the dual variables y € R" are called node potentials. We proceed by introducing some
further related notation:

Definition 2.1 (Residual Network, etc.). Let G = (V, A) be a directed graph.
1. A wvector x € R™ that satisfies 0 < x < u is called a pseudo-flow.

2. For a pseudo-flow x € R™, we define residual capacities u; = u, — x, and u*, = x, for all
ae€A. Wecall G¥ = (V,A¥), where A* := {a € AU —A : u} > 0}, the residual network.

3. For a pseudo-flow x € R™, we call b* := b — Ax the residual demands.

4. For node potentials y € R", we call cg = ¢4 + Yo — Yw the reduced costs of an arc a =
(v, w) € A*. Moreover, we define z) := max{0, —c }.

For any given y, the dual constraint of an arc a can always be satisfied by setting z, = zZ,
which is the optimal choice of z for fixed y.

2.2.2 Algorithm

The algorithm that we present in this chapter is a primal-dual technique in the sense that it
maintains primal as well as dual variables. The algorithm maintains the following invariants:

(a) The dualvariables, i.e., node potentials y and corresponding variables z are dual feasible.
(b) The primal vector x is a pseudo-flow.

(c) The primal and dual variables x, y fulfill complementary slackness, i.e., for all a € A:

/>0 = x,=0, (2.1)
¢ <0 = x,=u, and (2.2)
O<x,<u, = c,=0. (2.3)

The algorithm, see Algorithm 2.1 for a pseudo-code formulation, performs a dual and a
primal step in each iteration. The dual step can be understood as calling the crossover
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Algorithm 2.1: DUALASCENT

Input :directed graph G = (V, A), b € Z" with 1Tb=0,c € Z’go, and u € Zgl
Output: optimal flow x € Z7; and node potentials y € 2"

x:=0and y:=0

while [|b*]; > 0 do
Choose starting node s with minimal label such that b*(s) # 0
y, T’ « DuaLStep (G, s, b*, y)
x  « PrimaiStep (x, y, AN(T" U -=T"))

return flow x and potentials y

Algorithm 2.2: DuaLStepP
Input :directed graph G’ = (V, A’), starting node s € V, deficits b’, and potentials y
Output: node potentials y and spanning tree T’ C A’
St = {s}.
for k=1,...,n—1do
if b*(S) < 0 or 615,(S¥) = 0 then

t ak = (0%, w*) := argmin{c) : a € 6%‘,“(5")} and AF := cgk.

else
t a* = (wk, v¥) := argmin{c} : a € 6(S¥)} and A* = _CZk'
Yo yv+Ak forallv e V'\ Sk
B Skl Sk U {w*} and T « T’ U {a*}
return potentials y, spanning tree 1.

Algorithm 2.3: PRIMALSTEP

Input :pseudoflow x, potentials y’, and spanning tree T C A
Output: pseudoflow x’ such that 16111 < 16% |l

Compute f € Z™ \ {0} such that
1. f,=0foralla e A\T,

2.0<x+f <u,and
3. min{0, b*(v)} < b**f(v) < max{0,b*(v)} forallv € V,

or return INFeasiBLE if no such flow exists.

procedure from [BK14] on the residual network G* with the current iterate y. For self-
containment and because of the slightly different setting, we will repeat the description of
the algorithm here, see Algorithm 2.2. It iteratively constructs a spanning tree of the graph
on which the primal update will take place. The idea is to shift the potentials along a cut
in each iteration in such a way that the dual objective does not decrease. Each iteration
makes the reduced cost of at least one arc crossing this cut zero, and one of these arcs
enters the spanning tree. In a primal step, the flow variables are updated by a routing over
the constructed spanning tree. If after the primal step all residual demands are zero, the
algorithm terminates; otherwise, a new iteration starts.
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2.2.3 Correctness and Further Properties

The invariants of the algorithm imply correctness as soon as termination is established.
Termination of the algorithm follows by showing that ||b*||; strictly decreases in every
iteration (see Theorem 2.6). We will now formally show that the invariants are maintained.

The following claim is a direct consequence of the minimal choice of A among the reduced
costs of all in- or outgoing arcs, respectively.

Claim 2.2. Let x, y be the iterates at the beginning of a specific iteration of Algorithm 2.1, and let y’
be the dual iterate after the call of DuaiStep. If ¢ > 0 for all arcs a € A*, then also ¢ > 0 for all
arcs a € A*. Moreover, zfcay = 0, then also cZ =0.

The following lemma shows that the complementary slackness conditions (2.1) and (2.2)
are maintained by the algorithm.

Lemma 2.3. Let x, y be the iterates at the beginning of an iteration of Algorithm 2.1, and let x’, y’
be the iterates after that iteration. Assume that complementary slackness holds for x, y. Then:

1. Ifcg/ <0, then x|, = u, forany a € A.
2. Ifc:{, > 0, then x}, = 0 for any a € A.

Proof. Leta € A, and let T’ be the tree returned by DuaLSrtep. If eithera € T" or —a € T’, then

cg = 0, and there is nothing to show. Hence, assume that neither is the case. Then, f, is set
to 0 in step 1 of PriMALSTEP, and thus, x|, = x, + f; = x,.

1. Let cg < 0, and assume for the sake of contradiction that x, < u,. It follows that
a € G*. By complementary slackness of x, i, we get that ¢ > 0. Applying Claim 2.2

yields CZ > 0, which is a contradiction. Hence, x, = u,, and thus, x/, = u, holds.

2. Let cg, > (0, and assume for the sake of contradiction that x, > 0. It follows that
—a € G*. By complementary slackness of x, y, we get that ¢/ < 0, or equivalently,
¢/, = 0. Applying Claim 2.2 to —a yields cg; > 0, and thus, cg, < 0, which is a
contradiction. Hence, x, = 0, and thus, x/, = 0 holds. ]

Lemma 2.4. At the beginning of the while-loop of Algorithm 2.1, the invariants hold, i.e., (a) y, z
are feasible, (b) x is a pseudo-flow, and (c) the complementary slackness conditions (2.1) to (2.3) hold.

Proof. Part (a) follows from the definition of z¥: Leta = (v, w) € A be any arc, then y, — yo —
z] < Yw — Yo + ¢ = c,. Part (b) is an immediate consequence of step 2 in PrimarStep. For
(c), note that conditions (2.1) and (2.2) follow together with Lemma 2.3. For condition (2.3),

apply the contrapositions of the two statements in Lemma 2.3. O

Let us denote with G}, = (V’, A’) the graph with V/ := VU{s, t} and A’ :==TU-T U Ay,
where
Asr ={(s,v): b3 <0} U{(v,t): b} > 0}.

Define capacities u’ on G}, as

u* ifaeAU-A

a
’

u, ={-by, ifa=(s,v)eAs;
b, ifa=(v,t)e€Asy.
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Lemma 2.5. If the value of a maximum s-t-flow in the graph G , is 0, then the problem is infeasible;
otherwise, PRIMALSTEP returns a flow. Moreover, any non-zero feasible s-t flow restricted to the arcs
A U —A satisfies the conditions in PRIMALSTEP.

Proof. If the max-flow value is 0, then there is an s-f-cut in G{ , with 0 capacity by the max-
flow /min-cut theorem. Let {s} U S with S C V be such a min-cut. Since ||b*||; > 0, the
min-cut cannot be just {s} itself. Thus, S # 0 and contains all nodes v € V with b} < 0.
For the same reason, S # V, and moreover, it must not contain any v € V with b} > 0.
Moreover, there are no outgoing arcs from S on the min-cut because they would have a
non-zero residual capacity. Leta = (v, w) € T U —T be the arc with w € S and v ¢ S that has
first been added to the tree in the dual step. Let S* ¢ V denote the set of visited nodes at
that iteration in the dual step. Note that S* C S if b*(S¥) < 0 and S¥ € V' \ S if b¥(S¥) > 0.
This implies that either u(6°"(S¥)) < —b(S¥) in the former case or u(6™(S)) < b(S) in the
latter case, certifying infeasibility of the min-cost flow problem. If the max-flow value is at
least 1, any non-zero feasible s-t-flow restricted to the arcs in A U —A satisfies the conditions
in Algorithm 2.3 by construction. Moreover, any flow f returned by the algorithm can be
extended to a feasible s-t-flow by setting the flows on the arcs incident to s and ¢ to the

corresponding value |b;+f | O
Theorem 2.6. Algorithm 2.1 terminates after at most ||b||1 /2 iterations and returns a correct result.

Proof. Let x, y be the iterates at the beginning of an iteration of Algorithm 2.1, and let x’, y’
be the iterates afterwards. We will show that ||[b*||; < ||b¥|}1. To this end, we argue that there
are two nodes s and ¢, s.t. b¥(s) < b¥'(s) < 0 and b*(¢) > b*'(t) > 0. This is sufficient, due to
the requirement of PriMarSTEP that min{0, b*(v)} < b*'(v) < max{0, b*(v)} forall v € V.
Let the nodes be numbered in the order in which they join S, i.e., S; = [i]fori=1,...,n.
Assume that b*(s) < 0, the case b*(s) > 0 is symmetric. Let k be the number of the first
iteration in which b*(S¥) > 0. It is clear that such k exists since 17b* = 0, and it is also
clear that b*(w*) > 0. It follows that the tree T C A contains a directed pathP =aq,...,a,
from s to w* with uy > 0forallie€ [1, k], and thus, together with Lemma 2.5, it follows
that at least one unit of flow is sent along P, implying that ||b¥||; < ||b*|l;. Optimality of
the output solution directly follows from the fact that the algorithm terminates with x, y
satisfying the invariants (dual feasibility, complementary slackness and the property that x
is a pseudoflow) and ||b*||; = 0, which implies that x is a feasible flow. O

The above proof only gives a very pessimistic estimate for the complexity of DuaLASsCENT,
since it only guarantees that [[b*||; decreases by 2 in every step. Note that a standard
scaling approach for the demands and the capacities can be used to achieve a bound that is
polynomial in the size of the graph and in the encoding length of the data. It is, however,
not evident at first glance whether such a scaling approach would yield to a good behavior
in practice, especially in view of the overhead of multiple phases that would have to be
carried out. In Section 2.4.3, we will give an experimental estimate for the running time of
DuarLAscent. We proceed with the below theorem that justifies to call the algorithm a dual
ascent algorithm. The running time analysis presented above relies on convergence in primal
feasibility, whereas the following theorem concerns the dual progress of the algorithm.

Theorem 2.7. Let y,zY be the dual iterates before a specific iteration k of DuaLStep, let x be
the current primal iterate, and let y’,zY be the iterates after iteration k. Then, b'Ty’ — uTz¥" >
bTy —ulzy.

Proof. Let us denote the current set of nodes S¥ C V with S, and let A = A. Define

Z"={ae6™(S):c) <0} and Z°%:={g € 5°(S):c) < 0}.
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First, note that in the case where A = 0, the statement is trivially fulfilled because equality
holds. Otherwise, by non-negativity of the reduced costs of arcs in the residual network, we
obtain that A > 0. Let us consider the case where A = min{c) : a € 6%‘?(5)}; the other case
is symmetric. Then, A < ¢ for a € 6°"%(S) \ Z°". Moreover, for every arc a € Z™, it follows
that x, = u,, and thus, —a € 6%‘?(5), and thus, A < cga = —cZ for all a € Z™™. It follows that

bTy’—usz/:bTy+A-b(V\S)— Z Uz

a€AO(S)
- Z u, max{0, —c; — A} — Z 1, max{0, —c; — A}
aedsn(S)\Zin aeZin
:O:ZZ :z;l{—A
- Z u, max{0, —c; + A} — Z u, max{0, —c; + A}
aeéout(s)\zout agezout
=O=ZZ =zZ+A

=bTy —ulz¥ + A[b(V \ S) + u(Z™) — u(Z°™)].

Note that if A = min{c : a € 5%?(5)}, then either b*(S) < 0 or 62;(5) = (0 and b*(S) > 0. In
the latter case, the instance is infeasible, and in the former case, the definition of b* yields
b(V'\ S) > x(6°U(S)) — x(6™(S)), and thus, we obtain

b7y —uTz¥ > 0Ty —uTz¥ + A[x(6°%(S)) — u(Z°") — (x(6™(S)) — u(Z™))]
=b"y —u'z¥ + Alx(6°"(S) \ Z°*) — x(6™(S) \ Z™)].

Assume for the purpose of contradiction that there exists an arc a € 6™(S) \ Z™" with x, > 0.
Then, it follows by complementary slackness that CZ < 0. Sincea ¢ Z™, it follows that cg =0,
and together with x, > 0, this yields that —a € 6%‘)‘}(5) with ¢/, = 0, a contradiction to A > 0.
We conclude that x(6™(S) \ Z™) = 0. This yields the result. O

2.24 Greedy Dual Ascent

In this section, we describe an extension of the dual ascent algorithm that we call greedy
dual ascent. The underlying observation is the following: Given any cut S C V and a scalar
A € R, consider the potential update v, < y, + Aforall v € V \ S. This is exactly what is
done in DuaLSteP with A set to the minimum reduced cost of all arcs in 5%‘?(5 ), if b*(S) <0
or 62,(S) = 0 or to minus the minimum reduced cost of all arcs in 67, (S) otherwise. Here
we take a different approach of choosing A. In fact, we propose to choose A in a way that
greedily maximizes the improvement of the dual objective function.

More precisely, let us define the function fs : R — R that for a given value A € R
evaluates the change in the dual function value under the above change in potentials from y

to y’ =Yy + Aﬂv\si
fs(A):=bTy —uTz¥ —bTy +uTzY
=-A-b(S)+ Z u, min{0, c] — A} + Z u, min{0, ¢ + A}.
aedout(§) aedn(S)
We obtain the following lemma.

Lemma2.8. Letay, . .., ax bean ordering of 5™(S)U6°(S) such that k(a1) < k(az) < ... < x(ag),
where we call

B ¢/ ifa € 5°(S)
k(@) = {—c;f ifa € 6™ (S)
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the event-points.
1. The slope of fs(A) on (k(a) =1, x(a)) is, for all a € 5°4(S) U 6™(S), described by the function

g5(A) := =b(S) — u({e € 6°"%(S) : x(e) < A}) + u({e € 65™(S) : k(e) = A}).

2. If the problem is feasible, there exists a A such that gs(A) < 0.
3. Let i be smallest such that x(a;) < 0, then A = x(a;_1) is a maximum of fs.

Proof. 1. Itis clear that the function fs(A) is a piecewise linear function whose slope only
changes at the points x(a) for a € 6°*4(S) U 6™(S). We compute the values of

fs(&) = fs(A=1) = =b(S)+ > uy[min{0,c} - A} = min{0, c) - A+1}]
aedout(s)
+ Z 1,[min{0, ¢! + A} — min{0, ¢! + A+ 1}] = gs(A).
aedn(s)

2. Consider the arc a; with maximal «x(ar). It follows that gs(x(ax) +1) = b(V \ S) —
u(6°U(S)) < 0, since for every cut S, we must have b(S) > u(5°"(S)), provided that the
instance is feasible.

3. This follows because, in addition to being piecewise linear, fs is also unimodal, since

8s(x(a1)) 2 gs(k(az)) = ... = gs(k(ax)). H

We conclude that we can maximize fs(A) by evaluating gs(A) = f(A) — f(A —1) at all
event-points «(a) for a € 6°"(S) U 6™(S) and choose A = «(a;,—1) for a;, being the first
event-point for which g(x(a;,)) < 0.

Algorithm 2.4: GREEDYDUALSTEP Algorithm 2.5: PRIMALSTEP’

Input :starting node s, Input : pseudo-flow x, potentials y’
pseudo-flow x and and spanning tree T C A
potentials y Output: pseudo-flow x” such that

Output: potentials y and spanning 16|11 < 16% |l
treeT C G Compute f € Z™ \ {0} such that

Sl = {S} _ . y’

for k=1,....n—1do 1. fa=0foralla € A\ T withc; >0,

AY — argmax{fsi(A) : A € R} 2 =u¥foralla € A\ Twithc! <0
and let a* = (vof, w*) € 5(S¥) o=z \ v
such that AF = cZk 3.0<x+f <u,and

Yo «— yp + Afforallv e V\ S
Sk+l Sk y {wk} if v* € Sk and
Skl Sk U {v*} otherwise,
T =TuU{a"} or return Infeasible if no such flow

return y, T. exists.
return X’ «— x + f.

4. min{0, b*(v)} < b**f(v) <
max{0, b*(v)} forallv € V.

This leads to the greedy dual ascent algorithm. The pseudo-code of the main routine of
this algorithm is identical to the one of Algorithm 2.1, with the calls to the dual and primal
step routines substituted calls to the routines described in Algorithm 2.4 and 2.5.
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We remark that setting A greedily as described above may cause violated complementary
slackness constraints that possibly have to be repaired in the subsequent primal step by
saturating and de-saturating arcs, respectively, which in turn may yield a smaller reduction
in ||b*|]; as with the standard non-greedy dual ascent version. It is however not obvious,
whether this gain in the dual objective value compared with the possible loss in primal
feasibility will yield to a faster convergence of the algorithm in theory or practice. We will
investigate the latter at the end of the following section.

2.3 Implementation Details and Variants

We describe some implementation choices and details.

Lazy Potential Update. The update of the potentials in DuaLSteP should not be done in a
naive way, since this would directly imply quadratic running time in n for a single iteration.
Instead, the potentials can be updated lazily, as already described in [BK14], in such a way
that the potential y, of a node v is only set once in each call of DuaLSteP, namely at the time
when v enters S¥ for some k.

Choosing the Starting Node. We implemented different ways of choosing the starting
node s € V from which the search in DuaLStEP takes off. The first variant is to start with the
first node and, as soon as this one has deficit 0, move over to the second one, and so on. This
is what is proposed in Section 2.2 as well as in the pseudo-code; we refer to it as snbal. The
second variant is to always choose the node with maximal absolute deficit; we call it maxdef.
A third variant is a combination of the previous two: Always choose the node with maximal
absolute deficit and start with this node until it is balanced. Then, go over to the node with
maximal absolute deficit, and so on. We call this variant snbaldef.

Different Tree Updates in Primal Step. The primal update described in the pseudo-code
in Section 2.2 can be implemented efficiently as follows: Let T’ be the spanning tree in the
residual network G* (rooted at the starting node s) that is returned by DuaLStep, and let T =
AN(T"U~-T’) be the corresponding spanning tree in G that is given to PrimaLSter. Compute
f as follows: Traverse the tree from bottom to top —atanode v € T, leta = +(v, w) € A be
an arc between v and a node w on the level above v: Now, send that amount of flow f, along
the arc a that minimizes |b**f(v)|, respecting the capacity and non-negativity constraints
corresponding to a. More formally, let

fa < max{0, min{u;, |b;+f|}}, and set x, < x; + f;.

Then, update the deficits at v and w, accordingly. Thereafter, traverse the tree from top to
bottom and at each node v, for any arc 2 = +(v, w) between v and a child w, change f as
follows: Reduce f, such that min{0, b*(v)} < b**f(v) < max{0,b*(v)} holds. The idea of
this approach is to first greedily send the maximum amount of deficit up the tree, and in the
second traversal, correct the flows such that the absolute deficit of the nodes never increases
and its sign stays the same.

We implemented another variant of the algorithm that we obtain by using a different
primal update. The idea of this alternative approach is not to traverse the tree back down,
but to stay with the greedily chosen flows f after the first traversal of the tree from bottom
to top. Note that the difference between this and the original approach is that for an arc that
goes up in T from v to w, we ignore the change in |b**f(w)| while choosing f,. In particular,
it could be the case that [b*'(w)| > |b*(w)| for some nodes w. We call this update version
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defupt for deficit up tree, and the original version we call rbn for restore balanced nodes.
The latter name originates from the fact that in this version all nodes with deficit zero will
stay at zero deficit after the primal update.

Breaking out of the Dual Step. Another variant of the algorithm is obtained by breaking
out of DuaLSteP after fewer than n — 1 steps. We experimented with several different
approaches here. The first stops as soon as a node with a deficit having a different sign than
the starting node is found. Note that this approach strongly resembles successive shortest
path, with the only difference being that the primal update is still done on a tree and not
only on the path from s to that node. This version did not show to be very efficient on the
instances tested; however, a relaxed version of it brings great advantages. The idea is to only
break out of DuaLSTEP in the iteration k when the deficit of the set b*(S¥) changes its sign, or
even only when the deficit hits exactly zero, i.e., b*(S¥) = 0. We call these two variants sc
and def0 for sign changes and deficit zero, respectively. Note that in the lazy potential update
version, the potentials of v € V' \ St have to be shifted by the last A in order to maintain the
invariants. The advantage of these approaches is that they do not search through the whole
graph in each iteration. This, of course, comes at the cost of a poorer dual update, but might
be beneficial when large portions of the graph already have optimal node potentials.

Priority Queue. From a theoretical point of view, the in- and outgoing arcs of S¥ should be
kept in a priority queue such as a Fibonacci heap [FT87]. In this case, the complexity of Duat-
Step is O(m + nlog n), similar to Dijkstra’s algorithm [Dij59]. We implemented the following
two approaches. First, we implemented our algorithm using the STL priority_queue that
is built into C++. Second, we implemented what we call a hybrid_queue. It can be seen
as a hybrid of a bucket queue and the standard priority queue. The hybrid_queue stores
a normal array called bucket, a priority queue Q (we again used the STL implementation),
and a variable called lower_bound. It provides two functions called push() and top(). If
push() is called with an element v with key k = lower_bound, it is stored in bucket. If
v, however, has key k > lower_bound, it is stored within Q. If k < lower_bound, then all
elements in bucket are moved to Q, v is added to bucket, and lower_bound is set to k. If
top(Q) is called, then an element is taken from bucket as long as it is non-empty. If bucket
is empty, the minimum element of Q is returned, and lower_bound is set to the key of that
element. In order to explain the idea underlying this approach, let us assume that the same
starting node s is chosen for several iterations. Then, it is likely that there are a lot of arcs
with reduced costs 0 spanning from s into the graph and these arcs can be taken out of the
bucket at smaller cost using this approach

Greedy Dual Ascent Update. Clearly, the evaluation of gs at all event-points would yield
quadratic run-time for the dual step. However, the arcs on the cut can be kept in a balanced
binary search tree, see for example [AL62] or [GS78], with the keys being the event-points
x(a). In addition, for every a € 6°U(S) U 6(S), we store a prefix-sum and a postfix-sum. The
prefix-sum corresponds to the sum of the capacities of all out-going arcs b with x(b) < «(a)
and the postfix-sum is equal to the sum of the capacities of all in-going arcs b with x(b) > «(a).
The update of the balanced binary search tree can be done in logarithmic time in this way,
as well as the computation of the maximum of fs. We use AVL-trees [AL62] for the cut
edges and complement our own implementation with the ability of computing the prefix-
and postfix-sums as described above. We denote the greedy dual ascent algorithm with
min_cost_flow_gda. We remark that the greedy dual ascent algorithm in the the greedy
dual step in the form as it is described in the pseudo-code implementation above, does not
take any information about the primal iterate into account. An alternative approach, that
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takes the primal iterates into account, is to run the greedy dual step on the residual network
instead of the original network. We call this variant min_cost_flow_gdar.

Since the ambition of min_cost_flow_gda and min_cost_flow_gdar is to yield a bet-
ter progress in terms of dual objective value at the cost of progress in the primal fea-
sibility, it might also be interesting to combine iterations of greedy dual ascent with it-
erations of the standard dual ascent method. We tried out the following two variants
min_cost_flow_gda_aq and min_cost_flow_gdar_aq. In these two methods, the ag stands
for alternating queue, i.e., we use the gda and gdar, respectively, for every second iteration
and the default variant of the dual ascent algorithm for every other iteration.

Experimental Setting and Evaluation Details. We performed experiments on a compute
server with 32 Intel (R) Xeon (R) E5-2680 2.70GHz cores and a total of 256 GB RAM running
Debian GNU/Linux 7 with kernel 3.10.60. The code was compiled with gcc version 4.7.2
using the -03 flag. In all plots in this chapter, the results are averages over 25 runs, 5 runs
each on 5 graphs of that size. The error bars indicate the 95%-confidence intervals of the
estimated means over 25 runs.

2.4 Experimental Evaluation

2.4.1 Instances

We ran experiments on several different network instances. To this end, we used our own
test instances (feas_grid) as well as third-party instances’ that were generated for the study
in [Pet15]. In the following, we briefly characterize the test set.

netgen_8 These instances are generated using the Netgen generator [KNS74]. Netgen in-
stances are random instances. In the case of netgen_8, the networks are sparse, i.e.,
m = 8n, and the capacities and costs are chosen uniformly at random between 1 and
1,000 and 1 and 10, 000, respectively. There are roughly v sinks and sources and the
total demand is 1, 000v/71.

netgen_sr Same as netgen_8, but the networks are denser, in fact m ~ n/n.

goto_8 They are generated using the Goto generator [GK91]. Goto instances are grid in-
stances on tori. They are known to be rather hard instances. In the case of goto_8, the
networks are sparse, i.e., m = 8n, and the capacities and costs are chosen uniformly
at random between 1 and 1000 and 1 and 10000, respectively. There is one source and
one sink node, and the supply is adjusted to the capacity [Pet15].

road_paths These instances are road networks from seven different states in the USA, where
the edge cost is set to the travel time along the edge. All capacities are set to one, and
there are ~ n/10 randomly selected sources and sinks, each with a demand that
depends on the maximum flow that can be sent between these sources and sinks.

road_flow Same as above but the capacities are not set to 1, but depending on the category
of the road, to either 40, 60, 80 or 100.

feas_grid We created these instances using our own generator: We generate a 2D grid in
which every node has a forward and a backward arc to its neighbors. We then sample
capacities uniformly at random between 1 and U and costs uniformly at random
between —C and C. Initially, all demands are set to zero. Then, arcs with negative

1Kovécs, Péter: Benchmark Data for the Minimum-Cost Flow Problem, website retrieved on August, 26, 2015,
https://lemon.cs.elte.hu/trac/lemon/wiki/MinCostFlowData
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costs are saturated, and in this way, demands are generated. More precisely, for an arc
a = (v, w) with ¢, <0, the arc —a = (w, v) is introduced with cost c_, = —¢,, capacity
u,. Then, b, is increased by u,, and by, is reduced by u,. This always generates feasible
instances. We generate such networks for increasing C and U in order to investigate
the dependence of the running time of our algorithm on u, ¢ and b.

2.4.2 Running Time Hypotheses

We formulate hypotheses on the dependence between the running time of the algorithm and
different parameters of the input. These hypotheses are tested in the next subsection. The
first hypothesis concerns the behavior of the dependence between the running time and the
one-norm of the demand. The second one is related to the magnitude of the costs.

Hypothesis 2.9. The running time of the algorithm with the defupt primal update and a starting
node with maximum absolute deficit scales polynomially in ||b||;.

Hypothesis 2.10. The maximal cost C does not have a significant impact on the overall running
time.

2.4.3 Testing the Hypotheses

We created the feas_grid instances for testing the hypotheses from Subsection 2.4.2. To
this end, we generated grids of size 250 times 250, with increasing values of C and U. In
order to test Hypothesis 2.9 that concerns the running time dependence on ||b||;, we first
investigate the dependence of ||b||; and U for these instances. We use this detour to generate
demands via saturation of negative cost arcs because randomly sampled demands lead to
a large portion of instances being infeasible, which makes rejection sampling impractical.
Moreover, the randomized construction used suggests a linear behavior between these two
quantities. Indeed, a correlation coefficient of more than 0.9999 and a significant linear
regression clearly support this claim.
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Ficure 2.1: On the left: The dependence of the running time (in seconds)
on the maximal capacity U for increasing values of C (64,128, 256,512). On
the right: The dependence of the running time on the maximal cost C. The
depicted plots have increasing maximal capacity U (64, 128, 256, 512).

On the left in Figure 2.1, the running times are on the y-axis and the maximal capacity
U is on the x-axis. A regression yields the exponents 0.52 +0.10, 0.55 + 0.10, 0.53 + 0.10,
and 0.49 + 0.10 for C = 64,128, 256, and 512, respectively. The coefficients of determination are
above 0.94 in all cases. That is, roughly 94% of the variance of the data can be explained
by the fitted power model. Since the “magical” value of 1/2 is within the 95%-confidence
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Figure 2.2: On the left: Comparison of three different ways of choosing
the starting node. The red circles describe the running time for choosing
the same node until it is balanced and then switching over to the next ones
in the order of their labels. The green circles correspond to choosing the
node that has maximal absolute deficit in each iteration. The blue circles
correspond to a combination of the two — choose the node with maximum
absolute deficit, and stay at that one until it is balanced. On the right: Running
time comparisons of two different primal update routines, both with choosing
a node with maximum absolute deficit as the starting node. Here, rbn (red
circles) stands for the variant described in PrimarSter and defupt (blue circles)
for the variant where the deficits are only sent up the tree, from the leaves to
the root, greedily. Both experiments used the netgen_8 instances.

intervals for the exponents in all cases, we may conjecture the running time to scale with the
square root of ||b||;. In order to test Hypothesis 2.10, we also measured the running time of
the algorithm on grid instances of size 250 times 250 for different values of U = 64, ...,512.
As indicated in the plot on the right in Figure 2.1, we cannot refute Hypothesis 2.10.

2.4.4 Evaluation of Different Variants

In this section, we evaluate the running time of the different variants of our algorithm
described in Section 2.3. Figure 2.2 contains two plots. On the right, we evaluate the impact
of the method of choosing the starting node on the running time. We conclude that the
choice does not have a significant impact (on random graphs, here netgen_8). There is,
however, a small advantage to using the node with the largest absolute deficit as the starting
node. Figure 2.2 on the right, shows running times of two different primal update methods
on the netgen_8 test set. The greedy variant defupt that only traverses the tree once has a
big advantage over the rbn variant — it is faster by almost a factor of 10 on the considered test
set and also gives a better asymptotic behavior.

On the left in Figure 2.3, we can see the impact of breaking out of the dual step. The plot
shows that in practice, not growing a tree of size n — 1 in every step brings a huge advantage
on some instances. In particular, the version where we interrupt the dual step as soon as
the deficit of the set S¥ becomes zero gives an asymptotic running time advantage over the
standard version. On the right in Figure 2.3, we can see the effect of the hybrid queue. It
seems that the impact is not too large; however, there is a slight advantage to using the hybrid
queue.

2.4.5 Greedy Dual Ascent

We test the following hypothesis concerning the greedy dual ascent variant:
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FiGure 2.3: On the left: Experiments with breaking out of the dual step loop
with different criteria. The red circles are without breaking out, the blue ones
are with breaking out if b*(S) becomes zero, and the green ones correspond to
breaking out when the sign of b¥(S) changes for the first time. The instances
used for these runs are netgen_8 instances. On the right: The effect of using
the hybrid queue. Both methods do not break out of the dual step. The
red circles correspond to the version using the STL priority queue, whereas
the blue circles correspond to the variant with the hybrid queue. Here, in
both variants, the starting node with the largest absolute deficit is used. The
instances are road_paths instances.

Hypothesis 2.11. The greedy dual step yields to a faster convergence to the optimal dual objective
value, thus to a smaller number of iterations, and thus to better asymptotic dependence of the run-time
on m.

Figure 2.4 shows the scaling behavior of the running times of the 4 gda-variants described
above and the default variant of the dual ascent algorithm, respectively, on the netgen_8
graph class. We can see a much worse scaling behavior of all 4 gda-variants as opposed to
the default dual ascent method. In fact a linear regression of log(Tgga) — log(Tncs) Versus
log(m) reveals that we shall reject Hypothesis 2.11 at a significance level p < 1.5 -10713.

In summary, we can observe that the gain in dual objective value that is achieved by the
greedy variant does not seem to compensate the loss in primal feasibility that it is caused by
saturating or de-saturating arcs whose reduced cost becomes negative.

2.4.6 Comparison with Other Algorithms

Similar to comparing algorithms by asymptotic running times, in this section, we evaluate
the scaling behavior of our implementation and third-party implementations of known al-
gorithms w.r.t. graph size, i.e., number of edges m. Our choice of candidates is based on the
recent study [Pet15] that claims that today’s fastest min-cost flow code is contained in the
LEMON Graph Library2. Based on their findings, we compare our implementation (our)
with their implementations of three different algorithms: the network simplex algorithm
(ns), the cost scaling algorithm (cos), and the successive shortest path method (ssp). Ac-
cording to [Pet15], the fastest algorithms on most instances (such as netgen_8, goto_8, and
netgen_sr) are ns and cos. We include ssp because we consider our algorithm to be a
generalization of this approach.

The exponents for the different implementations and graph classes can be found in
Table 2.1. The bold numbers indicate the best exponent for the dependence of the running

2https://lemon.cs.elte.hu/trac/lemon
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Ficure 2.4: Running time dependence on m of gda variants and the default
variant on the netgen_8 graph class.

our Ssp ns cos
netgen_sr 1.34+0.02 | 142 +0.01 | 1.25+£0.02 | 1.17 £+ 0.02
netgen_8 1.37+0.02 | 1.80+£0.02 | 1.69 £0.02 | 1.22 + 0.01
goto_8 1.66 £0.04 | 2.03 £0.02 | 217 £ 0.03 | 1.53 + 0.02
road_paths || 1.33 £0.03 | 1.40 £0.04 | 1.74 £ 0.03 | 1.50 £ 0.02
road_flow 142 +£0.03 | 1.43+0.04 | 1.76 £ 0.04 | 1.46 + 0.03

TasLE 2.1: Fitted exponents describing the scaling behavior w.r.t. the number
of arcs together with the 95%-confidence intervals.

time on the number of edges for the graphs from the corresponding class. Observe that our
implementation beats the other three on the road networks tested. Moreover, our exponents
are better than the ones of network simplex, except for the dense netgen graphs. Last but not
least, we obtain a better scaling behavior than successive shortest path on all classes, which
is interesting as our approach can be seen as a generalization of successive shortest path. The
coefficients of determination for the corresponding regressions show that the running time
data is well-described by a scaling behavior of the form m¢, where c is the corresponding
fitted exponent.

We remark that all the data underlying the regression was generated with the following
version of the algorithm. The potentials are updated lazily. We always choose the node
with maximal absolute deficit as starting node for the dual step. The defupt primal update
version is activated. We use the def0 variant for the termination of the dual step, and we use
the hybrid queue as priority queue.

The source code, the instances, and additional material are available for download on the project page.?

Shttp://resources.mpi-inf.mpg.de/networkflow/
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2.5 Conclusion

In this chapter, we have presented a simple fully-combinatorial algorithm for the capacitated
min-cost flow problem that is competitive with recent third-party implementations of well-
known algorithms and even outperforms them on certain realistic instance classes such as
road networks. We have formally proven correctness of the algorithm and have evaluated
its run-time experimentally. We have seen that this very simple combinatorial approach
leads to extremely fast implementations that solve min-cost flow instances with millions of
arcs within seconds, although its theoretical worst-case run-time bound is not competitive
with the most efficient methods in theory. As described in the introduction, the currently
most efficient methods in theory are based on methods from continuous optimization, more
precisely, on interior point methods. Such an approach and its practicability will be topic of
the following chapter.
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Chapter 3

An Integer Interior Point Method for
Min-Cost Flow

3.1 Introduction

We have seen a combinatorial method for min-cost flow in the previous section and have
seen that an implementation of this method is very fast in practice although its theoretical
time complexity lacks behind the currently best known bounds. We have already mentioned
the contributions based on interior point methods! that achieve the record bounds in the
introduction, we recap the most important results: The bound of O(m3/? log? U) was obtained
by Daitch and Spielman [DS08] and later (up to log factors) the same bound was shown
in [BK14] with a simple potential reduction algorithm.? The breakthrough result of Lee and
Sidford [L.S14] yields the bound of O(m+/n polylog U).

Although the interior point methods achieve these impressive record bounds, this ef-
ficiency did not yet transfer to practical implementations. As a matter of fact, there is no
implementation of an interior point method that was reported to be competitive with the
combinatorial approaches on real world problems. There are many reasons for this. First,
combinatorial algorithms are rather easy to implement and necessary subroutines are readily
available in standard libraries by now. The ingredients needed to achieve the better theoreti-
cal results are however rather involved and use complicated subroutines such as low-stretch
spanning trees [AN12] or spectral vertex sparsifiers [Kyn+16] that are already difficult to
implement efficiently on their own. Second, interior point methods are formulated for real
arithmetic and implementations require high-precision floating point numbers in order to
avoid numerical instabilities, even if all the input data is given by integer numbers. Address-
ing this second issue of interior point methods” implementations is the central topic of this
chapter. By giving an interior point method that solely uses integer arithmetic on numbers
of polynomial length, we obtain an algorithm that is guaranteed to be free of any numer-
ical instabilities while still improving over the classical combinatorial methods in terms of
worst-case time complexity.

We proceed by highlighting why the challenge of numerical stability appears in interior
point methods, more precisely in path following methods. First, notice that the (uncapaci-
tated) min-cost flow problem given by an instance (G, b, c) can be written as the primal-dual
linear programming pair

min{c'x : Ax =band x > 0} = max{bTy : ATy +s=cands > 0}. (3.1)

We remark that the meaning of the slack variables s = c— ATy is the exact same as the reduced
costs c¥ in the previous chapter. Recall that we had defined ¢} := ¢, + ¥, — Yy for every arc

1See for example [MS16], for a gentle introduction to the topic.
2We recall that n is the number of nodes, m the number of arcs, and U an upper bound on the maximal
capacity.
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a € A. In the previous chapter, we also have already made use of the following property: A
pair of primal/dual optimal solutions to (3.1) will satisfy complementary slackness, see (2.1)
to (2.3). In the setting without capacity constraints, the complementary slackness conditions
reduce to x;s, = 0 for all @ € A or equivalently to xTs =cTx - bTy = (0. We remark that xTs
is called the duality gap as it measures the gap between primal and dual objective value.

The intuition behind path following interior point methods is to relax this optimality
condition x,s, = 0. More precisely, path following methods maintain a pair of primal/dual
feasible solutions x and (v, s) such that x,s, ~ u for all 2 € A for a positive parameter ,
which they drive to zero. They thereby follow the so-called central path, which is the set of
all points satisfying x,s, = y for alla € A. As a consequence of u approaching zero, the
duality gap xTs ~ um goes to zero. It may however happen, that either x, or s, becomes tiny
while the other becomes huge. This behavior is the source of numerical issues as it requires
to simultaneously deal with huge and tiny numbers.

Our way to resolve this issue is to only consider the arcs with sufficiently large values of
x,; and s,. That is, whenever x,; becomes too small, we delete the arc a from the network and
whenever s, becomes too small, we contract the arc a. We thereby obtain a reduced problem
in form of a minor of the original network. We do not revoke any of these operations until
termination of the algorithm. We show that a near-optimal solution for the reduced problem
can be lifted efficiently to an optimal solution of the original network. Such arc deletions and
contractions have been used in combinatorial optimization before [Tar85; Orl84], but, to our
knowledge, not in combination with path-following methods for network flow problems.

For the reduced problem, we can show that one can stay sufficiently close to the central
path by iterating over points in the vicinity of the central path that lie on a lattice that is
such that the lattice points are numbers with not too large representation. More precisely,
we show that if the greatest common divisor (gcd) of the demands f := gcd(b) and the
ged of the costs y := ged(c) are sufficiently large, we can perform all arithmetic operations
on integers. The requirement on the gcds can be easily achieved by an initial scaling of
the demands, capacities and costs. Such scaling comes at a very low price because the
expected running time of O(1%/2) of our algorithm only depends logarithmically on these
scaling factors. We remark that it appears obvious that integer arithmetic can be achieved
by scaling with a huge number that is, say, doubly exponential in m, n. However, we show
that scaling with numbers that are polynomial in 7 is sufficient. Moreover, we manage to
make the exact numerical requirements of our algorithm explicit by stating absolute bounds
on the appearing numbers, without hiding anything in O-notation. We prove the following
theorem.

Theorem 3.1. Optimal primal and dual solutions for a min-cost flow problem can be computed in
expected O(m>/?) time using only integer arithmetic on numbers bounded by 23\ m'°U?C?, where U
and C are bounds on the maximum capacity and cost, respectively.

Note that the running time of our algorithm matches the time bound from [DS08], which
dominates the known bounds for combinatorial algorithms in many settings. For a better
comparison of the two results, note that [DS08] gives a bound on the bit length of the
numbers appearing in their algorithms, as well: The methods work on numbers of bit length
atmost O(log(nU/¢)), where ¢ = (12m?U3)~! for solving the standard min-cost flow problem
exactly®. If the hidden constant in the O-notation can be made explicit to be, say, k, then this
method could be used with integer arithmetic, as well, the resulting bound on the numbers
there will then be 125n*m?U*, which is larger than our bound already for small k.

3Note that in the case of generalized min-cost flow, the algorithms of Daitch and Spielman only give &-
approximate solutions in general and thus the numerical requirements will also depend on the desired ¢. For
the standard min-cost flow problem they show that an ¢ of the size as described above is sufficient.
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Note that for robust implementations, it is advantageous to know the exact precision
requirements, as an appropriate scaling can be performed in the beginning without having
to worry about numerical issues or overflows in the course of the algorithm. Alternatively,
one can still use adaptive precision, check the correctness of the output, and repeat the
computation with higher precision, if necessary. However, this approach usually requires
changes to the implementation as insufficient precision may lead to diverging behavior of
sub-routines, see for example [Ket+08]. Adding a timer is no solution either as it turns
diverging behavior into worst-case behavior. However, such precautions are mandatory and
the only choice, if the bounds are not known explicitly.

For the potential-reduction method from [BK14], only a bound on the number of arith-
metic operations is given and a strict bound on the size of the emerging numbers is non-trivial
to obtain, if not even impossible. It is essential for our proof for the method presented in this
chapter to exploit arc contractions and deletions and to use a path-following method instead
of a potential-reduction method. It is, furthermore, interesting to note that our lower bound
on the value of primal variables does not depend on the costs, capacities, or demands in the
network, but only on n and m. This might be of interest in the context of strongly polynomial
time algorithms for the capacitated min-cost flow problem, where the current record bound
is O(m?), due to Orlin [Orl88].

Finally, we want to remark that we consider this work rather as a first important step in
the direction of making numerical requirements of interior point methods for combinatorial
problems apparent, than as giving the ultimate final answer to practitioners. We feel that the
work in this chapter, despite the fact that it treats all numerical details, is still fairly elegant.

Structure of the Remainder of this Chapter. The rest of this chapter is structured as follows.
We proceed with preliminaries in Section 3.2. In Section 3.3, we introduce the path following
algorithm, Section 3.4 contains details about implementing the centering step with integer
arithmetic. We conclude in Section 3.5.

3.2 Preliminaries

3.2.1 Arc Contraction and Deletion

We have already discussed the interpretation of the parameter u > 0. We will measure
the closeness to the central path w.r.t. u by the relative deviation in the 1-norm ||o||;, where
o € R™isdefined as 0, := x,45,/ 1 —1. A sufficiently small deviation, more precisely, ||o||; <
for some constant 6 < 1, will guarantee that both x, and s, remain positive. As mentioned
before, this small deviation however does not prohibit that either x, or s, becomes tiny,
which we want to avoid. We deal with this issue in a radical way: That is, whenever x,
becomes too small, we delete the arc from the network and whenever s, becomes too small,
we contract the arc a. We thereby obtain a minor of the original network. This is captured
formally by the following definition.

Definition 3.2. Let G = (V, A) be a directed graph with m arcs. For ¢ > 0 and x,s € R”'  we call

>0/
the minor H of G obtained by deleting the arcs in D := {a € A : x, < 5.} and contracting the arcs
inC:={a€A:s, <L} the e-x-s-minor of G.

This approach has its foundation in classical min-cost flow theory [AMO93, Section 10.6].
We review a well-known fact from general LP duality.

Lemma 3.3. Let the pair

min{c'x: Ax =b,x > 0} =max{bTy: ATy +s =c,s >0} (3.2)
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be bounded and feasible.

* A primal optimal solution x* of (3.2) is also an optimal solution of min{s"x : Ax = b, x > 0}
for any dual feasible solution i, s of (3.2).

* A dual optimal solution y*,s* of (3.2) is also an optimal solution of min{x’s : ATy +s
c,s > 0} for any primal feasible solution x of (3.2).

Proof. * Let y*,s* be dual optimal solutions to (3.2). Define " := y* -y and s’ := s* =
c— ATy, then ATy’ +s' = ATy* —= ATij +s* = c — AT = 5 and hence v, s’ are feasible
for max{bTy : ATy +s = 5,5 > 0}. Moreover, it holds that x*Ts" = x*Ts* = 0. It thus
follows that x*, ', s” are primal and dual optimal for the pair

min{3Tx : Ax =b,x > 0} =max{by: ATy +s=3,5 > 0}.
This shows the claim.

* Suppose for contradiction that y*, s* is not optimal. Then, since Ax = b,

ls* > min{x's: ATy +s=c,5s 20} =min{x  (c - ATy): ATy +s =¢,s > 0}
=cTx—max{bTy : ATy +s=c,s 20} =cTx-bTy" = #Ts",
which is a contradiction. O

The following lemma shows the rationale for deleting arcs with tiny flow x and thus
huge reduced costs s in the vicinity of the central path (respectively, contracting arcs with
tiny reduced costs and huge flow).

Lemma 3.4. Let x,s € R™ be primal/dual feasible solutions of (G, b, c) with b € Z" and ¢ € Z™.
o Ifs, > xTs for some a € A, then x; = 0 for every optimal solution x*.
o Ifx, > x's for some a € A, then s}, = 0 for every optimal solution s*.

Proof. Due to the total unimodularity of the node-arc incidence matrix A, all basic solutions
are integral. Thus, it suffices to show the claims for optimal integral basic solutions. All
other optimal solutions are convex combinations of these.

¢ Assume for contradiction that x}, > 0 in an optimal integral solution, i.e., x; > 1. Then
xTs > x.s, > x's, this shows that x* is not optimal for min{s"x : Ax = b,x > 0},
contradicting Lemma 3.3.

¢ Assume for contradiction that s; > 0 in an optimal integral solution, i.e., s; > 1. Then
xTs* > XgS; > xTs, this shows that s* is not optimal for min{sz : ATy +s=c,s >0},
contradicting Lemma 3.3. O

Note that the central path condition },c 4 |x‘;f“ —1| < 6 implies x5, € [(1=0)u, (1 +0)u]
for any arc a € A. Now assume that for some arc a € A, the value of x, becomes tiny, i.e.,

X < +. Then s, > “;f)” > (1_‘1)“"1 > (14 6)um > xTs follows for ¢ := % < 1. Thus
Lemma 3.4 applies and we can conclude that x}; = 0 in every optimum primal solution x*. A
completely symmetric approach shows that, if s, < £ for an arca € A, then s} = 0 in every
optimal dual solution s*.

The analyses of classical combinatorial algorithms that use arc deletion or arc contraction,
respectively, are based on an argument that termination is guaranteed because at least one

arc has to be deleted or contracted after a certain amount of iterations and there are only m
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arcs. However, we have a different termination criterion that mainly depends on the duality
gap. In [BK14], it is shown that it suffices to compute a pair of primal/dual interior points
with duality gap strictly less than 1 to efficiently perform a crossover to an optimum integral
basic feasible solution. Here, we will need to extend that result from [BK14] by showing
that proximity to the optimum solution w.r.t. a minor suffices. To this end, we first formally
define what proximity means in our context.

Definition 3.5. A pair of primal and dual feasible solutions x,s of (G, b, c) with b € Z" and c € Z™
is called a proxy for the optimum of (G, b, ¢) if Ypen,, XaSa < (1 — €)* where Ay is the arc-set of an
e-x-s-minor of G for some ¢ < 1.

3.2.2 Perturbation

Suppose, for example, that we have an ¢-x-s-minor H that differs from G just by the deletion
of a single arc 4. Hence, the set of nodes of H coincides with the one of G. However,
projecting x to xg, s to sy, and c to cy by removing the entry corresponding to @ does not
yield a pair of primal/dual feasible solutions xy, sy for (H, b, cy), but it is rather a feasible
solution to (H, E, cy) where b=>b- A]lﬁ]lgx. Note that the two demands vectors b and b
are almost identical because x; is tiny. We first define formally what we mean by almost
identical instances and then draw the connection to minors.

Definition 3.6. An instance (G, b, ¢) is called e-perturbed instance of (G, b, c), if |b — b|l; < 2&
and ||c — ¢|h < e.

We introduce the notation Is := 3.5 1,17 for some S C A and continue by showing that
the instance constructed by contracting arcs of small reduced cost and deleting arcs of small
flow is in fact an e-perturbed instance of the input instance (G, b, c).

Lemma3.7. Let x, s bea pair of primal/dual feasible solutions of (G, b, c)let C := {a € Ag : 5, < 57}
and D :={a € Ag : x, < 5} forsome 0 < & < 1. Then (G,b,&)withb =b—Alpxand ¢ = c—Ics
is an e-perturbed instance of (G, b, c).

Proof. The proof is a simple calculation:
Ib=blli = [ AIpx|h < 2llIpx|li <2¢  and  [lc = ¢l = [lcclh < e. O

The following theorem shows the equivalence of the original and the perturbed problem.
For a given instance (G, b, c) and a given spanning tree T of G, we call x € R™ a primal tree
solution, if Ax = band x, =0 foralla € A\ T and we call y,s € R"*™ a dual tree solution if
ATy +s=cands, =0foralla €T.

Theorem 3.8. Let (G, b, &) be an e-perturbed instance of (G, b, c) for some 0 < ¢ < 1and let T be a
spanning tree of G.

a) If the unique tree solution w.rt. T in (G, b,¢) is primal feasible, then the unique primal tree
solution w.r.t. T in (G, b, ¢) is feasible.

b) If the unique tree solution w.r.t. T in (G, b, €) is dual feasible, then the unique dual* tree solution
w.rt. T in (G, b, c) is feasible.

¢) If the spanning tree T is optimal for (G, b, &), then it is optimal for (G, b, c).

4Here unique dual refers only to the reduced costs because AT (y + t1) = ATy for all t € R.
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Proof. a) Let xr and ¥ denote the unique primal tree solutions corresponding to T in
(G,b,c) and (G, b,?d), respectively, i.e., Arxr = b and Ar¥r = b holds. Similarly let d
be the unique primal tree solution corresponding to T for the right hand side b — b, i.e.,
Ard = b — b. Note that in order to show teasibility of x7, it suffices to show that xt > 0.
It follows that

ATd =b- E ZAT(XT —JZT)

and thus by the uniqueness of d, we conclude d = x1 — X7. It follows that |[x1 — 7 |lw =
ld|l < ||b = b|l1/2 < €, using that (G, b, €) is an e-perturbed instance. However, since
b € Z" also xT € Z™ and since ¢ < 1 it follows that X1 > 0 implies x7 > 0.

b) Let yr, st and ijr, St denote the unique dual tree solutions corresponding to T in (G, b, ¢)
and (G, b, ¢), respectively, i.e., ATyT +s7 =¢,s7(a) =0fora € T and ATyT +3r =¢,
St(a) = 0fora € T holds. Similarly let p, d be the unique dual tree solution corresponding
to T for the right hand side c ¢, i.e., ATp +d = c—¢. Note that in order to show feasibility
of yr, st, it suffices to show that st > 0. It follows that

ATp+d=c—6=AT(yT—ﬂT)+ST—§T

and thus by the uniqueness of d, we conclude d = st — §7. Furthermore fora € T, we
have d(a) = 0 and for a € A\ T, it holds that |d,| = |c, — ¢a — (Pw — Po)| = |ca — €4 —
Yaer(o,w) € = Cor| < |lc = E|lr. Tt follows that |[sT — 87[le = [|d]leo < [lc = E[l1 < &, using that
(G, b, ¢) is an e-perturbed instance. However, since ¢ € Z™ also st € Z™ and since ¢ < 1
it follows that 57 > 0 implies sT > 0.

c) Assume the tree T is optimal for (G, 15, ¢), i.e., the tree is primal and dual feasible (com-
plementary slackness). Together with part a and b, we conclude that T is also optimal for

(G,b,0). O

We note that in the non-degenerate case, the reverse statements of a and b hold as well.
As our algorithm will output a tree solution to the perturbed problem, the above theorem
is sufficient to show that we can use the crossover algorithm from [BK14, Section 2] on the
perturbed instance and obtain a tree that is also an optimal tree for the original problem.

3.3 Integer Interior Point Algorithm

This section is structured as follows. We will first describe how to obtain initial primal/dual
solutions. We remark that this is an easy application of a previous result from [BK14]. We
will then describe the main algorithm and the final crossover step. In the section thereafter,
we will give details on the implementation of the centering step.

3.3.1 Finding Arbitrarily Central Initial Points

In this section, we show how to construct an auxiliary instance and corresponding feasible
interior solutions that are arbitrarily close to the central path. We are actually going to give
a construction that works for the more general capacitated min-cost flow problem. In fact,
we can use a vert similar technique as used in [BK14] for a potential reduction method.
For the sake of completeness, we nevertheless repeat the method here. Let us denote with
(GY,b°,¢% u) a given input instance of a min-cost flow problem with capacity constraints.
Let V? denote the node set of G? and let A? denote its arc set. We are going to describe
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a method that constructs an auxiliary instance (G, b, c). The auxiliary instance is an un-
capacitated min-cost flow problem and the method will give corresponding primal and dual
integer interior solutions for it.

The first part of the construction was already presented in Chapter 1 and is illustrated in
Figure 1.1: For each a = (v, w) € AV insert the two nodes v, w into G as well as a new node
vw together with arcs 4 = (v, vw) and 4 = (w, vw), read “a up” and “a down”. Define the
new costs by c; := ¢, and c¢; := 0. The new demand vector is given by b, := b9 — u(5™(v)) for
nodes v € V% and byy = 1y 4) for the newly inserted nodes.

Our goal now is to find values x, y, s that are primal and dual feasible, integral, as well as
close to the central path, more precisely ||o|li = X e |XaSa/ y(o) —1| < 6 for some parameters
1©® > 0and 6 > 0. We show that the technique from [BK14] can actually achieve this. With
the right choice of parameters, the technique yields closeness to the central path for arbitrary
0. We proceed as follows:

1. We compute an integral (not necessarily feasible) tree solution z in G for an arbitrary
spanning tree T and set x; = x5 = 1,/2.5

2. We introduce the additional arc 4 = sign(z, — u,/2)(v, w) (if z, — 1,/2 = 0, we do
not introduce the arc 4) and set the flow on 4 to x; = |z, — u,/2| and its cost to
¢y = [t/|zq — ug/2|] for some t.6

3. The dual variables are set as vy, y» = 0 and vy, = —|2t/u,], which determines
8¢ = Ca+ |2t/ug], 50 = [2t/ug] and ss = cz = [t/]zq — ua /2]

0 _ .0 0 0
by, — U, by, — u,
w " w
N N
u! . u
ow ——— c; 0w ——

bf) /(:12 b?, /(;2

-~ 0 -~

Ficure 3.1: In order to balance the x,s,, we introduce the arc 4@ = (v, w) with
high cost ¢; and reroute flow along it. The direction of @ depends on a tree
solution z in the original graph. It is flipped if z, < u,/2. All arcs in the

middle and the right graph have infinite capacity. Only the costs are shown.

We refer the reader to Figure 3.1 for a visualization of this construction. Note that the
above routine can be implemented in time O(m). We can now show that x, y, s are arbitrarily
close to the central path.

Lemma 3.9. Let x, y, s be as described above. Then, it holds:
1. Foranyt > 0, it holds that x,s, € [t — ByUC, t + pyUC] forall a € A.
2. Lett :=3mByUC/6 and pg =t — ByUC, then ||o|l1 < 6.

SWe remark that after scaling u with a factor of 2, we can ensure that x is integral.

®Note that a sufficiently large choice of ¢ guarantees that no flow is routed across 4 in an optimal solution.
More precisely, for t > 28ymUC, we obtain ¢; > t/(2U) > myC > 17c0, where we used that z, < ||b°|/2,
and thus the cost of 4 is at least the cost of any path in G? and introducing 4 does not change the optimum of the
problem.
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Proof. 1. Leta € Ag be any arc in Gy, then x; = x; = u, /2. It follows that,

u 2t UgC uc UgCqy U
xﬁsdz—”(cdqt{—J)gtjh aa<t+ﬁy ,andxdsd>t+%——azt;

2 Uy 2 7 2 - 2

2t
deg:ﬂ(Ca+ — ) <t, andxasﬁ:ﬁ(c[;+
2 Uy 2

2J)Zt—%Zt—ﬁu

Uy
For the newly introduced arc 4, we obtain

Ug
Wy

t u t
— =1t and x;5; < za——”(|—+l)§t+p’u.
a Za

XaSa = T
asa |Za—7 5

U,

2

2. For the sake of readability, let us denote a := fyUC. From the first part, it follows that
e 1,(t+a)/(t-a)] =[1,1+2a/(t - a)] fora € A. This yields = € [1,1+5/m]
with t > 3ma/d and hence

lolh ="

a€eA

XaSa 4

sZ%:&. O

acA

The dual variables defined above are integral, whereas the primal variables are half-
integral. Integrality can be achieved via a simple scaling of b and u with factor 2. From the
above lemma and the lower bound on t that ensures that the optimum is not changed due to
the introduction of the new arcs 4, we obtain that choosing u® = t — ByUC < 9mefyUC/d
is feasible.

3.3.2 Integer Interior Point Algorithm

We have seen how to construct (in linear time) initial interior points for an auxiliary instance
with the same optimum that fulfill the central path condition ||c|l; < 6 for ug < 3mByUC/s.
The idea of the path following method is to decrease the current u by roughly a factor of
1 — 6/+/m, more precisely, we set u < [(1 — 7)u], where T = 6/+/m, as long as we have not
achieved a solution that is a proxy for the optimum of (G, b, c) yet. Then, we restore closeness
to the central path w.r.t. the new u and the minor in the so-called centering step. Observe that
closeness to the central path together with the absence of tiny x, and s, in the minor implies
that x, and s, are bounded by (1 + 6)u/¢. Thus the size of g yields an upper bound on the
numbers that have to be considered in this algorithm. A pseudocode implementation can
be found in Algorithm 3.1.

The following theorem is a more precise formulation of Theorem 3.1 and the rest of this
chapter is dedicated to prove it. Recall that g := gcd(b) and y := gcd(c) and observe that if
a given input instance does not satisfy the assumption in the theorem of having sufficiently
large gcd’s, scaling down the instance by dividing by ged(b) and ged(c), respectively, and
scaling them up by sufficiently large numbers that satisfy the above theorem is a feasible
approach. This shows that Theorem 3.1 follows from Theorem 3.10. Moreover, note that the
running time of our algorithm only scales logarithmically with § and y and thus up-scaling
to meet the condition from the theorem can be achieved at low cost.

Theorem 3.10. Let (G, b, c) be a min-cost flow instance with b € BZ" and c € yZ™. There is a
randomized algorithm to compute x, s € Z™ s.t. x /B, s |y is a proxy for the optimum of (G, b/B,c/y)
in O(m®?1og(UC)) time with high probability using only integer arithmetic on numbers bounded
by 28m3yUC, provided that B > 28m3 and y > 2P°m*pUC.
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Algorithm 3.1: PataFoLLow Algorithm 3.2: Minor (G, x, s)

Input : (G, b, c) with ged(b) = p and Let e := 2.
ged(c) = y, feasible interior fora € A do
x,s € 2", and fs> Os.t. if x, < % then remove a
lloll := Xgea 1752 = 1] < 0. from G

Output: Vectors x, s s.t. x / pand s/y yield a if s, < < then contract a in
proxy for the optimum of G "
(G,b/B,cly). return G

repeat
H =Mimor (G, x, s)
p— [(1-1)u], where T = 6/+/m
x,s = CENTERINGSTEP (H, x, s, 1)

until ZueAH XaSg < (1 - E)Zﬁy
return x,s

Note that u > m?lT 5 2 (}n(i Jr)g)y > zﬁy for 6 < 1/8 and ¢ < 1/2 holds during the execution

of the algorithm. Thus

S O N ST e O )
=(1-—= l1-—pu+1<|1-—= 1-——=
=[] < (- ) v ) B T 2y
provided that 8y > 4m3/? /5, which s satisfied for g, y fulfilling the conditions of the theorem.
Let us denote with ¥ the initial value of u and likewise let u'f) be the final value of yi. Then

after at most t := [2v/m log(u®/u'f )) / O] many iterations, it holds that u© is reduced to '/,
since for the value t’ for which (1 — )t y(O) [J(f ), we have that

uth s \17° uO\ 2/
=) a2 = oslGom) =
Since u@/uf) < 2m2UC/5, we can thus conclude that Algorithm 3.1 terminates after at
most O(y/m log(nUC)) many iterations.

It thus remains to describe the following: (1) How to implement the centering step
in nearly-linear time with high probability using only integer arithmetic given the above
assumption on the gcds? This will be discussed in detail in Section 3.4. For now it is only
important that it maintains closeness to the central path w.r.t. the arcs in the minor. For
the sake of presentation, we did not maintain the y-variables that can be used to restore the
reduced costs on the arcs that have been deleted. But this can be easily achieved. Moreover,
one can extend the cycles mentioned above from the minor through the contracted nodes to
cycles in the original graph such that one can also keep track of the updates to maintain a
feasible solution in the original graph. (2) How to implement the crossover step? Notice that
from Algorithm 3.1, we obtain a proxy for the optimum of (G, b, ¢). However, the variables of
the arcs in the minor describe an interior point of a slightly perturbed instance. We describe
how to handle the situation in Theorem 3.11.

3.3.3 Crossover

We repeat the crossover technique from [BK14, Section 2]. We note that we have used a
similar approach in Chapter 2 as dual step. The crossover takes an instance (G, b, ¢) and
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primal/dual feasible points %, (7, §). Given that ¢ is integral, it outputs an integral dual tree
solution y*, s* with bTy* > bT7. In a nutshell, the crossover algorithm works as follows. It
iteratively constructs nested cuts {s} = S! ¢ S c ... C §" = V, starting with an arbitrary
node s. During iteration i, the algorithm modifies the potentials y along the cut S ensuring
that bTy does not decrease. This is done by incrementing the potentials of all nodes in S,
if b(S") > 0, and by decrementing them otherwise. The potentials are increased (decreased)
until the reduced cost of at least one arc a on the cut S,V \ S becomes 0. Then, the node
adjacentto S’ through a isbeing added to S'. We note that the amount by which the potentials
inside of S’ are changed relatively to the nodes outside of S/, is exactly equal to the reduced
cost of the arc a.

Theorem 3.11. Let (G, b, c) be a min-cost flow instance with b € BZ" and ¢ € yZ™. Given
x,s € Z™ s.t. x/B,s/y is a proxy for the optimum of (G, b/B, c/y), a pair of primal-dual optimum
solutions x*,s* of (G, b, c) can be computed in O(m>?log %2 log U) time.

Proof. Let% = x/B,5 =s/y aswellasb = b/p and ¢ = c/y. Consider the projection ¥ of ¥ to
the subspace with X, = 0 for all @ € D and the projection § of 5 to the subspace with 5, =0
for all a € C. Note that these projections are primal/dual feasible for the e-perturbation
(G,E,E) of (G, b, c), where b =b-Alpx and é = ¢ — Ics and their duality gap satisfies
#Ts = YaeAy XaSa < (1 - ¢)?. Given feasible 5, we can compute corresponding feasible
¥ in linear time by propagation from the root to the leaves of an arbitrary spanning tree.
The same holds for 7 and 5. If we perform the crossover procedure with 7,5 in (G, b, 0),
we obtain a tree solution w.r.t. some spanning tree T. By Theorem 3.8, this spanning tree
also yields a dual feasible solution for (G, b, c). Moreover, the two admissible networks are
combinatorially the same. If the admissible network yields a primal feasible solution w.r.t.
b, we obtain a pair of primal/dual feasible solutions satisfying complementary slackness
and hence the sought optimum solutions x*,s*. Suppose the contrary for a contradiction.
Then, there is a cut S € V s.t. b(S) > 0 and there are no ingoing arcs with vanishing
reduced costs, i.e., all ingoing arcs have reduced costs of at least 1. Thus, y, could be safely
increased by 1 for all v € S. Moreover, i, could be safely increased by 1 — ¢. Thus, the
dual objective b” § would increase by at least (1 — ¢)? because ]lgl; = ]lgb —1sAlpx > 1-e¢.
But this contradicts 7§ < (1 — €)®. The crossover can be computed in O(m + nlogn)
and the transshipment problem in the admissible network that needs to be solved in order
to obtain the corresponding primal solution can be solved by a max-flow computation in

O(m3/? log %2 log U) using the algorithm of Goldberg and Rao [GR97]. O

Note that the additional max-flow computation can be avoided, by using the isolation
lemma [MVV87]in order to make the optimal solution unique [DS08, Lemma 3.12]. However,
the perturbation of the cost vector yields non-integral values and, hence, an additional scaling
would be necessary in order to make the input integral. Furthermore, this strategy would
introduce a new source of randomization that we prefer to avoid.

We summarize what we have established: For an input instance (G, b, ¢), using Al-
gorithm 3.1, we can obtain primal/dual feasible solutions x,s to an e-perturbed solution
(G, b, &) of (G,b, c) that can be used in order to compute an optimal primal/dual solution
pair for the input instance.

3.4 Centering Step

In this section, we describe how to implement the centering step by using a variant of the
electrical flow solver from [Kel+13]. We would like to stress the fact that we do not rely on
the numerical stability analysis of [Kel+13] that would involve an additional scaling of the
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current sources, instead the current sources that we use can be directly defined as integer
values dependent on the iterates x, s.

The centering step takes as input the minor H of G, the variables x, s and the parameter
' =[(1—-1)ul, with x, s, u fulfilling ||o|y < 6, where 0, = x5,/ — 1 for each a € Ay. For
simplicity, we will denote the vectors x and s as vectors over Ap, instead of A. The goal
of CeNTERINGSTEP is to update x and s to x + Ax, s + As such that ||o’|l; < 6 holds, where

o), = x}s) /1’ — 1. Note that s uniquely defines feasible potentials y whose update we denote
with Ay. Since we want the new iterates to be interior solutions again, we require

ApAx =0, ALAy +As =0and x + Ax > 0 as well as s + As > 0. (3.3)

Moreover, since we want [[o’||; < 6, the idea is to require that (x + Ax)(s + As) =~ u’, more
precisely we will require 1 := % [SAx + XAs + Xs]—1 to be small, i.e., we omit the quadratic
term AxAs. Here X = diag(x) and S = diag(s), respectively.

Such Ax, As satisfying (3.3) with 7 = 0 can be obtained from the solution of a linear
equation system. This can be seen as follows: Multiplying the equations 7 = 0 by y’AgS™!
from the left yields AgAx + ApS~1XAs + Agx — y’AHS‘lll = 0. Using AgAx = 0 and
Apx = b yields AyS™'XAs = p’AgS™'1 — b’ Multiplying AT, Ay +As = 0by Ay XS™! from
the left and plugging in the above equation for AyS™'XAs yields

ApXST'A[ Ay = —ApXST'As = b’ — 'ApST',

which is an equation system with ny equations in ny variables Ay. Note that the values of
Ax and As can be reconstructed from the solutions Ay using the equations AL Ay + As = 0
and 1 = 0. The matrix Ay XS~ A, is the weighted graph laplacian of H with weights XS™1.
Solving such an equation system is equivalent to computing a so-called electrical flow in the
network H with current sources y’AHS‘lﬂ — b’ € R"™ and resistances X~ !s € RT&* .

We will take exactly this approach, but with the following two crucial differences. (1)
We will have to be satisfied with fulfilling the equation system approximately, i.e., not
having = 0 but only ||n|li < 6/4. We will achieve this by using an approximate electrical
flow computation. (2) We want to compute with integer arithmetic only, hence defining
the resistances and current sources as described above is not feasible, instead we will use
the rounded resistances 7, = [s,/x,] and the rounded current sources AH(pO, where ¢, =
Xq — [p'/sq] for alla € Ay. We will denote R := diag(r). Note that, due to the assumption
on the size of f and y and the closeness to the central path, it holds that s,/x, > 1, see the
proof of Lemma 3.15 for a precise derivation.

We need some additional notation concerning electrical flows.® Let ¢ be a given flow
and let T be a spanning tree of H. Forany a = (v, w) € Ay \ T, we define C, := {a} UP(w, v),
where P(w,v) € A U —A is the unique (undirected) path in T between w and v. Similarly,
x(a) € {-1,0,1}™ is the corresponding characteristic vector of the cycle C,, i.e., x(a), = 1, if
be ANCy, x(a), = —1,if b € ~ANC,, and x(a), = 0 otherwise. Moreover, 7(C,) := X pec, Tar

and ten(T) = Yjea T r(ri“) is the tree condition number of T. The tree induced voltages are

defined as 7y := X 1ep(vy,0) Pa’a, Where vg is an arbitrary root of the spanning tree T.

As previously mentioned, we use an adaption, of the electrical flow solver from [Kel+13],
where the authors show how to compute an approximate electrical flow ¢ and corresponding
node voltages 7 in nearly linear time. See Algorithm 3.3 for a pseudo-code implementation
and note that up to the choice of the termination criterion, the choice of the initial current,
and the rounded update value our algorithm is identical to the one from [Kel+13]. In the

"Note that b’ € R"™ is a perturbed and restricted version of b due to the contraction and deletion of arcs from
G that lead to H.
8For a more detailed depiction of electrical flows see for example [Bol98; Kel+13].
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algorithm, we need to compute a spanning tree and in order to guarantee fast convergence
this spanning tree needs to be of low stretch:

Definition 3.12. Given a weighted undirected graph G = (V, E, r) and a spanning tree T C E of G.
For two nodes v, w € V, let distr (v, w) = X,cp, 7 denote the length of the unique path Py ,, from v
tow in T. The stretch of an edge e = (v, w) with'respect to T is defined by strr(e) = distr(v, w)/7..
The stretch of the tree T is defined as str(T) = Y,ca\r strr(e) = Xeea\r distr(v, w)/7,.

The current record bounds concerning low stretch spanning trees is achieved by the
algorithm of Abraham and Neiman [AN12]. They show how to compute a tree of stretch
O(mlognloglogn) in O(mlognloglogn) time. We furthermore remark that, as in the
algorithm from [Kel+13], the flow and voltage updates should be performed using a special
tree data structure [Kel+13, Section 5], which allows updating the flow in O(log ). Moreover,
the update of the dual variables s should be performed only after every m iterations, resulting
in O(1) amortized time per iteration of the centering step for the update of the dual variables.
Thus, in total, every iteration takes O(log 1) amortized time.

Algorithm 3.3: CENTERINGSTEP (H, X, 5, 1)

Define r, := [$£], 99 = x4 — [%J fora € Ay.

Let T :=spanning tree and p, := tc;((CT“))rﬂ Vae A \T
p:=¢% s =sandx’ =x
while X 4, |x}s; — u| > ou do

Sample a € Ay \ T according to p

_Zu’e a Ta’ Pa’ ’
a(a) = [=EL | 3 — ¥+ aa) - (@), @ — @ + aa) - x(a)
occasionally: compute tree induced voltages 7 for ¢, s" := s — Al n
return x’, s’

We will assume 6 to be set to 1/8, u(© < 24m By UC as we show to be valid in Section 3.3.1,
and we will denote with x, s, u the values of the variables at the beginning of the CENTER-
INGSTEP and the update values we define by Ax := ¢ — ¢° and As := —Agn. We remark
that, for our choice of 6 = 1/8, evaluating the condition of the while-loop can be done easily
with integer arithmetic (by comparing the two integral values resulting from multiplying
the inequality by 8).

Moreover, define 7" by (1 — ")y = [(1 — t)u] = p’ and recall that we set ¢ := %. Note
that from arc contraction and deletion as well as closeness to the central path, we obtain
lower and upper bounds on x and s for arcs in the minor, respectively:

- [f/ (1+6)ym]
m ey

and s, € [2 (A +O)um
m ep

We first of all show that the updates are feasible moves. Primal feasibility follows since Ax
is a circulation. The update for potentials can be computed in such a way that the dual
constraints, except non-negativity of s, are fulfilled as well. For non-negativity of x and
s, consider the following lemma — in fact the closeness to the central path already implies
non-negativity for x and s, respectively.

] foralla € Agy. (3.4)

Lemma 3.13. If ||0’|l1 < 0, then x, + Ax, > 0and s, + As, > 0 forall a € Ap.

Proof. If ||o’|li < 6, we must have |(x; + Ax,)(s, + Asg)/u’ —1| < 6 for all a € Ay. Thus
(xq + Axg)(s, + As;) > 0 forall a € Ay. Assume x, + Ax, < 0 and s, + As, < 0 for some
a € Ay. Then

0> s,(xs + Axg) + x4(5, + Asy) = (' +5,x, >0, acontradiction. O
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In what follows, we will denote with ¢*) the value of ¢ in iteration t of CENTERINGSTEP
and with gap(*) the corresponding value of the gap. We proceed by upper bounding the
energy of the initial flow. Since the energy of any flow ) is upper bounded by the initial
energy, see [Kel+13, Lemma 4.2], the upper bound follows for the energy of all flows.

Lemma 3.14. It holds that ||g0(t)||12{ < 10umpy.

Proof. Since the energy of the initial flow ¢ is at least the energy of ¢*) for any ¢, we obtain

2

25“ ‘Ll/ [J' 8{.1/2
()12 012 2 _ [adl [l .,
le™llz < lle”llz < § %l% Ma% ol |3 EZM% m1+%% (3.5)
acAy acAy
L 8u(1-1)? 1 8u(l-t)
< — — — | < - —| <
<my |20+ 06)pu —2(1 —7")u + ) < my 2y+ 1-0) < 10umpg,

where we used x5,/ > 1-0, 6 < %, v <1 =08/ym £ 6, and 1 -1’ < 1 for the
enumerator. O

In the following lemma we show that, assuming sufficiently large f and y, as well as
small gap := ¢TRp — 2nT Ay + nT AR AL, of the electrical flow and voltages yields
small one-norm of 7.

27mSgUC
5

Lemma 3.15. Assume f§ > % and y > . Let 6 <1/8 and ¢ € R™¥ and t € R"™ such
278524

- Then it holds that |||l < %, where 1 = ﬁ [SAx + XAs + Xs] — 1.

that gap <

Proof. Let us denote with D, := [g—;] - f—a, and E; := [;—‘;] - ;—‘; the errors introduced by the
rounding in the algorithm. Then,

’

X S
||T]||l = Z _li _qua +As; + 55 — i
.X'g xﬂ
uEAH
_ Xa |Sa 0 H'
= _,_((Pa_ﬁoa)_(nw_nv)"‘sa__
acA B 1 Xa Ya
H
(3.6)
Xa Sll
= - ra@a‘(nw_nv)"'_Du_Ea(Pa
u Xq
a€eAy
X(Rp — AT
< | X(Re )|l sl Z xa|(Pa|,

[J/ 2['1’ a€An “/
since |E;| < 1 and |D,| < 1/2. Moreover, note that using the upper and lower bounds
on x and s in (3.4) and the fact that 7" < 7 < 0 yields the following multiplicative errors

introduced by the rounding: B

Tq = F—ﬂ € [S—a,Zs—a] and Pl—/J € [L, 2—“/] , (3.7)

7
X4 X, Xg Sa 2s," S,
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where we need that s,/x, > 1, which is guaranteed by y > 2°m3BUC and g > 4m. Let us
now first show how to bound the last summand in (3.6): Note that

X4 |g0a Xa [Sa
E < aA / I(pa <
acAy aeAH aEAH

1
< y— Z ||§0||R

a€eAy ll

We have shown in Lemma 3.14 that ||@||2 < 10ump. The upper bound for x and the lower

bound for s in (3.6) yield /> ;ca,, xg’/sa/y’ < V(1 +6)um5/(e3y?), using 7/ < §. Putting the

two bounds together, we obtain y/10(1 + 6)um?/(¢3y?) as a bound on the third summand
in (3.6). Now, for the first summand in (3.6), note that gap = X ,ca,\7[72®a — (0w — 70) %/ 74,
as shown in [Kel+13, Lemma 4.4]. Hence,

IX(Rp — ATr)|lx _ Z |Ta@a — (Ttw — To)| VTaXa - vgap [ X?r|li - 2+/gap ‘mu
W AT \Vra W w a Vi

using the Cauchy-Schwarz-Inequality, x;s,/p < 1+ 6 and again v/ < 6. Finally, for the

second summand in (3.6), note that ”5”1 < U;i,)fﬁm < 2?22/3'

Hence, plugging all bounds
together into (3.6) yields

il <2 gapm+ \/10(1+5ym 6+6 o 6
=" 2525 R A TR T
withp > 222 o > 212mzﬁuc,gap < =t and the upperbound on u < u© < 24mpyucC. O

Recall the definition of 71 := % [SAx + XAs + Xs] — 1 from the previous lemma. We next

show that a small one-norm of 1 actually implies the closeness to the central path of the new
iterates x” and s’, i.e., implies |0’ [y < 6, where ¢/, := xzﬁ“

Lemma 3.16. Let 6 < 1/8. If [[n]h < 4, then ||o’||1 < 6 where o/,

Proof. By definition of 7, it holds that (1 + n,)u" = Ax,s, + x4As, + x45,, which yields
Ax,As, = 2x 5 [((1 + N = X450)% — (Axy8,)* — (XAs,) ] fora € Ay. (3.8)
For the one-norm of ¢’, we get the following estimate

o'l = Y xfj; —1‘ -,

acAy acAy

Ax,As,

Ax,As,
H, ’

1

+nlh-

3

aeAH

Using (3.8) and the triangle inequality, we obtain for the first summand that

2

a€eAy

Ax,As,
‘u_/

< Z [(1 + Ua)[vl, - xasa] (Axusu) + (qusa)
- 2x454 1 2x45, 1

acAy

_ Z [(1+ gy’ - xasa]z

XaSal

4

llEAH
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because Ax and As are orthogonal and thus the sum over all arcs in (3.8) yields the last
equality Now let 7’ be such that y’ = (1 — v’)u. Factoring out u, plugging in the definition
of u’ and 0, and using the lower bound on =% x“ L yields

2,

a€eAy

2 (1+qﬂ)#l _ xasa)z

pH (= m
= Z XaSal

a€eAy

Ax,As,
M/

(1= )+ 1) —1— 0
< ) A-o)ia-o

a€eAy

Expanding the square, re-grouping the terms and using 170 < ||o|l; < 6, =171 < ||n|}1, the
equivalence of norms and the Cauchy-Schwarz-Inequality for —n’ o < ||n]|2||o|l2, yields

2,

aeAH

Ax,As,

1=l + 201 = )7’ +26(1 = )]l + 6% + 267" + 7%m
< .
Wl

(I-1)(1-9)

Using 7' < 7= = < 5and1- 1’ < 1yields

Inll} +46lnlh +46% + (1 = «)(1 = )lInlh - Inllf + (46 + Dlinll + 462
(1-1)(1-0) = (1-0)

llo"ll <

and ||n|h < g gives the result for any 6 < %. O

Note that Lemmas 3.15 and 3.16 together yield that the value of the gap is lower bounded
by 2‘862;1/ mpy, if the termination criterion of CeENTERINGSTEP does not hold. It remains to
argue the convergence behavior of CeEnTerINGSTEP. This is achieved by the following lemma:
The expected decrease in energy is a fraction of the gap provided that the gap fulfills the
mentioned lower bound. The lemma can be seen as the equivalence of [Kel+13, Lemma
4.5], with the difference that we obtain an additional factor of 3/4 due to the rounding to
the nearest integer in the definition of a(a). Again, in order for the rounding to not have a
significant influence, we need to ensure  and y to be sufficiently large.

Lemma 3.17. It holds that E[||p"*V|12 — || 12| gap] < 4352(%) provided that B > 2°m3/6,
y > 2°m3BUC and gap®) > 27862 u/my.

Proof. Leta be the arc thatis sampled initeration t and let A, := 3 e, 7o go a, = ra(p,(lt) (Tt —

7p). Then !+ = o) —a(a)- x(a), where a(a) := l-r(C )J and x(a) are as in the algorithm. The
change in energy due to this update s || ") —a(a)- )((a)llR—qu(t)llR = 2a(a)-Ns+a(a)>r(Cy).

tc;((CTﬂ))ru fora € Ag \ T, it follows that

Thus, using the definition of the probabilities p, =

r(Co)2a(a)?  2r(Cpla(a)A,
E [llp¢ 1R - IRl gap®] = Y, HEoatal 2rEaat)

Wyt ten(T)r, ten(T)r,
2
_ Z [Aa - a(a)r(Ca)] - Aa2
2 TAT ten(T)r,

Now, using gap®) = ¥, \T Ag%/ry and 7(C,) < ||7]l1 for all a € Ay \ T for the right term in
the enumerator and |A, — a(a)r(C,)| < r(C,)/2 as the rounding error for the left term, yields

_gap?
ten(T)”

gpt
() = Tt (T)

71l ten(T) -

E [llp® V)2 - o3| gap?] < 7|l nm

1
4ten(T)
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Here, we used that tcn(T) < nm. This bound follows from the fact that we can always use a
minimum weight spanning tree as our choice for T. Using r, < 2s,/x,, which follows from
y > 2°m3BUC, see (3.7) and the upper and lower bounds on x, s in (3.4), yields

4 4 2 2 2
2(1+6)nmy<2(1+6)nmy o <(1+6)6y<6y

Il < e2p? - &2 20056 = 252 28 = 25 =8P
L -3 gap!!)
where we used f > 25m3/6. This yields E [[l"*V|2 - [|¢®]13] gap®] < 4tcg§(pT) O

By applying a so-called multiplicative drift theorem, see for example [DG13; DJW10], we
obtain the following result.

Lemma 3.18. Let 6 = 1/8 and assume that f > 25m3/5, y > 2°m3BUC, then the expected
number of iterations that CENTERINGSTEP takes is O(m). Moreover, CENTERINGSTEP ferminates after
O(m log* n loglog n) many iterations with probability 1 — m= for any constant ¢ > 0.

Proof. Let ¢°P' = argmin{||¢||3 : An¢@ = x}, where x = Ag¢°. Consider the random process
of sampling non-tree arcs from CeENTERINGSTEP and let S be the set of values ||(p||122 - ||(p°1°t||122
where ¢ is the flow resulting from any sequence of non-tree arc samples. Define S’ := {s €
S:s > p}, where p := 2‘862y/ mpy and note that S’ is finite and moreover the minimum Spin
of S” is lower bounded by p. Now, for t € Zs, define

<0 {n@fuﬁ el if gap® > p
0 otherwise.
as a random variable over S’ U {0} and let T be the random variable that denotes the first time
t € Zso where X) = 0. Note that the random variable T is an upper bound on the number
of iterations of CENTERINGSTEP, since gap!") < p implies that the algorithm terminates, due to
Lemmata 3.15 and 3.16. We distinguish two cases in order to bound E[X!*! — X!| X" = 5] for
any s € §’. First assume X(*1) = 0, then E[X“rl Xt Xt = 5] = E[-X!| X! = 5] = —s. Second,
if XD £ 0, then E[X"* — X!|X! = 5] < = (T)s since X! < gap) using Lemma 3.17.

In summary, E[X"*! - X![X! = 5] < = (T)s for all s € S’ and hence applying the
multiplicative drift theorem [DJW10, Theorem 3] yields

E[T|X© = 5] < % = O(ten(T) log(n)) = O(m log2 nloglogn),

where we used that sp < 10ump, see Lemma 3.14. In addition, using [DG13, Theorem 5],

we obtain the tail bound Pr[T > %

Pr[T = w(m log® nloglogn)] < m~ for any c > 0. O

] < exp(—A) for any A. Hence, we conclude that

We summarize the results so far: Algorithm 3.1 takes O(y/m log(nUC)) many iterations
in each of which it calls CenTERINGSTEP that needs O(m log® n log log 1) iterations with prob-
ability 1 — O(m~°) each of which takes polylog n time. Thus, after applying the union bound
over all iterations, we obtain that Algorithm 3.1 runs in O(md3/? log(UC)) time with high
probability.

3.5 Conclusion

We conclude by deducing the precise bound on the size of the numbers that the algorithm
has to deal with: Note that the voltages, the values of the «, as well as the currents ¢ are
each bounded in absolute value by |[R¢]l;. By using the Cauchy-Schwarz-Inequality, we
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obtain ||[Relli < v/IlI7lli - l@llr- The first factor can be bounded by /2(1 + 6)pom3/ep using
the bounds from (3.7) and (3.4). The second, analogously to the estimation in (3.5), can be
bounded by /10pum. Together with u < po = 3mpyUC/6 and 6 = 1/8, we obtain 28m3yUC
as the final bound on all numbers appearing in the centering step. The values of x and s
are bounded by (1 + 6)um/(ey) and (1 + 0)um/(ep), respectively, which yields the bounds
of 26m?BUC and 2°m?yUC. This shows Theorem 3.10. Finally, an arbitrary given min-cost
flow instance can first be scaled down, i.e., divided by its gcd, and then scaled up again with
B and y of size as described in Theorem 3.10. It follows that we can always guarantee the
bound on the size of numbers in Theorem 3.1.

In this chapter, we have seen an interior point method for the min-cost flow problem
that solely works with integer arithmetic and in this way is guaranteed to be free of any
numerical instabilities. We feel that our approach, despite the fact that it treats all numerical
details, is still fairly elegant. This is due to the fact that we compute in integers, and by this,
avoid the tediousness of floating point error analysis. Although we believe that this is not
the ultimate answer to practitioners, i.e., this approach should not be implemented exactly
as it is described here, we hope that this work can be a first step towards tackling the issue
of numerical stability of network flow interior point methods.
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Chapter 4

A Gradient Descent Approach to
Transshipment and Shortest Path

4.1 Introduction

In this chapter we turn to an undirected network flow problem, namely the asymmetric
transshipment problem that we have defined in Section 1.3. We have seen previously that
combinatorial methods for network flows are extremely fast in practice and that, although
methods from continuous optimization give superior worst-case run-time bounds, their
efficiency has not yet been transferred to actual implementations. In this chapter, we are
going to make use of one big opportunity that continuous optimization techniques have to
offer in order to become relevant for network flows in practice. That is, we are going to
make use of their eligibility for concurrent implementation. More specifically, we are going
to present a gradient descent framework for the asymmetric transshipment problem that
allows for efficient implementation in distributed and streaming models of computation,
particularly, in the so-called BRoapcast CoNgGEsT, the BrRoapcast ConGEsTED CLIQUE, and the
Mutripass STREAMING model of computation. See Section 4.3.1 for a precise description of
these models. What all these computation models have in common is that they do not
assume that the computing entity has knowledge of the complete input graph during the
execution of the algorithm, be it because it only has a local understanding (distributed
models) or be it because the graph is too large to be stored completely (streaming model).
Such computation models become increasingly interesting as computing systems become
more and more spread and data becomes larger and larger.

Although there has been a lot of research interest in distributed graph algorithms already
for some decades now, the classical network flow problems, such as the max-flow and the
min-cost flow problem, have not received too much attention until recently. The first non-
trivial results for the undirected max-flow problem in the Congest model of computation
(a less restrictive modification of the BrRoapcast Concest model) only appeared a few years
ago [Gha+15]. The technique that this result is based on, goes back to previous work by
Sherman [Shel3] and Kelner et al. [Kel+14] for computing almost maximum flows in close
to linear time in the standard RAM model of computation.

In this chapter, we report on the first non-trivial result for computing (1 + ¢)-approximate
solutions to the (undirected) min-cost flow or transshipment problem in distributed and
streaming models of computation. See Table 4.1 for the results that we obtain. For the
asymmetric variant the bounds on the number of rounds and the time complexity include
an additional factor of A2, where A > 1 is the maximum ratio of a forward and backward
weight.

We note that the reason for this recent sudden development of distributed methods for
network flow problems is that these methods are based on the continuous optimization
approaches that have only been applied to these problems in the last decade. Implementing
the classical combinatorial methods in distributed computation models seems to be more
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’ Computation Model H Our Results ‘
-2
Broapcast CONGEST ne™"polylogn
rounds
Broapcast CONGESTED g2 polylog n
CLIQUE rounds
Mutrirass ¢ 2 polylog n passes
STREAMING O(n log n) space
Y] 3/2
RAM O™ m +u5)
time

TasLe 4.1: New results for undirected transshipment in different distributed
and streaming models of computation, as well as in the standard RAM model.

challenging or even impossible. In fact, both these techniques, the one for the max-flow
problem from [Gha+15] and the one presented here for the transshipment problem, are
based on gradient descent.

The single source shortest path problem, which is a special case of the transshipment
problem (with demand vector b = 1 — nl; for some source node s), has received a lot
of attention of researchers both in standard computation models as well as in distributed,
parallel, and streaming models of computation. For the standard RAM model, thanks to
sophisticated data structures, it has been known already for a longer time how to solve the
single source shortest path problem within (near-)optimal time complexity [FT87; Tho99].
The picture for the PRAM model and also for distributed and streaming models of compu-
tation is different. Certainly, there have been advances in exact single-source shortest path
algorithms [Spe97; KS97; Coh97; BTZ98; S599; Cen+15; Gall6; Elk17], and also in methods
that compute (1 + ¢)-approximate solutions [Coh00; Mil+15; HKN16; EN16]. Nevertheless,
near-optimal bounds (up to log-factors) have not been known until the work that we report
on in this chapter. Our results and previous best results are summarized in Table 4.2.

] Computation model H Previous results \ Our results ‘
O(y/log 1 log(¢~1log 1) -2
Broapcast Concest || (V1 +D) 2 (Viogntog(eHogm) | (i + D)e”* polylog
rounds [HKN16] rounds
BroapcasT CONGESTED 20(Vlog nlog(e~logn)) 2
¢7* polylog n rounds
CLIQUE rounds [HKN16]
MuLTIPASS 2+ E—l)O(\/log nloglogn) passes ¢2 polylog n passes
STREAMING O(n log? ) space [EN16] O(n logn) space

TasLE 4.2: Previous results and new results for single source shortest path in
different distributed and streaming models of computation. Here D denotes
the diameter of the graph.

Again, for the asymmetric variant, the bounds on the number of rounds and passes in-
clude an additional factor of A2. We remark that in the Congest model and also in the more
restrictive BrRoapcast Congest model a lower bound of Q(v/n/log n + D) is known [Sar+12],
where D denotes the diameter of the input graph. Thus our result is the first to reach
this lower bound up to logarithmic factors. It is also worthwhile to note that the previous
fastest results for (1 + ¢)-approximate single source shortest path in these models of compu-
tation [HKN16; EN16] follow a similar framework based on sparse hop set. The recent lower
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bounds by Abboud et al. [ABP17] exclude the possibility of an approach based on this frame-
work that achieves near-optimality like ours does. Also in the MuLripass STREAMING model,
we match a lower bound: By setting ¢ small enough, we can compute distances up to the value
log n exactly in integer-weighted graphs using polylog n passes and O(n log 1) space. Thus,
up to poly-logarithmic factors in 7, our result matches the lower bound of n'*1/P) /poly p
space for all algorithms that decide in p passes if the distance between two fixed nodes in an
unweighted undirected graph is at most 2(p + 1) for any p = O(log 1 /loglog n) [GO16].

Structure of the Remainder of this Chapter. The rest of this chapter is structured as
follows: We introduce the gradient descent framework that achieves the above described
results in Section 4.2 and present how to implement this framework in the different models
of computation in Section 4.3. We conclude in Section 4.4.

4.2 Gradient Descent

Recall the asymmetric transshipment problem as defined in (1.1). Recall that we denoted
with A € {~1,0,1}"™?" the node-arc-incidence matrix of the bidirected graph. As before,
we pick the orientation E™ such that w* > w™ > 1! and denote analogously to the node-arc
incidence matrix with A := E~ U —E the set of directed both forward and backward arcs,
and with G = (V, A) the bidirected graph corresponding to G = (V, E). Moreover, we define
A = max{w} /w; : e € E} > 1 as the maximum ratio over all arcs between a forward and a
backward weight and let W = diag(w*, w™~) denote the 2m X 2m diagonal matrix containing
the forward and backward weights. Thus, (1.1) leads to the primal/dual problem pair

P*Y™(G,w,b): min{1"Wx: Ax =b,x 2 0} =max{b"y : WA Ty)max <1} (4.1)

Here, the dual program asks for potentials y such that for each arc (v, w) € E, Yy — Y < Wow,
maximizing b7 y. In the special case of single source shortest path with source s € V, we
have b = 1 — n1;. An optimal primal solution x* is given by routing, for each s # v € V, one
unit of flow along a shortest path from s to v, and optimal potentials y* are given by setting
v, to the distance from s to v.

4.2.1 Gradient Descent Overview

We will employ gradient descent on a suitable potential function to converge to a near-
optimal solution of the asymmetric transshipment problem. Our hope is to require few
(poly-logarithmically many) iterations of the gradient descent that allow for efficient imple-
mentation in the aforementioned distributed and streaming models of computation. Our
(unconstrained, adaptive step size, minimizing) gradient descent algorithm works as follows:

1. Pick a differentiable convex potential function that reflects the objective well and does
not change too quickly.

2. Find a reasonable starting solution (a poor approximation typically suffices).

3. Proceed in iterations. In each iteration:

Note that we can exclude 0 as an edge weight, since this is only a mild restriction: Given weights w, we can
always generate new weights w’ with w, = 1+ [n/¢] - w, while preserving at least one of the shortest paths
between each pair of nodes as well as (1 + ¢)-approximations. As we assume edge weights to be integer we can
assume that ¢ > 1/(n||w||w) (as otherwise it is required to compute an exact solution) and thus our asymptotic
running time bounds are not affected by this modification.
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(a) Determine the gradient of the potential function at the current solution and a
direction for the update in which the gradient indicates that the potential reduces
quickly.

(b) Choose a large step size, under the constraint that the gradient does not change
too much along the way, and update the solution according to direction and step
size.

(c) Check whether the solution is sufficiently close to the optimum. If yes, terminate
and return the current solution. Otherwise, proceed with the next iteration.

Since the primal and dual program in (4.1) both have constraints and we have to handle this
issue somehow (there are several ways of doing this), we rephrase the (dual) problem so that
it includes a single equality constraint.

This strategy requires to overcome a number of challenges, which we discuss before
proceeding to presenting the high-level algorithm. First, we show that a sparse spanner
gives rise to an efficient oracle yielding approximate solutions to transshipment problems in
Section 4.2.2. This oracle provides a sufficiently good starting solution and, more importantly,
is our tool for determining good update directions for the gradient descent steps. We then
proceed to rephrasing the problem and defining a suitable potential in Section 4.2.3. We also
analyze its gradient to establish the key properties needed for showing that the update steps
guarantee fast progress and, at termination, a close-to-optimal solution. In Section 4.2.4, we
state the pseudocode of the algorithm and prove its correctness and running time. As the
algorithm computes a dual solution only, we will then show how to also obtain a primal
solution from one additional call to the oracle, under the condition that the oracle is capable
of providing not only dual, but also primal solutions. The oracle that we will introduce in
Section 4.2.2 will meet this criterion.

4.2.2 An Efficient Oracle for O(log n)-approximate Solutions

We have mentioned that we need an oracle that provides approximate solutions to the trans-
shipment problem and variants of it, both for the initial solution as well as for determining
a good update direction. We introduce a specific implementation of such an oracle based on
sparse spanners in this section.

Definition 4.1 (Spanner). Given an undirected graph G = (V, E) with (symmetric) edge weights w
and a > 1, an a-spanner of G is a subgraph (V,E’, w|g/), E’ C E, in which distances are at most by
factor a larger than in G.

In other words, a spanner removes edges from G while approximately preserving dis-
tances. It is well-known that for every undirected graph we can efficiently compute an
a-spanner of size O(n log n) with a = O(log n). We will discuss derandomized implementa-
tions of the Baswana-Sen spanner construction [BS07] suitable for the computational models
under consideration in Section 4.3. In all considered models of computation, the sparse
representation of the approximate distance structure of the graph can be kept “available,”
i.e., in the Broabpcast CoNGesTED CLIQUE and Broabpcast Congest models, we can make a
spanner globally known, and in the MuLripass STREAMING model we may keep a spanner in
memory, see Section 4.3.

Note that in the asymmetric case, an undirected a-spanner construction cannot be directly
applied to G. However, we can instead consider the symmetrized problem

PY™G,w,b): min{1TW_x: Ax =b,x >0} =max{bTy : W'ATy)max <1},  (4.2)

where W_ = diag(w~, w™). Note that this is just the undirected transshipment problem with
symmetric weights w™.
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Observation 4.2. A feasible primal-dual pair x, y of PY™(G, w, b) is a feasible primal-dual pair of
P3Y™N (G, w,b), with 1TW_x < 1TWx < AMTW_x, i.e., the primal objective increases by a factor
between 1 and A and the dual objective value is the same.

We thus obtain the following lemma.

Lemma 4.3. Given an a-spanner S for the undirected graph G = (V, E) with weights w™ and any
demand vector b € R" with b™1 = 0. Let x,y be an optimal primal-dual pair for P*Y™(S,w, ).
Then x, a~'y is a feasible primal-dual pair in P2Y™(G, w, b) such that 1T Wx < abT(a"ly).

Proof. Observe that any feasible primal solution on the spanner S (padded with 0-entries for
edges not in S) is feasible to the asymmetric transshipment problem on G. We show that
a~'y, whose objective is by factor & smaller than that of v, is a feasible dual solution for the
asymmetric transshipment problem on G. As the objectives of x and y on the spanner and
the padded x on G are identical, this proves the claim.

Let {v,w} = e € E be arbitrary. By definition of a spanner, there must be a path p, of
weight Zefepe w,, at most aw, in S. We have

— ATyl

(WLATy), < Yo = Yol 24 i I_wa “yol 2o Y W 2oy e g
we we we we
Thus, (WZ'AT(a71y))max < 1, i-e., a”ly is feasible in G. O

As mentioned before, we need to restrict our updates to maintain a certain constraint.
This constraint is that update steps must be orthogonal to b. Thus, for any demand vector b,
instead of (4.2), we will consider the primal/dual problem pair

min{1"W_x : Ax +zb = b, x > 0}

PY™ (G, w, b) : -
( ) = max{bTy : (W'ATy)max < 1and b7y = 0},

(4.3)

where L symbolizes that orthogonality with respect to b is enforced in the dual. This
additional constraint is reflected in the primal by relaxing the equality constraints to Ax =
b — zb, i.e., shifting the demands by an arbitrary multiple of b. Note that feasible primal
solutions of (4.3) on a spanner are still feasible on G (after padding), and scaling dual
solutions does not affect whether b”y = 0 or not. Hence the same arguments as before yield
that an a-approximate pair can be computed based on an a-spanner of G and an optimal
solution on it.

Corollary 4.4. Given an a-spanner S for G = (V, E) with weights w™ and any demand vector
b € R" with bT1 = 0. Let x, y be an optimal primal-dual pair for PY™ (S, w, b). Then x, alyis
a feasible primal-dual pair in PY™ (G, w, b) with 1”TW_x < abT(a"1y).

4.2.3 Potential Function for the Gradient Descent

In what follows, we consider a fixed instance of the asymmetric transshipment problem, i.e.,
G, w and b are fixed, and denote by y* an optimal solution of the dual of P**Y™(G, w, b),
ie, bTy* = max{bTy : (W 'ATy)max < 1}. We relate the dual program to another linear
program that normalizes the objective to 1 and seeks to minimize (W AT y)max instead:

PG, w,b): min{(W AT m)max : b7t = 1}. (4.4)

Let us denote by 7* an optimal solution to P™(G, w, b). There is a straightforward corre-
spondence between feasible solutions of the dual of P*Y™(G, w, b) and feasible solutions of
Prc(G,w, b). This correspondence is captured by the following lemma.
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Lemma4.5. 1. If 7 is feasible for P*°(G, w, b) and satisfies (W AT 70)max > O, then f(m) :=
71/(WLAT 1) max defines a feasible solution of the dual of P*Y™(G, w, b). Feasible solutions
y of the dual of P*™(G,w,b) that satisfy bTy > 0 are mapped to feasible solutions of
Prei(G, w, b) via g(y) := y/bTy.

2. The map f(-) preserves the approximation ratio. Namely, for any y > 1, if 7 is a solution of
of P™(G, w, b) within factor y of the optimum, i.e., W AT)max < ¥ - (W TATT)may,
then f(m) is feasible for the dual in of P*Y™ (G, w, b) and within factor y of the optimum, i.e.,
bT f(r) = y~ 1Ty

Proof. 1. Let  be feasible for P™(G,w,b) , ie., bTn = 1, with (W TAT)max > 0.
Then clearly (WL AT £(71))max = (W‘lATm)maX = 1 and thus f(m) is feasible
for the dual in P?Y™(G, w, b). For the other direction, let y be feasible for the dual
in P*Y™(G,w,b), ie., (WTATy)max < 1, and let y satisfy b7y > 0. Then bTg(y) =
bT% =1 and thus g(y) is feasible for P™%(G, w, b) .

2. Recall that b # 0 and b'1 = 0. As b/(W 'ATb)nay is feasible for the dual in
PaY™(G,w,b) and bTh > 0, we have that bTy* > 0. Thus, y* # r-1 for all r €
R, ie., there are v,w € V with y; # vy;,. As G is connected, this entails that
(WATY*)max > 0. Hence, g(y*) is feasible for P™(G, w,b) and has positive ob-
jective, i.e., (W‘lATg(y*))maX = (W‘lATy*)max/bTy* > 0. In particular, we have that
(WTAT 1) max > 0. Accordingly, if 7 is a y-approximation of P™%(G,w,b) , then
(WTAT70)max > 0 and

b S 1 S 1
(W_lATT()max B y(w_lATn*)max B )/(W_lATg(y*))max
bTyx- bTy*
= > .
)/(W_lATy*)max )4

In other words, it is sufficient to determine a (1 + ¢)-approximation to P™%(G, w, b)
in order to obtain a (1 + ¢)-approximation to the dual in P*Y™(G,w,b). We have now
translated the dual maximization problem of P*Y™(G, w, b) in (4.1), which has inequality
constraints, into a minimization problem with a single equality constraint b7 = 0. This
would enable us to employ projected gradient descent in the b' 7t = 0 plane, if it was not
for the fact that the objective (W=LAT 1) max is not differentiable. To overcome this issue, we
use the standard approach of “smoothing” the gradient by approximating the objective by a
differentiable function. For the maximum value of a vector, a suitable candidate is given by
the log-sum-exponent (or softmax) function. For vectors v € RY, it is defined as

1
Iseg (v) := Eln(z eﬁvf),
ie[d)

where the parameter > 0 determines the trade-off between accuracy of approximation and
“smoothness”. More precisely, observe that

bT f(m) =

O]

(U)max < lseﬁ (U) < 1 ln(z ﬁ

eﬁ(v)max — l 11'1 (deﬁ(v)max) = (’())max + M, (45)
i€[d] ﬁ

because both In and e are increasing. Thus for f — oo, the approximation error tends to
zero. Furthermore, the 1-norm of the gradient Vlseg (+) is f-Lipschitz continuous w.r.t. the
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co-norm (see, e.g., [Shel3]), i.e.,
Vz,z’ € RY: IV1seg (z) — Visep (z') [l < Bllz = 2’|l (4.6)

Recall that our goal is to find = € R” thatis a (1 + ¢)-approximate feasible solution to (4.4).
Accordingly, we define the potential function

g (1) := Iseg (W_lATn) )

Note that ®g(-) is convex for any g, as it is constructed by composing Iseg (-), which is convex
for any $ with linear functions. We will vary f over the course of the algorithm to balance
the requirement of a sufficiently accurate approximation of (W=1AT 7t)ax with the need for
small g, i.e., a smooth gradient.

Concerning the approximation guarantee, our target of a (1 + ¢)-approximation entails
that the potential must be a more accurate approximation to the objective. Accordingly, we
will ensure that

Dp(m) < (1 4 Z) (W AT 1) e 4.7)

This follows directly by (4.5) and 41In(2m) < ¢B(W AT 7t)max, which will be an invariant in
the algorithm. For later use, we also record another property this approximation guarantee
entails. As @g(-) is conve, it follows that

In(2m)
p

To understand the effect of  on the progress of the gradient descent, we examine the
gradient of the potential function. As W=! and AT are linear functions,

nTVy(1) = Dp() — Dp(0) = Dy(7r) - > (1 - Z) Dp(0). 4.8)

Vg(n) = AW 'Viseg (W'ATR). (4.9)
We can now show the following lemma. Recall that W_ = diag(w~, w™).

Lemma 4.6. Forall 7, h € R" it holds that |V(Dl;(7'()Th — Vdg(rt - )Th| < BWZ1ATh)2

max-*

Proof. The proof is an easy calculation that uses Holder’s inequality? and the Lipschitz
continuity of the gradient from (4.6):

49 (

V(1) - VO — )T h| | (V1ses (W1ATR) = Vises (WLAT (m - 1)) w—lATh)

< |Vises (W AT R) - Viseg (WA (n - h))”1 WA H]|,

4.6)
< BIWLATH|2, = (WZLATh)2

max /
where the last step uses that w; > w, foralle € E. O

Intuitively, we decomposed the gradient into the p-Lipschitz continuous part given by
the lseg () function and the derivative AW of the “inner” function. This means that the
“length” of an update step h will be measured in terms of (WZTATH) max. Using this bound,
for a given step direction & we can now determine the step size that maximizes the progress
in direction of & as a function of V®g(m).

2[t holds that |z72/| < llzllp + l1z’|l4 for any p, g > 1 satisfying p~1+47 1 =1 (where co™! = ().
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Lemma 4.7 (Additive Decrement of ®3). Suppose 7,h € R" satisfy V(I)ﬁ(n)Th > 0 and
(WZ'ATh)max < 1. Then, for & := V®g(10)" h it holds that

CI)ﬁ(n - %) < Og(m) - %

Proof. Letusdenote 1 := %. The proof again uses that ®g(-) is convex and applies Lemma 4.6:
Dp(rt — h) — Dy(r) < =V (1 = ) Tt + V()T Tt = V() i

PWIIATHYZ . 62 - 62
4p 287 4p

< BWZTATR)Z - Vs(m)Th =

As this lemma shows, we make  small in order to ensure large progress. However,
progress with respect to ®g(-) is meaningless if it does not provide a sufficiently accurate
approximation of the true objective (W-1AT (-))max, so we will increase  only when it becomes
necessary to ensure (4.7). Upper bounding $ turns the additive guarantee into a relative one.

Corollary 4.8 (Multiplicative Decrement of ®g). Suppose 7,h € R" satisfy V®z(m)Th > 0,
(WZTATR)max < 1, and ep®p(nt) < 101n(2m). Then, for 6 := V®@q(r0)"h it holds that

oh ed?
(Dﬁ(“ B E) = (1 T 40 ln(2m)) ().

4.2.4 Generic Algorithm

We now present the pseudocode of the generic gradient descent algorithm for a (1 + ¢)-
approximate solution to the dual of P*Y™(G, w, b) in (4.1). As mentioned before, the algo-
rithm actually computes a (1 + ¢)-approximate solution 7 to P*(G, w, b) in (4.4) and then
returns 70/ (W AT t)max. The algorithm is generic in the sense that the performed compu-
tations need to be implemented in model-specific ways, which is discussed in Section 4.3.

Algorithm 4.1: GrabientTrRANSSHIP (G, b, €)

1 compute (aA)-approximation 7 to (4.4) // use oracle, Obs. 4.2, and Lemma 4.5
2 sete’ =1

3 repeat

4 set &’ « %

5 set § := %
6 repeat

7 compute a@-approximate solution / to

max {V(Dﬁ(n)Tfl : (W AT)max < Tand bTh = 0}.

// use oracle with weights w~ and demands b = V®g(mt) (Cor. 4.4)
8 set 6 := Vg(rt)Th

9 if6>ﬁthenn<—n—%

. 41In(2
10 while g < e’(W‘ln(TTn;))mM do 8 < 28 // happens only when ¢’ =1
11 until 6 < gt // current 7 is a (1+ ¢’)-approximate solution

12 until ¢’ < ¢
13 return 77/ (W TAT 1) max // Lemma 4.5
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The pseudo-code is given in Algorithm 4.1. The algorithm first computes a starting
solution. This can be done by calling the oracle on the symmetrized problem (4.2), which
by Observation 4.2 yields an (aA)-approximation to (4.1), and then rescaling according to
Lemma 4.5. As trying to enforce a too precise approximation initially slows down progress,
the algorithm initializes ¢’ as a constant (the choice of 1 is, neglecting technicalities, arbitrary).
Then it starts an outer loop decreasing ¢’ exponentially. It sets 8 to a suitable value and then
starts the inner loop, which performs gradient descent steps until the step size becomes too
small to ensure fast progress, i.e.,, 6 < ﬁ. As in the first iteration of the outer loop, the
potential may decrease dramatically (we go from an a-approximation to a -approximation),
Line 10 adjusts f if necessary. As we will show, this implies that at termination of the inner
loop, the current solution is a (1 + ¢’)-approximation.

Each gradient descent step consists of the following steps:

1. Compute V®g(7).

2. Compute an a-approximate solution / to
max {Vfbﬁ(rc)sz c(W'ATh)max < 1and bTh = 0} ,

i.e., of (4.3) with demands V®g (7). This is done by calling the oracle (for the constrained
problem). This optimization problem maximizes the rate of progress “in units of
Wz 1ATh)max,” which in turn determines the step size, see Corollary 4.8.

3. Determine the step size in accordance with Corollary 4.8 and check whether 6 is small
enough to prove that the current 7 is a (1 + ¢’)-approximation. If yes, the inner loop
terminates; if not, the step is executed.

4. Scale up p if it became too small.

Returning a primal solution. As given, the algorithm relies on a dual oracle only and also
returns only a dual solution. For a primal solution, we require the oracle to provide an
a-approximate primal-dual pair to the constrained problem (4.3) (with demands V®g(m)).?
Denote by 7 the dual solution that yields the output 7t/(W AT 1) max of Algorithm 4.1.

Observation 4.9. The vector ¥ = W™'V1seg (W~1AT 1) satisfies
>0, Ax=Vd(n), and 1"Wx=1 (4.10)

Proof. By (4.9), AX = V®y(m). For the other two properties, we let v = W' AT 7 and observe
that for any a € A, it holds that

1 ePua 1 ePua
P >0 and nTsz—Zﬁ—zl O

1
X, = —Vlises(v), = ——=—+—
‘ Wy P ( )a ﬁwa ZaeA eb ﬁ TeA ZaeA ebs

Conveniently, this ¥ is a complimentary byproduct of evaluating V®g(7) in the last
iteration of the algorithm, by storing the intermediate result before the final multiplication
with A, see (4.9). Recall that in its final iteration, the algorithm computes an a-approximate
dual solution h to PY™+(G, w, Vdg(m)), see (4.3), where 7 is such that 7t/(W AT 7).y is
the return value of the algorithm. Le., I is an a-approximate dual solution to the program

min{1"W_f : Af +zb = V&4(n), f > 0}
= max{VCI)ﬁ(Tc)sz :(WrATh)max < Tand b7y = 0},

3Actually, the primal solution is exclusively required on termination to generate a primal solution to (4.1).
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where we use f and  to denote the variables for the sake of distinction from the original
problem. An ¥ as above is useful for constructing a primal solution, as we can use it to cancel
out the demands in the primal program and then rescale according to z.

Observation 4.10. For any given € R.q, © € R" with bT it = 1, primal solution (f, z) € Rzz’g xR
to PY™ (G, w, VDg(n)) satisfying z > 0, and & € R¥" satisfying (4.10), write f = [j:] with f*
and f~ being of dimension m, respectively. Then a primal solution to P*Y™ (G, w, b), see (4.1), is
given by x := (¥ + [;])/z.

Proof. Note that we will see in the proof of Lemma 4.11 that z > 0 holds for any feasible
primal solution of PY™ (G, w, V®g(m)). Thus all of %, f, and z are non-negative, and the

same follows for x. It holds that Ax = b, since A[§+] = —Af = —V®g(n) + zb, as for each
e € E we have a forward and a backward arc. O

The intuition regarding why this should be a “good” primal solution to (4.1) is as follows.
Any 7’ minimizing ®g(-) must satisfy that V®s(n’)Th = 0 for any h with b™h = 0. Thus,
V®g(n’) is parallel to b. For a near-optimal solution 7= we have that V®g(7) is almost parallel
to b, as the gradient restricted to the hTb = 0 plane is small. Accordingly, the “cost” of the
correction, given by 17W f (which relates to 17 W_ f), is small. The role of the scaling factor
z is to undo the normalization of (4.1) we performed by transitioning to problem (4.4).

Proof of correctness. We show the approximation guarantee of the algorithm by argu-
ing that for any & satisfying (4.10) and (f,z), h as above, the pair (x,y), where y :=
/(W TAT ) max is the return value of the algorithm, is a (1 + ¢)-approximate pair, i.e.,
1TWx < (1+ ¢)bTy. In particular, both x and y are (1 + ¢)-approximate solutions. We stress,
however, that Algorithm 4.1 does not need to compute ( f, z); we merely exploit its existence
for proving the approximation guarantee. The advantage of this approach is that we also
learn that the above recipe for constructing a primal solution works. Thus, to determine a
primal solution in case this is required, all we need is that the oracle indeed can provide
such an (f, z). Note that, by Corollary 4.4, the oracle we use throughout this work has this
capability.

Lemma 4.11 (Correctness of Algorithm 4.1). Let0 < ¢ <1,
e 1t € R" be such that y := 71/ (WLAT 1) max is the return value of Algorithm 4.1,

* (f,z) e R xRand h € R" be an a-approximate pair for PY™+(G, w, V®p(n)), where B is
the value of B in the algorithm at termination,

* Xe Ré’g satisfying (4.10), and
o x:=(F+ [?1])/1

Then (x,y) is a (1 + €)-approximate pair for P*Y™(G,w, b), i.e., it holds that Ax = b, x > 0,
(WA Y ) max < 1, and 1TWx < (1 + €)bTy.

Proof. Due to termination of the algorithm, we have that ¢’ < ¢ and 6 < g'5, yielding that
The & &
Vdg(r)" h < Sal = 8a’ (4.11)
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Note that, as f > 0, [W_fll; = 1TW_f. As Af +zb = V®g(m), we get zn'h = HTV(Dﬁ(TC) -
nTA f and since bTn =1, it holds that

(4.8)
z = nTV(IDﬁ(T() — T(TAf > (1 - Z) (D‘g(T() - TCTAW__lw_f
(4.5)

> (1 - Z) (WLAT M) max — (WLAT ) TW £
Using Holder’s inequality and [|[WZ'AT 7t||ee = (WZ'AT 1) max, we get
€ _ _
22 (1= 5) W2 AT e — 1WA el IW-
= (1-5-1"w. £) WL AT T

Since (f,z),h is an a-approximate pair, it holds that 1TW_f < aV®g(n)"h. Together
with (4.11), this leads

z> (1 - Z - aV@ﬁ(ﬂ)Th) WTAT 1) max = (1 - 3{) (WAT 1) max. (4.12)

In particular, z > 0 and, by Observation 4.10 and Lemma 4.5, x and y are indeed feasible
primal and dual solutions of P*Y™(G, w, b), respectively.

Itremains to show that 1T Wx < (1+¢)bTy. Wefirstobservethat]lTW[Jf(;] < A]ITW_[;] =
AMTW_f < AaV®g(n)Th, where the last inequality holds again since (f,z),h is an a-

approximate pair. Together with 17 WX < 1 + £ by assumption this gives
1+ £+ AaVog(n)Th @1y 1+ £ @12 1+% e<1 1+¢
< < <
z z (1-38) WAT ) max — (WZTAT T)max
=(1+e)ply. O]

1"TWx <

Corollary 4.12. Suppose 0 < ¢ < 1. Whenever the inner loop of Algorithm 4.1 terminates, the
current 1t is a (1 + &’)-approximate dual solution to (4.1).

Proof. If we ran the algorithm for ¢ = ¢’, it would perform exactly the same computations up
to that point and then terminate. Noting that an optimal primal solution ( f, z) for the problem
posed to the oracle in the last iteration and, by Observation 4.10, X = w-lv lsel; (W‘lATTc)
satisfy the preconditions of Lemma 4.11, the claim follows. O

Bounding the number of iterations. We now examine how many iterations Algorithm 4.1
requires to terminate. This reduces the task of bounding the overall running time to de-
termining the cost of implementing a single iteration, which depends on the specific model
of computation. To this end, we first prove a helper statement showing that the algorithm
maintains suitable values of , and how adjusting f affects ®g(m).

Lemma 4.13. Except immediately after updates of ¢’ or 7t (i.e., before adjusting p in the subsequent
lines), Algorithm GRADIENTTRANSSHIP maintains the invariant that

4In(2m) < &'B(W AT )max < €’BDp(11) < 101n(2m).

In particular, ®g() < (1 + %’)(W‘lATn)max.

Proof. First, observe that 4In(2m) < &’B (WLAT 1) max follows immediately from Lines 5 and
10. By (4.5), this implies (4.7), i.e., the last statement of the lemma. As (W AT 70)may < Dg(m)
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for any B, it remains to show that ¢’dg(n) < 10In(2m). Note that ¢’f(W AT )pay <
8In(2m) implies that

, , &’ C1AT e'<1
Eﬁq)ﬁ(T()SEIB 1+Z (WA Tmax < 10In(2m).

Thus, the statement always holds after executing Line 5 or adjusting f according to Line 10.
This leaves only the possibility that updates of @ cause a violation while g is not adjusted.
However, Lemma 4.7 shows that updates of m may only decrease the potential, completing
the proof. O

Lemma 4.14 (Number of iterations of Algorithm 4.1). Suppose that 0 < ¢ < 1. Then Algorithm
GraDIENTTRANSsHIP performs O((¢ 72 + log a + log A)a? A% log n) iterations of its inner loop.

Proof. Denote by 7 and Bi, 0 < i <imax = [log ¢717], the values of 7 and p at the beginning
the (i+1)-stiteration of the outer loop, where 7t(im=) and g;__denote the values at termination.
Refer to the i-th iteration as phase i and denote by ¢; = 27/ the value of ¢’ during this loop
iteration.

Lemma 4.13 shows that the preconditions of Corollary 4.8 are satisfied by each update
of T. As 6 < = implies termination of the inner loop, as long as the inner loop does not

= 8Aa
terminate, the corollary shows that the potential decreases by a factor of at least

2 3
81'6 i
1-—| < |1- =: q;.
401In(2m) 256002 A2 In(2m)

However, when doubling 8 in Line 10, the potential might increase. As, after Line 10 we have
that ®g(m) < (1 + %)(W‘lATn)max again by Lemma 4.13 and since, for any §, it holds that
Dp(11) > (WLAT 1) may, the increase in potential due to an update of B according to Line 10
is multiplicatively bounded by 1 + 3. Observe that § can be doubled no more than

ti=1 (W_lATn(i_l))max <1o (W_lATn(i_l))max
o WIATZO), )= 8\ (W AT 1)

times in phase i. First, note that for i = 1, as 7©® is an (aA)-approximation, we have
that t; < log(aA). For all i > 1, by Corollary 4.12, we have that (WTATR=D) o <
1+ ;i)W TAT ) max < 2OW AT 1) max and thus ¢; < 1, hence t; = 0.4

Denote by f’ the value of § when the inner loop terminates at the end of phase i and by
k; the number of iterations in this phase. Using that (Dﬁi_l(n(i_l)) <(1+ %)(W‘lATn(i‘l))max
by Lemma 4.13, we can bound

i ; i\ ti :
(W_lATn*)max < (W_lATTC(Z))max < (Dﬁ;(ﬂ(l)) < qu (1 + %) q),gi—l(n(l_l))

A\ B+l .
< gk (1 + %) (W IAT =)

Now, we distinguish cases. First consider the case i = 1. Then (WATr(=V) . =
(WTAT7 @) < a AW TAT 2*) nax. Moreover, using that #; < log(aA), we conclude that

(1+ %)“” <28+l <29 ). Thus

W AT ) max < 71 (W AT 1) max - 20222

4This qualifies the comment in Line 10 of the algorithm.
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and rearranging and taking the logarithm yields k1 < log(2a?A?)/logq;' = O(a®A%logn -
log(aA)). In the other case, where i > 1, it holds that (=Y was already an ¢;_j-approximate
solution, thus (W AT D) o < (1 + €;2) (W TAT %) max and £ = 0. Hence in this case

- * i &i - * i - *
(WA ) max < 4F (1 + Zl)(l e ) WA )y < 0 (WTLAT ) - (1 4+ 3e5),

where the last inequality uses that ¢; = ¢;_1/2. Rearranging and taking the logarithm yields

log(1+¢;) _ 0
—-loggq; —

is bounded by

k,‘<

(s;zaz/\z ln(Zm)). Summing over all phases i, the total number of iterations

Tmax Imax

Z ki = O([log(a/\) + Z 72| a?A? log(n)) = O([e‘2 +loga +log A|a*A? log(n)). O
i=1 i=2
The bound on the number of iterations of the algorithm readily translates to one on the

specific operations the algorithm performs.

Corollary 4.15. Algorithm GrapieNTTRANSSHIP can be executed using a total of O((¢72 + log o +
log A)a?A2log n) operations of the following types:

e oracle call

computation of (W AT 70)max for a given 1

computation of Vg (1) for given  and 1t

o scalar product b h for given b and h

* comparisons of and multiplications with scalar values

We summarize the results of this section in the following theorem.

Theorem 4.16. Given an oracle that computes a-approximate dual solutions to (4.3), Algorithm
GRrADIENTTRANSSHIP computes a (1 + €)-approximate dual solution to the asymmetric transshipment
problem (4.1) calling the oracle O((¢ 72 + log a + log A)a® A2 log n) times.

If, on termination of the algorithm, the oracle provides an a-approximate primal-dual pair of
solutions to (4.3), the algorithm can compute a (1 + ¢)-approximate primal-dual pair of solutions to
(4.1) with the same number of oracle calls.

4.2.5 Single-Source Shortest Paths

In the special case of single-source shortest path, the main theorem of the previous section
unfortunately does not provide a satisfactory result. Namely, a (1 + ¢)-approximate primal-
dual pair neither provides, for every node, a distance estimate within a factor of 1 + ¢, nor
a path from that node to the source that is within factor 1 + ¢ of the shortest path. What it
does provide is only distance estimates that are good on average as b’ y is equal to the sum
of all distance estimates (can be seen by shifting y such that y; = 0 for the source node s). In
this section, our goal is to give a method that delivers both the above mentioned guarantees,
namely, we are going to show how to compute a tree T such that the path along the tree from
any node to the source is a (1 + ¢)-approximate shortest path. Moreover, the length of that
path also constitutes a (1 + ¢)-approximation to the distance of the node to the source.

We start with a well-known structural result: For any transshipment problem, there is
always an optimal primal solution whose edges with non-zero flow form a forest. This is
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a well-known result of the structure of linear programs, see for example [AMO93, Theo-
rem 11.1] for the case of the min-cost flow problem. For completeness, we directly prove the
statement here.

Lemma 4.17. The problem P*Y™(G, w, b), see (4.1), has an optimal primal solution that sends flow
only along the arcs of a forest.

Proof. Suppose x € R¥" is an optimal primal solution and let C be any cycle such that for
eacha € C, x, # 0. Consistently direct C. Let f € R?" (not necessarily satisfying f > 0)
send min{x, : a € C} units of flow in positive direction around C, so that f, # 0 implies
x, # 0. By construction, both x — f > 0and x + f > 0 and, as Cisacycle, Af =0, i.e,
A(x — f) = A(x + f) = Ax = b. Thus, both x — f and x + f are feasible. Note that x — f
or x + f satisfies that there is an arc less on C carrying flow; assume w.l.o.g. it is x — f.
We claim that 1TW(x — f) = 1TWx. Assuming for contradiction that this is false, either
1TWx - f) =1TWx - 1TWf < 1TWx or 1TW(x + f) < 1TWx, i.e., either x — f or x + f
has smaller objective than x, contradicting its optimality. We conclude that x — f is also an
optimal solution. The claim now follows by inductively repeating the argument until no
cycles remain. O

Our approach to compute the tree solution is based on a simple sampling procedure
using Algorithm 4.1 as a subroutine. The idea, which relies on our specific choice of a
spanner-based oracle, is as follows:

1. Run Algorithm 4.1 for ¢’ := ¢ and denote by x the returned primal solution.

2. For each node v € V, partition its incoming arcs a € 6{2(v) with x, > 0 into classes
in which arc weights differ by a factor of at most 2.5 For an ingoing arc a, denoting
by f, the sum of flows of arcs in the class of a, sample a with probability (roughly)
min{(2Aa + 1)x,/ fa, 1}.

3. We show that an optimal solution using only sampled and spanner arcs is a (1 + 2¢’)-
approximation with probability at least 2/3, and that we can bound the number of arcs
sampled by the procedure by O(aAn log n) with probability at least 2/3.

4. We abort the procedure if more arcs are selected. Otherwise, we compute and return
an optimum tree solution on the selected arc set. By the union bound, we thus obtain
a (1 + &)-approximation using only the spanner arcs and O(aAn logn) sampled arcs
with probability at least 3.

5. To obtain a Las Vegas algorithm, we simply repeat the procedure until a good solution
is obtained; this can be checked by comparing the objective value of the obtained tree
solution to the one of the dual solution returned by Algorithm 4.1.

The second last step exploits that in the computational models that are considered in this
chapter for the single source shortest path problem, operations on a sparse graph are cheap;
thus, we can compute an optimal tree solution on this set of arcs being of nearly linear size.
Note that thus this strategy is tied to using an oracle based on a sparse graph.

In order to prove the correctness of the above procedure, we decompose x =: x? +
x°, where the arcs with non-zero flow in x? form a directed acyclic graph (DAG). Such a
decomposition is always feasible, which again is a standard property whose proof we give
for completeness. Note that it resembles the proof of Lemma 4.17.

Note that it is straightforward to ensure that there are only O(log 1) classes. We will get back to this at the
end of this section.
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Lemma 4.18. Any primal solution x € Rzz’g to PY™ (G, w, b) can be decomposed into a feasible
solution x? inducing a DAG and x° > 0 satisfying Ax° = 0.

Proof. Let C be any consistently oriented cycle so that for each arca € C, x, > 0 (if no such C
exists, x? := x and x° = 0 meet the claim of the lemma). Let f € R?" denote the flow that
sends min{x, : 2 € C} units of flow in positive direction “around” C. By construction both
f and x — f are feasible, and x — f has one arc less carrying non-zero flow, namely the arc
corresponding to the minimizer in the definition of f. The claim now follows by inductively
repeating the argument until no directed cycles remain. The value of x° is the sum of the
flows f from the individual steps. O

We would like to sample from x?, but have to face the “disturbance” by x°. We will
exploit that the flow x° is “cheap” to bound its effect on the sampled solution. Let us fix
the following notation. Again, let x € R2™ be the primal solution for P*Y™(G, w, b) returned
by Algorithm 4.1 when called with accuracy parameter ¢’ := ¢/6. Decompose x =: x¥ + x°

according to Lemma 4.18 and define bg = x¢(6ig(v)).

Lemma 4.19. Suppose that b, > 0 forallv € V' \ {s}. Let each v € V with bS >0 sample one edge,
where the probability to choose arc a € 52(v) is x% /b3, Then the resulting arc set is a directed tree T

rooted at the source s spanning all nodes with non-zero demand. Moreover, denoting by xT € R*" the
(unique) flow with Axt = b and xt, =0 for any arca € A\ T, it holds that E[1TWxr] = 1TWx?.

Proof. Recall that Ax? = b. As b, > 0 for all v € V \ {s}, any such v that has an outgoing

arc a € 62"(v) carrying non-zero flow x% > 0 or that satisfies b, > 0 must have an incoming

arca’ € 0{(v) carrying non-zero flow xZ, > 0. Thus, we can inductively construct a directed
path ending at any such node by following the incoming arc of the (current) first node of the
path, until this first node is s. Note that it is not possible that we close a directed cycle, as
x? induces a DAG by construction, see Lemma 4.18. Hence, the sampled graph is a DAG in
which each node that sampled an arc is reachable from s and as each node sampled at most
one incoming arc, it is moreover a tree T rooted at s. As we observed that each v with b, > 0
has an incoming edge carrying non-zero flow, each such v sampled an edge, implying that T
spans the nodes of non-zero demand. Accordingly, there exists a unique flow xt on T such
that Axt = b holds.

It remains to show that E[17Wxr] = 1TWx?. We show this by induction on 1, where the
base case of n = 1 is trivial. Assuming the claim is true for n nodes, consider n + 1 nodes
and let v be a node so that xZ =0 for all a € 6°*(v). Such a node must exist, as x¥ induces a
DAG. If b, = 0, then b% = b, = 0 and the claim is trivially true, so suppose b? = b, > 0. We
interpret the random choice of v as follows: v picks an in-going arc a = (w, v) and we route
b, units of flow from w to v, changing demands b to b” accordingly, i.e., b}, := b, — b, =0,
bl, = by + by. In expectation, this induces cost

C:= Z wabv-x—’zbg;bv Z wax?.

aedin(v) v aedin(v)

For all w for which there is a = (w, v) € 6™(v) with x, > 0, the modified demands b’ satisfy

¢

X(w,0) b, =b
p Vv = Ow +Xx
v

¢

(w,v)

1. E[b},] = by + where the equality follow from b? = b,,
2. b, =0,

3. b;, = b, at all other nodes u that are not adjacent to v.
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Recall that for independent random variables X and Y, it holds that E[X - Y] = E[X] E[Y].
As the random variable b’ does not depend on the random choices of any nodes but v, it
is independent of the tree T’ sampled by the node set V' \ {v}. Denoting by X, the cost of
routing one unit of flow from s tow € T \ {v,s} on T’, by linearity of expectation we thus
obtain

E[1TWxr| = C+E[ > b;,Xw] =C+ Y ED,Xel=C+ Y EB,IE[X,]
weT\{v,s} weT\{v,s} weT\{v,s}

Examining the sum in the final term, observe that when deleting v from the graph, the
respective restriction of x? routes exactly demands E[b},] > b, > 0 from s to each w €
V '\ {v, s}. Thus, induction hypothesis and linearity of expectation complete the proof

Z E[b,]E[Xo] = 1TWx? - Z wax! =1TWx? - C. O
weT\{v,s} aedn(v)

Our goal is now to apply Lemma 4.19 followed by Markov’s bound in order to show
that sampling edges is sufficient for obtaining a good tree solution. Unfortunately, the
decomposition x = x¥ + x° is unknown, and Lemma 4.19 critically depends on the fact that
x? is acyclic. A naive solution would be to sample sufficiently often according to x so that
each arc has at least the same probability to be sampled when sampling from the “correct”
distribution given by x?. Unfortunately, it is possible that an arc a satisfies X < x;, conflicting
with the requirement of sampling few arcs. We overcome this obstacle by replacing such

“bad” arc by a corresponding path in the spanner. We first make this notation formal.

Definition 4.20. Denote Wmin := min{w, : a € A} and partition A into sets A,y := {a € 6™(v) :
25 1 0min < Wa < 2XWmin and x, > 0}, where v € V and k € Zq. The set Ay x # 0 is called bad,
if20) Ygen,, x,f < Yaea,, Xa- Wesay that a € A is bad if the set A, x containing a is bad.

We show that redirecting flow on bad arcs over the spanner only incurs small cost:

Lemma 4.21. Redirecting the flow xd of each bad arc a = (v, w) over a shortest v-w path on an
(undirected) a-spanner for the graph with weights w~ incurs an additional cost of at most &' 1T Wx*.

Proof. As the maximum ratio between the weights of an edge in opposing directions is A, an
undirected a-spanner for weights w™ clearly allows, for any a = (v, w) € A, to find a directed
path of length at most aAw, from v to w. The cost for rerouting the flow on bad edges over
the spanner is thus bounded by

Z Z aAw,le< Z 2* A A Wmin Z xffs Z 2510 in Z Xy

badAz,,k ﬂEAv,k badAv,k LZGAU’k badAv/k aeAz,/k

< Z Z wyxS < 1TTWx°.

badA, \ a€A,
Furthermore, since x is (1 + ¢)-approximate and 17 Wx? > 1T Wx* by optimality of x*,
1TWx =1"TWx —1TWx? < (1 + H)1TWx* —1TWx* = /1T Wx™. O

We now are ready to show that sampling sufficiently many arcs according to x and adding
the spanner is, in expectation, almost as good as directly sampling according to x?.
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Lemma 4.22. Suppose that b, > 0 forall v € V' \ {s}. For each set A, # 0, sample arc a € Ay
with independent probability

, {(Za)\ + 1)xu,1},

Pa = min
ZH’EAU’k Xa’

and repeat this procedure until at least one arc from A, i is selected. Add an arbitrary such arc, and
add all spanner arcs. Then the expected cost of an optimal solution on the induced graph is bounded
by (1 +2e)1TWx".

Proof. By Lemma 4.19, sampling arc a € §™(v) with probability x /b3 at v € V with b} > 0
results in a flow x7 on a tree of expected cost at most 17 Wx?. Observe that if the probability
to select a € 65(v) is at least as large (and we are guaranteed to select at least one arc from
6M(v) for each v € V), the expected cost can only become smaller. Consider an arca € A,
with p, < 1 that is not bad. It satisfies that

, Qad+ Dx] Qal +1)x? o ars 1)x? . x?
a = = = ~
Za’eAv/k Xg Za’eAv,k xZ, + Za'eAv,k x;, (ZCKA + ].) Za’eAv,k XZ, bg

i.e., the probability to select such an arc is sufficiently large. The same is trivially true if
pa = 1. Hence, it remains to address bad arcs.

To this end, we apply Lemma 4.21 to see that we can reroute their flow over the spanner at
an additive additional cost of at most ¢’17 Wx*. Logically, we can reflect this by replacing the
weight of such an arc by the weight of a respective shortest path in the spanner and adding
all bad arcs to the sample (i.e., “sampling” each bad arc with probability 1); denoting the
new weights by w’, we are then guaranteed that the union of the spanner and the actually
sampled arcs contains a solution of expected cost at most

E[1"TWxr] = 1"Wx < 1TWx + /1T Wx* < (1+2¢)1TWx". O
It remains to apply Markov’s bound in order to get the following corollary.

Corollary 4.23. Performing the sampling procedure of Lemma 4.22 and returning an optimum primal
tree solution on the graph induced by the sampled arcs and the spanner yields a (1 + €)-approximation
with probability at least 3.

Proof. Lemma 4.22 shows that the expected cost of an optimal solution on the stated arc set is
atmost (1+2¢)1TWx* = (1+ %)]ITWx*. Applying Markov’s bound to the (positive) random
variable that is the amount by which this cost exceeds that of an optimal solution shows that
the cost is at most (1 + ¢)17 Wx* with probability at least % Lemma 4.17 shows that there is
an optimal solution that is a forest, and as there is only one source, it is a tree. O

It remains to bound the number of sampled arcs, as this affects the running time of the
procedure.

Lemma 4.24. Suppose kmax € Z>q is such that w < Dkmaxqp 1. Then the number of non-spanner
arcs sampled by the procedure in Lemma 4.22 is bounded by O(aAkmaxn) with probability 3.

Proof. When sampling from A, x once, in expectation at most (2aA + 1) arcs are selected. If
p is the probability to select at least one arc from A,y in an attempt, we can thus bound the

number of expected arcs chosen by Y500(1 — p)'(2aA + 1) = Zo‘ﬁfﬂ. If p, > 1foranya € Ay,
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then p = 1. Otherwise,

(2al + 1)xa) Lreho\fa) Xo ( 1 )
1-p=[[a-po=[] (1- S22 00 o [] Sobetil 1-
P ( Pa) ( Za/eAU,k Xar l_[ Za'eAv,k Yo l_[ |Av’k|

aeAv,k aeAv,k aeAv,k aeAv,k

_ (1 1 )|Av,k|
- |Av,k| ‘

This final term is at most % if |A, k| > 1, and trivially only 1 < (2aA + 1) arcs can be selected
from A, i in case |A, x| = 1. As the sets A, x form a partition of A, by linearity of expectation
we conclude that the expected number of selected arcs is in O(aAkmaxn1). By Markov’s
bound, the claim follows. O

While in general there is no guarantee that kmax is small, this can be easily fixed by a
preprocessing step.

Observation 4.25. For demands b, € {0,1} at all v € V \ {s}, we may assume that kmax =
O(log(e~'n)), at the expense of running the algorithm twice for approximation parameter ¢’ € ©(¢).

Proof. Once an approximation x, y to P*Y™(G, w, b) is known that is at least polynomial say
n° for some constant ¢, i.e., 1TWx < anTy < n“1TWx*, we can safely delete all arcs of
larger weight than 17 Wx. This can be seen as follows. As by Lemma 4.17, a tree solution
exists and as demands are integers, all flows in an optimal tree solution x* are integer as
well. Assume there is an arc with w, > 1T Wx that carries non-zero flow in x*. Then x, >1
and thus 17 Wx* > 1TWx, which is a contradiction. Hence, arcs of weight more than 1TWx
can be deleted from the graph without effecting any optimal solution. On the other hand,
suppose that we computed a (1 + ¢ /2)-approximate (non-tree) solution for P**Y™(G, w, b) and
suppose that an arc has weight less than ¢t := ¢1TWx/(2n%). Consider the weights w’ that
are defined as w;, = w, if w, > t and w,, = t if w, < t. It follows that an optimal solution x*
of PaY™(G, w, b) satisfies

1TW'x* = Z WX, + t Z x, < Z wax;+t‘n?3

a:wg>t a:w, <t a:wg>t

1+¢€/2
< Z WaX, + #ITWJK < (1 + %)]ITWx*,

(4.13)

azwg>t

where, in the first inequality, we used that b, € {0, 1} for allnodes v € V'\ {s} and that there
are at most n%/2 many arcs. Thus, we can increase the weights of light arcs, delete heavy
arcs, and solve the instance P*Y™(G, w’, b) with approximation guarantee 1 + ¢/4. Let us
call x’ the primal solution computed. We then get

(4.13)
17wy < 17TW'x’ < (1 + Z)]ITW’x* < (1 + Z) (1 + g)]lTWx* <1+ e)1TWx",

The new weights satisfy (w)max/®Wmin < 2n3 /e, which shows the claim. O

We summarize our results on constructing a primal tree solution as follows.

Theorem 4.26. Assume that b, € {0,1} forall v € V' \ {s}. There is a Las Vegas algorithm using
the oracle given by Corollary 4.4 that computes a (1 + &)-approximate primal-dual pair, where the
primal solution has non-zero flow only on the arcs of a tree. In each attempt to determine a solution,
the algorithm calls the oracle O((¢ 72 + log a + log A)a? A% log n) times, samples O(aAn log n) arcs
from G, computes an optimal tree solution on the union of the sampled arcs and the spanner, and
succeeds with probability at least %.
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Proof. By Theorem 4.16 and Corollary 4.4, we can obtain a primal-dual pair of solutions
with approximation guarantee ¢’ € ©(¢) using the stated number of calls to the oracle. By
Observation 4.25, we can ensure that kmax = O(log(¢~!n)) without affecting the asymptotic
bounds on the number of oracle calls. Lemma 4.24 shows that the sampling procedure of
Lemma 4.22 results in the stated number of sampled arcs with probability at least . If
this is not the case, we simply abort and this attempt to compute a solution fails. Moreover,
Corollary 4.23 states that computing an optimal tree solution using only sampled and spanner
arcs yields a (1 + ¢)-approximate solution with probability at least ; we compute such a
solution if the number of sampled arcs is indeed in O(aAn log n). Applying the union bound,
we conclude that with probability at least %, both the number of sampled arcs is sufficiently
small and the resulting solution is of sufficient quality. O

Let us assume that we called the gradient descent algorithm for a (1 + ¢/6)-approximate
solution and denote its output solution with y, then the guarantee is that b7y > bTy*/(1 +
€/6). Let us assume y; = 0 and let X be the primal tree solution from the above theorem. We
call i, the length of the s-v path in the tree. Note that i does not need to be a feasible dual
solution w.r.t. the whole graph. Still using the above theorem, we have in case of success that

T =1TW3 < (1+ )bTy* < (1+ ) Ty < (1+ )Ty fore <, (4.14)

Let us call a node ¢-good, if y, > ¥, /(1 + €) and note that since (W‘lATy)max =1, it follows
that for an e-good node i, < (1+ ¢€)y, < (1 + ¢€)y;, i.e.,, we know a (1 + ¢)-approximation on
its distance to the source s. The following lemma shows that the good nodes constitute at

*

least a constant fraction of b y*.

Lemma 427 Let by > 0 forallv € V\ {s}, y € R" with WATy)max < 1, ys = 0 and
bTy > 1+ /G,and let X :={veV\{s}:y, <io/(L+e)}fore <1 Then, Y ,ex boy; < 3bTy*

Proof. Using (4.14) and the definition of X yields

€ € € _

S D boye S5 ) boya+ (14 5J6Ty — b7
veX

veX
1+ 6)2 byyo + (1 + %) Z byyo — ng

veX veV\X

<vayv+(1+§) Z bvyv—bTysg Z boyo,

veX veV\X veV\X

where the last inequality follows from vy, < y; < 7, for v € V \ X. It thus follows that

2oev\x boyo > 16Ty and hence for ¢ < 1, we get
* _ 1T » % & T 1 & T 2 T =«
D beve =81y = 3 by s (L4 g)oTy= 3 bowo < (34 5Ty < 5pTy O
veX veV\X veV\X

We conclude that by inspecting the fractions y,/, for every v, we can identify a set
of good nodes for which we have (1 + ¢)-approximate distance estimates. We proceed by
setting their demand b, to zero and recurse on the remaining nodes. As we have proven
in the previous lemma, the good nodes constitute at least a constant fraction of b’ y* and
thus setting their demand to zero will lead to a reduction in b”y* by a constant fraction.
Hence, after a logarithmic (in b”y* = O(n?||w||)) number of iterations this procedure will
terminate and we will know (1 + ¢)-approximate distances for every single node v € V. This
yields the following theorem:
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Theorem 4.28. There is an algorithm for the single source shortest path problem that, for every node
v € V \ {s}, computes a path P, from v to the source node s that is at most (1 + ¢) times longer than
the shortest path from v to s by using only O((e *aA)? logz(n) log(||w|le0)) many calls to the oracle
given by Corollary 4.4.

4.3 Implementation in Various Models of Computation

It remains to describe how to implement the above framework in the different models of
computation. We start by formally defining the models.

4.3.1 Models
Broabpcast CoNGESTED CLIQUE model

In the Broapcast ConGEsTED CLIQUE model, every of the nn nodes can talk to every other node,
i.e., there is an underlying communication graph that is complete. Computation proceeds
in rounds. In one round every node does the following three actions: (1) It sends the same
one message of size O(logn) to all other nodes (hence the term broadcast). (2) It receives
the messages from the other nodes. (3) It can perform arbitrary local computations. The
complexity in this model is measured in number of rounds needed.

The input of the problem is distributed among the nodes as well, i.e., initially every node
knows its ID, as well as the ID of its neighbors. In the case of the approximate asymmetric
transshipment problem, every node knows the value of ¢, its demand, as well as the forward
and backward weights of its incident edges. Note that for the single source shortest path
problem this means that every node knows whether it is the source or not.

At termination, every node needs to know its part of the output, i.e., it needs to know its
potential or distance in the successive shortest path case. If we are also interested in a primal
solution, in the transshipment problem, every node needs to know the primal values of its
adjacent edges, and in the single source shortest path case, every node should know the next
edge among its incident edges on the path to the source.

Broapcast CoNGEST model

The Broapcast Concgest model is identical to the Broapcast ConcesteD CLIQUE model up
to one important difference. Communication is restricted to edges in the input graph G.
This difference has big consequences. Clearly, denoting by D the diameter of the graph,
Q)(D) rounds are necessary in this model in order to solve the transshipment problem.
Furthermore, even if the diameter is logarithmically bounded in 7, Das Sarma et al. showed
that Q(v/n/log n) are necessary [Sar+12].6

MutLrirass STREAMING model

In the Muttipass STREAMING model, the computation proceeds in passes [HRR98]. In every
pass, the edge set is given to the algorithm as a stream and the assumption is that the edge
set is too large for the algorithm to store it. The goal is to solve the problem at hand with
little number of passes while keeping the space requirement small.

¢The bounds apply also for randomized algorithms and the approximate version of the problem when the
approximation ratio is polynomial in .
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4.3.2 Implementation

In this section, we describe for each of the above three models and the standard RAM
model of computation how our algorithm can be implemented in them. We first recall our
results from Corollary 4.15: Algorithm GrabpieNTTRANSsHIP can be executed using a total of
O((¢72 + log & + log A)a?A?log n) operations of the following types:

1. oracle call

2. computation of (WLAT 1)y for a given

3. computation of V®g(m) for given f and 7t

4. scalar product bTh for given b and &

5. comparisons of and multiplications with scalar values

We will thus describe for each of the models how to implement these steps. Fortunately, this
is rather straightforward.

Broapcast CoNGESTED CLIQUE model

We start with items 2 and 3. Every node v can within one round learn the values 7, for
all its neighbors w. Thus, it can locally compute z, := (WATn), for all arcs a € (Sié‘(v).
Then, every node can broadcast max{z, : 2 € 6Z(v)} to all other nodes and thus every
node can learn the value of (2)max = (W LAT 71)max within a constant number of rounds. Let
us recall the definition of ®p(n) := lses(W AT 7) and the form of its gradient Vdg(n) =
AW~V lseﬁ(W‘lATn). Note that for v € V, the gradient takes the form

1 ebz ghza
AWV Ises(z)), = —( > -y ) (4.15)
ﬁ ZueA ez aedin(v) Wa aesout(y) Wa

Thus, as every node knows its incident edges, it can locally compute ef? for all its incident
edges a € 6™(v) U 6°"(v) and thus it can broadcast the value 2aesin() ef?. Then, every
node canlearn Y, 4 ef% =3 2aesin() ef% and thus compute (AW~!VIseg(z)), according
to (4.15) locally. Items 4 and 5 are even more straightforward, as we can assume that the
values of b and h are globally known every node can do these computations locally for free.
For item 1, i.e, the implementation of the oracle, we have already described in Section 4.2.2
that the optimal solution to PY™*(S, w, V®4(7)) on an a-spanner S gives an a-apprixmate
solution for the problem P¥™*(G,w, V®g(m)). It suffices to compute this a-spanner S
once initially as the weights of all oracle problems are identical, namely w. Whenever, the
algorithm calls the oracle, we can then make sure that every node knows V®g(7) and can
locally compute an optimal solution to P¥Y™ (S, w, V®g(m)). For the initial computation of
an a-spanner, note that already Baswana and Sen gave a randomized method to construct a
2k — 1 spanner of expected size O(kn'*1/%) within O(k?) rounds in the BRoapcast CONGEST
model [BS07, Theorem 5.1].This strategy can be made deterministic. In [CPS17], Censor-
Hillel et al. show a comparable result. They show how to, in the Broapcast CoNGESTED
CLiQuE model, deterministically construct a (2k — 1)-spanner with O(kn'*'/* log 1) edges in
O(klogn) rounds. Thus, for k = log(n), this result directly gives a spanner that fulfills our
requirements. We conclude that after an initial computation of the spanner in O(log? 1)
rounds, every iteration can be implemented within constant number of rounds. Thus, we
obtain the following theorem.
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Theorem 4.29 (Broapcast CoNGesTED CLIQUE). 1. There is an algorithm that, for any 0 < € <
1, computes a (1 + ¢)-approximate primal/dual solution pair to the asymmetric transshipment
problem in the Broapcast ConGesTeD CrLiQuE model within O(e2A2 polylog n) rounds of
communication.

2. There is an algorithm for the asymmetric single source shortest path problem that, for any
0 < ¢ <1, computes a (1 + &)-approximate shortest path for every node in the BROADCAST

ConcesTeD CLIQUE model within O(e™2 A2 polylog(n, ||w||«)) rounds of communication.

Broapcast CoNGesT model

In order to transfer our results from the Broapcast ConGesTED CLIQUE to the Broapcast
Congest model, we use two different previous results. The first is a classical result in
distributed computing. The idea is to pipeline information over a BFS tree.

Lemma 4.30 (cf. [Pel00]). Suppose each v € V holds m, € Zso messages of O(log n) bits each. Let
M = Y ey my. Then all nodes in the graph can receive all M messages within O(M + D) rounds.

For the single source shortest path case we use the following more recent result:

Lemma 4.31 ([HKN16]). Given any weighted undirected graph G and source node s € V, there is an
O(\/n)-round deterministic distributed algorithm in the BRoapcast CoNGEsT model” that computes
an overlay network G" = (V’, E") with edge weights w’ : E’ — {1, ..., poly n} and some additional
information for every node with the following properties.

e |[V|=0(Wne Yands e V.

® For ¢’ = O(¢e), each node v € V can infer a (1 + ¢)-approximation of its distance to s from
(1 + ¢&’)-approximations of the distances between s and each t € V'.

Using the above results, we obtain the following theorem.

Theorem 4.32 (Broapcast Congest). 1. There is an algorithm that, for any 0 < ¢ < 1, com-
putes a (1+ ¢)-approximate primal/dual solution pair to the asymmetric transshipment problem
in the BRoapcast CoNGesT model within O(ne~2A?) rounds of communication.

2. There is a Las Vegas algorithm that, for any 0 < & < 1, computes a (1 + €)-approximate shortest
path tree to the asymmetric single source shortest path problem in the BRoapcast CONGEST
model in O(\n + D)e~2A?) rounds.

Proof. 1. We obtain the result by using Lemma 4.30 and simulating the broadcast con-
gested clique in every iteration. It holds that M = O(n log n) in this case and thus the
result follows from the first part of Theorem 4.29.

2. Itis easy to see that the construction from Henzinger et al. in Lemma 4.31 also works in
the asymmetric setting. Hence the bound follows using the second part of Theorem 4.29
on the overlay network. O

7All communication of the algorithm in [HKN16] meets the constraint that in each round, each node sends
the same message to all neighbors (which is the difference between the Broapcast Concest and the standard
Congest model).
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Murrtirass STREAMING model

The main observation is that we can apply the same approach as before with O(n logn)
space as this enables us to initially compute the spanner and store it during the entire
computation. Similarly, we can store the variables related to the nodes within O(n logn)
space. The gradient Vd4(7) can be evaluated in a single pass. It follows that ¢ 2A2 polylog n
passes suffice and O(n log n) space is enough.

Theorem 4.33 (Muttirass STREAMING). 1. There is an algorihtm that, for any 0 < ¢ < 1,
computes a deterministic (1 + ¢)-approximation to the asymmetric transshipment problem in
the Murtipass STREAMING niodel in O(e~2A? polylog n) passes with O(n log n) space.

2. Thereis a Las Vegas algorithm that, for any 0 < e < 1, computes a (1+ €)-approximate shortest
path tree to the asymmetric single source shortest path problem in the MuLTIPASS STREAMING
model in O(e~2A% polylog(n, ||w||«)) passes with O(n log n) space.

RAM model

We turn back to the classical RAM model of computation and conclude the first part of the
thesis with this. We will see that we can apply the results from Chapter 3 for implementing
the oracle for the gradient descent algorithm and obtain an interesting result for the RAM
model in this way. We need one more technical lemma that shows that we can implement
an oracle for PY™ (G, w, V®g(m)) using an oracle for P*Y™(G, w, PTVq)ﬁ(n)), where P is a
specific projection matrix:

Lemma 4.34. Let © € R" be a y-approximate solution to P*%(G,w,b), ie, bTn = 1 and
WA ) max < YW TAT 0 max. Let P = (I — mb?) and let x,h be an n-approximate pri-
mal/dual solution pair to P*Y™(G, w, PTVq)ﬁ(n)). Then (x, nTVq)ﬁ(n)), Ph/(1+7v),isan a(1+y)-
approximate primal/dual solution pair to PSY™ (G, w, V®g(1)).

Proof. Let us first check feasibility. Clearly, x > 0and Ax + (" V®4(1))b = PTV®g(7) as well
asbIPh =0 by the definition of P. Moreover,

(WATPH) max < WLATH) ax + (W LAT 70) an |07 11|
(W AT ) max [0 | )
(WTATh)max
< WA ) max - (1 + YW AT 2)maxd T y*) = WA  B)max - (1 +9),

= WA gy - (14

and thus also Ph/(1 + y) is feasible. It remains to show the approximation guarantee. Note
that 1" W_x < n(PTV®s(n))"h implies that

Ph
1"W_x < - VOs(r)" Ph = (1 + ) - VDs(1t)"
n - Vp(n) n(d+y) ;a()(“y)
and thus (x, nTVq)ﬁ(n)), Ph/(1+y)isan n(1 + y)-approximate primal/dual pair. O

The proof of Lemma 4.14 implies that any iterate © during the run of the algorithm
is a 2a?A?-approximation. Notice that the naive thought, that any iterate should be an a-
approximation as the initial solution is and the algorithm makes progress, is trappy as the
algorithm guarantees progress in terms of ®4(7) and this does not directly imply progress in
terms of (W™1AT 7)max. In summary, the above lemma shows that we can get a primal/dual
pair for PSY™ (G, w, V®g(7)) with approximation ratio aA(2a?A?+1) < 3a®A3 by computing
an a-spanner and solving PY™(S, w, PTV®g(7)) optimally on it.
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Recall that the asymmetric transshipment problem is a special case of the directed (unca-
pacitated) min-cost flow problem, as we have seen in Lemma 1.1 in the introduction. Thus, we
may use the integer interior point method from Chapter 3 for solving P*Y™(S, w, PTV®g (1))
and obtain an oracle running in O(m + nd/? log(||b, wl|e)) time. The O(m)-term is the result
of the spanner computation, see for example the algorithm of Baswana and Sen [BS07] that
can be used for this purpose. The term O(nd/? log(||b, wl|e)) is due to the min-cost flow
computation on the sparse spanner, where m = O(n), see Theorem 3.10. Hence, we obtain
the following result.

Theorem 4.35. There is a randomized algorithm that, for any 0 < e < 1, computes a (1 + ¢)-
approximation to the asymmetric transshipment problem in O(e2A°MW(m + nd/ ) log(||b, wlleo))
time with high probability.

We remark that in settings where m = Q(n*?), our method is thus nearly-linear in
m, thus in terms of m optimal up to log-factors, and dominates over the method due to
Sherman [She17] that runs in O(m M),

4.4 Conclusion

We have presented a gradient descent approach to the asymmetric transshipment problem
and its special case the single source shortest path problem. When implemented in dis-
tributed and streaming models of computation this leads very efficient algorithms including
the first non-trivial bounds for asymmetric transshipment in the BRoapcast CongesT and
Broapcast ConGesTED CLIQUE models. We obtain the first algorithms or the single source
shortest path problem in these models with near-optimal number of communication rounds.

This work leaves some interesting research questions open. Clearly, our result for the
RAM model is interesting but also somewhat unsatisfactory. One would hope to find an
algorithm with nearly linear running time in m for all settings of n and m and not only for
m = Q(n%/?). Another very interesting question that arises is the following: Does a similar
approach work for the single source shortest path problem in the PRAM model? Finding a
PRAM-algorithm for computing single source shortest paths or (1 + ¢)-approximate shortest
paths with nearly-linear work and poly-logarithmic depth would be the ultimate goal here.
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Chapter 5

Introduction to Part I1

Part II of this thesis deals with a very fundamental problem in computer algebra: the com-
putation of the zeros of univariate polynomials and of systems of multivariate polynomials.
These are very traditional problems [Pan97; Laz09]. The history of the univariate case goes
back at least to the time of the Babylonians and Egyptians (approx. 2000 BC), who were
already able to solve quadratic polynomial equations in one variable using what we call the
“quadratic formula” today. However, a complete understanding of this formula was only
attained with the distinction between real and imaginary roots which was only developed
fully in the 19th century by Gauss and others. Many other classical results in mathematics
can be considered milestones in the understanding of this formula. Such an example is the
Pythagoreans” proof that the square root of 2 cannot be written as a fraction. In fact, the
problem of solving polynomial equations has been a driving force behind the development
of many classical concepts of today’s mathematics, such as irrational numbers, imaginary
numbers, algebraic groups, fields, and ideals [Pan97]. Indeed, the currently maybe most
active research area in theoretical mathematics, namely algebraic geometry, deals with the
zero sets of polynomial systems.

The fundamental theorem of algebra asserts that every univariate polynomial that is not
a constant has at least one complex root. Clearly, using polynomial division inductively,
the statement is equivalent to saying that a univariate polynomial of degree d has exactly
d complex roots. The first proof of this fundamental result is usually attributed to Gauss.
Together with the advent of Galois Theory, one might argue that the problem of roots
of univariate polynomials is solved from a purely mathematical point of view. However,
although the fundamental theorem of algebra already asserts the existence of the roots,
an algorithmic approach to the problem was not given before the early 20th century by
Brouwer [BL24] and Weyl [Wey24]. Many fruitful ideas have been contained within this
early work. During the last decades a rich set of different approaches have proven to be
successful. We point the reader to [Sma81] for a more detailed historic overview and to
Chapter 6 for more details concerning the literature on univariate root finding that is most
relevant to our work.

In this chapter, we will however not only be concerned with the question of determin-
ing the complex roots of a complex univariate polynomial, but we will also consider the
multi-dimensional analogue of this question: Given n multi-variate polynomials, each in
n variables, determine their common zeros. There is a rich literature on the task of com-
puting solutions of such polynomial systems. Depending on whether the system is zero-
dimensional or multi-dimensional, different methods apply. A historical overview is given
by Lazard [Laz09]. In this thesis, we will consider the case of zero-dimensional polynomial
systems, i.e., the case where the solution set is finite. We review related work on polynomial
system solving in Chapter 7.

In addition to being interesting from a theoretical point of view, methods for the above
problems are of great importance due to their broad applicability in various other scientific
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disciplines. These include robotics, coding theory, optimization, statistics, machine learning,
and many others, see [Stu02] and references therein.

5.1 Main Results of Part 11

For both of the above described problems, the problem of univariate root finding and the
problem of solving zero-dimensional polynomial systems, the situation is somewhat unsatis-
factory from the perspective of a (theoretical computer) scientist: The methods that are most
frequently used in practice (e.g. MPsolve [BF00; BR14], eigensolve [For02], Bertini [Bat+13],
or PHCpack [Ver99]) usually produce answers quite fast but, other than in special case, they
are not guaranteed to be complete, correct, or even satisfy good worst-case run-time bounds.
Methods, however, that satisfy such guarantees usually lack efficient implementations as
they are either too involved or use machinery that is unlikely to be implemented efficiently.
The ambition of the second part of this thesis is to provide methods to narrow the described
gap for the above two problems.

Main Result 2.1. In Chapter 6, we describe a subdivision algorithm for isolating the complex
roots of a polynomial F € C[x] with complex coefficients. We work in the following very
general model: We assume that the complex coefficients of F are provided to any absolute
error bound by an oracle. For an arbitrary given input square 8 in the complex plane that
contains only simple roots of F, our algorithm returns disjoint isolating discs for all roots of
F in 8. We analyze the complexity of our approach: We show bounds on the absolute error
to which the coefficients of F have to be approximated, the total number of iterations, and
the overall bit complexity. Our analysis also shows that the complexity of the algorithm is
controlled by the geometry of the roots in a near neighborhood of the input square 8, namely,
by the number of roots, their absolute values and their pairwise distances. The number of
subdivision steps of our method is near-optimal. For the special case, where the input
polynomial has integer coefficients of bit-size less than 7 and degree d, our algorithm needs
6) (d 34+d 2’c) bit operations, which is comparable to previous record bounds. Itis, however, the
first time that such a bound has been achieved using subdivision methods, and independent
of divide-and-conquer techniques such as Schénhage’s splitting circle technique, which are
extremely difficult to implement in an efficient manner. Instead, our algorithm uses the
quad-tree construction of Weyl [Wey24] with two key ingredients: We derive a “soft-test”
to count the number of roots in a disc that is based on Pellet’'s Theorem and, in addition,
uses Graeffe iteration. Schroder’s modified Newton operator combined with bisection, in a
form inspired by the quadratic interval method from Abbott [Abb14], allows us to achieve
quadratic convergence towards root clusters.

Main Result 2.2. In Chapter 7, we turn to the problem of computing the solutions of
polynomial systems: Assume that a numeric method is used in order to determine the
solutions of a zero-dimensional polynomial system. Such methods are usually very fast and
some of them are quite reliable. However, these methods usually do not come with any
guarantees and thus we cannot rely on their result to be correct. This is where our new
method comes into play. We propose a symbolic-numeric algorithm to count the number
of solutions of a polynomial system within a local region exactly. More specifically, given a
zero-dimensional system f; = --- = f, = 0, with f; € C[xy,..., x,], and a polydisc A c C",
our method aims to certify the existence of k solutions (counted with multiplicity) within
this polydisc. In case of success, it yields the correct result under guarantee. Otherwise,
no information is given. However, we show that our algorithm always succeeds if A is
sufficiently small and well-isolating for a k-fold solution z of the system. Our analysis of the
algorithm further yields a bound on the size of the polydisc for which our algorithm succeeds
under guarantee. This bound depends on local parameters such as the size and multiplicity
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of z as well as the distances between z and all other solutions. Efficiency of our method stems
from the fact that we reduce the problem of counting the roots in A of the original system
to the problem of solving a truncated system of degree k. In particular, if the multiplicity k
of z is small compared to the total degrees of the polynomials f;, our method considerably
improves upon known complete and certified methods. For the special case of a bivariate
system, we report on an implementation of our algorithm, and show experimentally that our
algorithm leads to a significant improvement, when integrated as inclusion predicate into
an elimination method.

5.2 Notations

We continue by introducing some notation that will be used throughout this part of the
thesis: When feasible, we will use bold font for multidimensional objects such as points
x € C".

* As in the previous part of the thesis, for any non-negative integer k, we denote by [k]
the set {1...k} of size k. For any set S and any non-negative integer k, we write (i) for
the set of all subsets of S of size k.

e The norm || - || will refer to the infinity norm || - || throughout this part of the thesis,
i.e., forany x € C", [[x|| := |[x|lc = max;ep,) |xil..

e For points xq, ..., xx € C", we write M(xq, ..., x¢) := max(1, [x]l, ..., [[xk]|)

* As before log(-) := log,(:) is the binary logarithm. Moreover, for x1,...,x; € C", we
define 10g(xi, ..., xx) := [M(log M(x1, ..., Xk))].

ai

o
1 ...xn”.

e Fora =(ai,...,ay)and x = (x1,...,x,), we write x* for x

e For F(x) = X, cax® € C[x1,...,x,] = C[x], we define ||F|| = max,{|a,|}. We further
define tr := 10g(||F||), which bounds the number of bits before the binary point in the
binary representation of any coefficient of F.

* We denote the interior of a disc in the complex plane with center m € C and radius
reRsoby A =A,(m):={z € C: |z —-m| <r}. For short, we also write A - A to denote
the disc A),(m) that is centered at m and scaled by a factor A € R..

e For a univariate polynomial F(x) = Z?:o a;x', we denote with LC(F) = a4 the leading
coefficient of F.

As in the previous part, we will use the tilde-O notation O(:) in order to hide poly-logarithmic
factors, i.e., O(f) = O(f log®(f)) for any constant c.
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Chapter 6

Univariate Complex Root Isolation
using Pellet’s Test and Newton
Iteration

6.1 Introduction

This chapter deals with a very fundamental and well-studied problem in computer algebra
and numerical analysis: The problem of computing isolating regions for the zeros of a
complex univariate polynomial. Although this can be seen as one of the most classical
problems in computational algebra, it still constitutes a very active research field. This
is undoubtedly due to the great practical importance of the problem, as there are many
problems in different scientific disciplines that make critical use of univariate root solving.
Such disciplines include engineering, computer science and mathematics in general, as well
as natural sciences. Another reason for the steady research effort is that there is still a big
discrepancy between methods that are used by practitioners and methods that are provably
correct and achieve good theoretical run-time bounds. Methods that are most frequently
used in practice are typically based on Newton’s iteration, Aberth’s method, Weierstrass-
Durand-Kerner’s method, the QR algorithm or similar [BF00; For02; BR14]. As usually,
when methods are popular in practice, these methods are relatively simple, which makes
it attractive to implement them. The other set of methods, namely the ones for which very
good worst-case complexity bounds are known [EPT14; MSW15; Pan02], are based on a more
complicated machinery, i.e., they use a series of asymptotically fast subroutines (see [Pan02,
p. 702]), require a complicated precision management, and are usually presented in a non-
self-contained manner, which makes it difficult for practitioners and even for researchers
working in the same area to understand and implement them.

The goal of the work that this chapter is based on is to resolve the described discrep-
ancy. We present a subdivision algorithm for complex root isolation called ClsoLate. For
our method, we mainly combine simple and well-known techniques such as the classical
quad-tree construction by Weyl [Wey24], Pellet’s Theorem [RS02], Graeffe iteration! [Bes49;
Hou59], and Schroder’s modified Newton operator [Sch70]. The bounds on its theoretical
worst-case complexity that we prove are similar to the best bounds currently known for this
problem. In this context, it is remarkable that, for the complexity results, we do not require
any asymptotically fast subroutines except the classical fast algorithms for polynomial multi-
plication and Taylor shift computation. We believe that, compared to existing asymptotically
fast algorithms, our method is relatively simple and thus has the potential of being practical.

1We note that the method should probably not be attributed to Gréffe only [Hou59]. In fact, it was developed
independently by Dandelin in 1826 and Griffe in 1837. Also, Lobachevsky’s contribution from 1834 is significant
as it contains the key idea of the approach.
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The previously best algorithm for complex root finding goes back to Schonhage’s splitting
circle method [Sch82b] and was later significantly refined by Pan [Pan02] and others [Kir98;
NR96]. Pan gives an algorithm for a slightly different setting, namely for approximate
polynomial factorization, where it is assumed that the coefficients of the input polynomial
are complex numbers that can be accessed to an arbitrary precision. Then, for a polynomial
F with roots z1, ..., z; contained in the unit disc and an integer L > d logd, Pan’s algorithm
computes approximations Z; of z; with ||F — LC(F) - [Te[a)(x — Zi)ll < 27L . ||F|; using only
O(d log L) arithmetic operations with a precision of O(L). In [MSW15], it is shown how to
obtain an algorithm for computing isolating discs from the approximate factorization that
is given by Pan’s method. The cost for computing these isolating regions can be expressed
in terms of the degree of F and the size of its coefficients, but also in terms of geometric
parameters such as the location of the roots of F. In our work, we will also follow this
approach of measuring the bit complexity of our algorithm in terms of the underlying
geometry of the roots of the input polynomial. For special cases of the problem, namely,
when the input polynomial has integer coefficients, of bit-size 7, we can translate these
geometric parameters back and obtain bounds that solely depend on d, 7. The problem of
isolating the complex roots of an integer polynomial is referred to as the complex benchmark
problem by some authors. We remark that the difficulty of isolating the roots is more directly
dependent on the location of the roots than on the degree d or bit-size T and thus stating
bounds in terms of the geometric parameter is actually more enlightening.

Using Pan’s method [EPT14; MSW15], the complex benchmark problem can be solved
with O(d?t1) operations, which constitutes the current record bound for this problem. So
far, this bound can only be achieved by running Pan’s factorization algorithm with an L
of size Q(d(t + logd)), which means that ©(d?7) bit operations are needed for any input
polynomial; see [EPT14, Theorem 3.1] for details. The adaptive algorithm from [MSW15]
needs O(d® + d?7) bit operations, however its cost crucially depends on the aforementioned
geometric parameters (e.g. the separations of its roots).

For the real benchmark problem, that is the isolation of the real roots of a polynomial F
of degree d with integer coefficients of bit-size at most 7, the bound of O(d® + d?1) can
be achieved by a subdivision algorithm that is based on Descartes’” method and Newton
Iteration [SM16]. Moreover, a recent implementation [KRS16] of this algorithm is competitive
with the fastest existing implementations [RZ04] for real root isolation, and it shows superior
performance for hard instances, where roots appear in clusters. Our method works very
similar to the subdivision approach from [SM16] with the main difference being that our
approach does not use Descartes” method and is thus not bound to the specialized setting
of real roots. While solving the more general complex benchmark problem, our approach
achieves the same bit-complexity of O(d® + d2t). It is interesting that this bound exactly
matches the corresponding bound for the complex root isolation algorithm from [MSW15]
that is based on Pan’s method for approximate polynomial factorization.

Another big advantage of our method is that, in contrast to global approaches, it can be
used for a local search for only the roots contained in some given region. In this case, the
number of iterations as well as the cost of the algorithm adapt to geometric parameters that
only depend on the roots located in some neighborhood of this region.

6.1.1 Overview and Main Results

Setting. Throughout this chapter, we assume that we are given an input polynomial

d
F(x) = Zuixi e Clx], withd >2 andi <lag| <1. (6.1)
i=0
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Notice that, the condition on a; can always be achieved by a suitable scaling and that this
scaling does not change the roots. As the coefficients a; are given by arbitrary complex
numbers possibly without finite representation, we have made an assumption on how the
input is given. We assume that the coefficients are given to us via an oracle that, for an
arbitrary integer precision L, provides dyadic approximations 4; of a; that coincide with
a; to L bits after the binary point. The polynomial F(x) = Z?:o d;x' is then called an L-
bit approximation of F. We assume that the cost for asking the oracle for such an L-bit
approximation is equal to the cost of reading the input if F was the exact input given to the
algorithm. We remark that this is a very general setting, as even algebraic, or transcendental
coefficients can be provided by such an oracle.

Throughout our considerations, we will call z1, . . ., z; the distinct roots of F. We remark
that as the coefficients are given approximately only, the problem of computing the roots
of F is not well defined if we allow F to have multiple roots. This is due to the fact that
any additional bit of a coefficient that is provided by the oracle could possibly change the
situation from F having a k-fold root to F having a cluster of k roots. Besides this, we
remark that our algorithm can still be used in the setting of multiple roots, however it is
not guaranteed to terminate as given here and an additional stopping criteria needs to be
included. We assume that, in addition to F, the input consists of a closed, axis-aligned square
8 in the complex plane. Given this input, our algorithm ClsoLaTE computes isolating discs
for all roots of F contained within 8. It may however, also return isolating discs for some
roots of F that are contained within 28 \ 8.

Algorithm Overview. The approach underlying ClsoLaTe is based on Weyl’s quad tree
construction as mentioned earlier, i.e., we recursively subdivide the input square 8 into
smaller sub-squares. For a given sub-square, we check if it can be discarded, as it can be
verified that this sub-square does not contain any root of F. We proceed as follows with
the squares that cannot be excluded: We group them together into maximal connected
components and test whether we can guarantee that they contain exactly one root. We do
this by checking if a specific inclusion predicate holds on this maximal connected component.

The test that we use in order to implement these inclusion and exclusion predicates is
based on Pellet’s theorem and we use Graeffe iteration to accelerate it, we describe this in
detail in Section 6.3. Here, we give a brief overview: Pellet’s theorem [RS02] says that the
number of roots contained within A equals k if the absolute value of the k-th coefficient of
Fa(x) := F(m + rx) dominates the sum of the absolute values of all other coefficients. For
k = 0 and k = 1, this has been used before in the context of the computation of roots [SY11;
YakO0]. It is used there that Pellet’s theorem applies if the smaller disc 47° - A contains k
roots and the larger disc d° - A contains no further root, where ¢ and ¢’ are suitable positive
constants. In our work, we derive constants ¢ and ¢’ such that a corresponding result holds
forany k =0, ..., d. Moreover, using the above mentioned Graeffe iterations, more precisely
only O(loglogd) of them, the polynomial factors d° and d¢ can be replaced by constants
p1:=2V2/3 = 0.94 and p; := 4/3. This is based on the observation that a Graeffe iteration on
F leads to a squaring of the roots of FA. In summary, we give a predicate that if it succeeds
allows us to count the number of roots contained in a disc A, provided that p, - Aand p1 - A
contain the same number of roots. As the coefficients of F are only given approximately
and the described test requires exact arithmetic, we also derive a variant of this approach
that uses approximate arithmetic only. This is based on the idea of so-called soft-predicates,
see [YSS13]. We denote this test by T.(A, F). We analyze the precision demand of T.(A, F)
and show that is directly related to the maximal absolute value that F takes on A.

We obtain the exclusion predicate for a square by inscribing the square within a disc A
and testing T.(A, F). If the test yields 0, this square can be excluded. As said above, we
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group the squares that cannot be excluded together into maximal connected components.
After inscribing these components into a corresponding disc A as well, we can apply the
T.(A, F)-test and check if it yields 1. If so, we store the disc A as an isolating disc. If none of
the above succeeds, we further subdivide each square into four equally sized sub-squares,
group them into maximal connected components, and proceed.

This basic approach leads a classical subdivision algorithm that induces (as any subdivi-
sion algorithm) a so-called subdivision tree. However, it does only lead linear convergence
towards the roots of F, as, intuitively speaking, in every subdivision step one additional bit
of the root gets determined. This can lead to long paths in the subdivision tree without
branching. One class of instances for which this problem classically occurs are the so-called
Mignotte polynomials. These polynomials have two very nearby roots and the length of
such a long path in the subdivision tree can be lower bounded by €(dt). This is where
the second main ingredient of our algorithm comes into play: the Newton iteration. This
approach allows us to shorten the length of such paths to O(log(d)) and goes back to what
is known as quadratic interval refinement (QIR) [Abb14]. Here the secant method was used,
while Newton iteration was introduced to a similar approach in [Sag12; Sagl4a; SM16]. Our
approach follows these works. We combine basic bisection with Newton-iteration in the
following way. We achieve a situation that leads success of Newton steps on regions where
it is already known that they are isolating for a root or a cluster of roots. In order to check for
such situations, we again use the previously described T.-test. It exactly allows us to detect
such situations.

Main Result. We get the following first main theoretical result, which shows that the above
described technique actually only produces a near-optimal number of squares:

Theorem 6.1. Let F be a polynomial as in (6.1) and suppose that F is square-free. For isolating all
complex roots of F, the algorithm ClsoLATE produces a number of squares bounded by

O (d -log(d) - log (d - Tr - 10g(a7"))) ,

where 1og(x) := max(1,log |x|) for arbitrary x € C,I'r := l(ﬁ(maxfl:1 |z;|) is the logarithmic root
bound, and of := min; j).ix; |zi — zj| is the separation of F.

For the complex benchmark problem, the bound in the above theorem can be written as
O(dlog(d)log(dt)),i.e., the bound is nearly-linear in d. Note that already the output consists
of d squares. When we use the algorithm on a restricted area, i.e., if the input square B
does not cover all roots, we can achieve bounds that are adaptive w.r.t. the number of roots
contained in some neighborhood of B as well as with respect to their geometric location.
More precisely, assuming that there are only simple roots within 28, then we may replace d,
I'r, and o in the above bound by the number of roots contained in 28, the logarithm of the
width of 8, and the minimal separation of the roots of F in 28, respectively. For a precise
result, see Theorem 6.26. Our second main result concerns the precision demand and bit
complexity of the algorithm:

Theorem 6.2. Let F be a polynomial as in (6.1) and suppose that F is square-free. For isolating all
complex roots of F, the algorithm CIsoLATE uses a number of bit operations bounded by

O( 300, - (xp 1081z + 10glor(z) ™) + 1 )

= O(d(d2 + d log(Mear) + lcYg(Disc;l))),
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where tp := [log||F||1, or(zi) := minjy |z; — zj| is the separation of z;, Mear := |a4] -
H‘le max(1, |z;|) the Mahler Measure, and Discr the discriminant of F. As input, the algo-
rithm requires an L-bit approximation of F with

L=0 (ijl(TF +d 108 (z:) +10g(0F(2:) ") + 10g(F'(z:) ™)
= O(d* + d log(Mear) + I(Tg(Discgl)).

For the complex benchmark problem the above bound on the bit complexity can be
simplified to O(d® + d2t). As above, if the algorithm is run on a restricted region B, we can
also show that the bit complexity and precision demand only depend on local parameters
for some surrounding of 8.

6.1.2 Related Work

The literature regarding the computation of the real or complex roots of a univariate poly-
nomial is very rich. In this section, we aim to give a brief overview of the work that is
most related to our approach. We refer the reader to survey articles [MP12; McN02; McNO07;
MP13; Pan97] for a more complete overview.

Real root computation. Due to their simplicity so-called subdivision algorithms are by now
the most popular methods (in theory and practice) in order to compute the real roots of a
polynomial. Most computer algebra systems have incorporated a root computation method
that is based on a subdivision approach. Many different approaches are known and they
all roughly follow the same approach of iteratively subdividing some given initial interval
Iy into sub-intervals while applying inclusion and exclusion predicates to the sub-intervals.
One can roughly group the methods into the following categories, depending on their choice
of the inclusion/exclusion predicate and the way how they subdivide intervals. (1) Methods
that are based on Descartes’ rule of sign [CA76; Eig08; Eig+05; RZ04; Sag12; SM16; Sag14b;
SB15]. Descartes” rule of signs gives information for the maximum number of roots of a
polynomial as well as for the parity of the number of roots based on the number of sign
changes in the coefficient sequence of the polynomial. (2) Methods that are based on the
Bolzano method [Bec12; BK12; SY11]. These methods are based on a special case of Pellet’s
theorem, namely, they incorporate a test that can exclude the existence of a root in a given
interval (as in our T.-test with k = 0). This test is then applied to the function as well as its
derivative. If the test applies to the function itself, it provides an exclusion predicate. If it
applies to the derivative, this shows that the function is monotone and thus if in addition
a sign change of the function on the interval can be verified, this approach provides an
inclusion predicate. (3) Techniques based on Sturm’s method [Dav85; DSY07], and the
continued fraction method [AS05; Sha08; Tsil3; TE08] are less related to our approach, thus
we only mention them briefly.

For the above mentioned real benchmark problem, i.e., the problem of isolating all
real roots of a polynomial of degree d with integer coefficients of bit-size at most 7, most
of the above mentioned subdivision methods need O(dt) subdivision steps and their bit
complexity is O(d*12). This bound on the number of subdivision steps is due to the fact
that the separation of all roots can be lower bounded by 279(*) and that these subdivision
methods only achieve linear convergence towards the roots. Moreover, for certain classes
of polynomials with very small separation, e.g. Mignotte polynomials that have separation
27067 this bound is tight up to poly-logarithmic factors [Col16; Eig+05].

The above methods that simply use exact arithmetic, in each subdivision step incur O(d>)
bit operations, which is due to the fact that d arithmetic operations with a precision of O(d%1)
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are needed. The methods from [Sag14b; SM16] however use approximate arithmetic. More
precisely, the authors show that, for the Descartes” method, it suffices to work with a precision
of size O(d ) in order to isolate all real roots, this yields a worst-case bit complexity of O(d37?).
Interestingly, this has already been empirically observed in [RZ04] before. A similar result
holds for the Bolzano method, as in [Bec12] it was shown that a modification of the Bolzano
method that uses approximate arithmetic leads the same bit-complexity bound. Recent
work [Sag12; SM16; SB15] further improves upon this by combining Descartes” method and
Newton iteration. Newton iteration is the key to jump from linear to quadratic convergence in
almostall iterations. This approach leads to methods that only need O(d log(d 7)) subdivision
steps (this is near optimal). The methods from [Sag12; SB15] work for integer polynomials
only and each computation is carried out with exact arithmetic. An amortized analysis of
their cost yields the bound O(d®7) for the bit complexity. [SM16] introduces an algorithm that
improves upon the methods from [Sag12; SB15] in two points. It can be used to compute the
real roots of a polynomial with arbitrary real coefficients and, due to the use of approximate
arithmetic, its precision demand is considerably smaller. This line of work leads the bit
complexity bound of O(d® + d?1). This bound is achieved as follows. The method needs
O(d log(dt)) iterations. In each iteration, O(d) arithmetic operations are carried out with an
average precision of size O(d + 7).

We remark that this bound essentially matches the bounds achieved by our algorithm
ClIsoLatE for complex root isolation. Our approach is similar to the one from [SM16] that
has already found its way into efficient implementations, see [KRS16]. However, as we can
handle complex input polynomials and output isolating regions for all complex roots, several
new ideas and techniques were needed. Most prominently, we replace Descartes” method
with the T.-test for counting the number of complex roots in a disc.

Complex root computation. For computing the complex roots, there also exist a series
of subdivision methods (e.g. [CK92; MT09; MVY02; Pan00; Pin76; Ren87; SY11; Wil7§;
Yak05]); however, only a few algorithms have been analyzed in a way that allows a direct
comparison with our method as they are not formulated for the exact same problem, namely
root isolation, but for root computation in different settings.

The earliest contribution relevant to ours, namely the work by Weyl [Wey24], also treats a
slightly different problem. His algorithm computes relative 2~?-approximations to all roots
of a given polynomial for a given precision b with O(d>b log d) arithmetic operations without
using asymptotically fast polynomial arithmetic. Also, Weyl’s algorithm, as the early real
methods discussed above suffers from the problem that it only achieves linear convergence
towards the roots. Renegar [Ren87] and later Pan [Pan00] achieved a faster convergence by
combining subdivision methods with Newton iteration. While Renegar’s algorithm achieves
the bound of O(d?log b + d° log d) arithmetic operations for approximating the roots within
a relative 27" factor (again without using asymptotically fast polynomial arithmetic), Pan’s
method achieves the bound of O((d?logd)log(bd)). From a highlevel point of view, the
method by Pan and ours are quiet similar. Both use subdivision combined with Newton’s
iteration and even both use Graeffe iteration. The main algorithmic difference is maybe the
use of Pellet’s theorem which we use both for the exclusion predicate and the detection of
clusters. An even more important difference between our result and Pan’s result from [Pan00]
is that we bound the bit complexity and Pan only derives a bound on the number of arithmetic
operations.

Also Yakoubsohn’s work [Yak05] has some similarities to our approach. Like us, he uses
Pellet’s theorem in a subdivision method based on Weyl’s quad tree approach. However,
again a slighly different problem is considered by Yakoubsohn, namely his method only
allows to approximate the roots and does not apply for isolating them, as, in contrary to us,
he does not use Pellet’s theorem with k > 1 which allows us to conclude that a certain region
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is isolating for a root/set of roots. A similar approach was taken by Sagraloff and Yap [SY11],
who have introduced the algorithm Cevar, which uses Pellet’s theorem for k = 0 and k =1
leading an exclusion and inclusion predicate, and resulting in a very simple subdivision
method. As both these methods [Yak05; SY11] are based purely on subdivision, they only
lead linear convergence again. The algorithm from [SY11] needs O(d?t) subdivision steps
for the complex benchmark problem leading a bit complexity of O(d*t?).

We note that there are also extensions of Pellet’s theorem for the more general setting of
analytic functions, see for example [Giu+05] for such an extension. There, the authors also
show how to detect clusters of roots which can be used in order to achieve a setting where
Schroder’s modified Newton operator yields quadratic convergence to the cluster. The main
difference to our method is that we use a trial-and-error approach, i.e., we always perform
Schroder’s modified Newton operator and check later (again using the test based on Pellet’s
theorem) whether the step succeeded. Another work that is similar to our approach and can
be used in the more general setting of analytic functions is the work from [YSS13]. Here, an
algorithm for computing e-clusters of roots of analytic functions is given using a similar test
based on Pellet’s theorem. This algorithm however, does not have quadratic convergence (as
no Newton iteration is used) nor is the complexity of the algorithm analyzed.

Structure of the Remainder of this Chapter. In Section 6.2, we introduce the most impor-
tant definitions and further notations. We introduce the test T. for counting the roots in a
disc in Section 6.3. The algorithm ClsoLaTE is given in Section 6.5. Its analysis is split into
two parts. In Section 6.6.1, we derive bounds on the number of iterations needed by our
algorithms, whereas, in Section 6.6.2, we estimate its bit complexity. Some of the (rather
technical) proofs are outsourced to an appendix, and we recommend to skip these proofs in
a first reading of this chapter. In Section 6.7, we summarize and hint to some future research.

6.2 Definitions and a Root Bound

Let F be a polynomial as defined in (6.1) with complex roots z1, ..., zz. We fix the following
definitions and denotations:

* As mentioned before, we assume that there is an oracle that, for an arbitrary non-
negative integer L, provides dyadic approximations d; = 5ri7 of the coefficients a; such
that m; € Z + i - Z are Gaussian integers and |ay — di| < 2L forallk =0,...,d.
We say that 4y approximates ay to L bits after the binary point, and a corresponding
polynomial F = 2?20 d; - x' with coefficients fulfilling the latter properties is called an
(absolute) L-bit approximation of F. It is assumed that the cost for asking the oracle for
such an approximation is the cost for reading the approximations.

e For a disc A,(m), we denote with Fa(x) the shifted and scaled polynomial F(m + r - x).

e WeletIr :=10g(|z1], ..., |zal) be the logarithmic root bound of F. For a root z; of F, we let
u(zi, F) denote its multiplicity. We define or(z;) := minj; [z; — z;| to be the separation
of the root z; and of := rninfl:1 or(z;) the separation of F. For an arbitrary region R ¢ Cin
the complex space, we define or(R) := min;.;,eg 0r(z;), which we call the separation of
F restricted to R. We further denote by Z(R) the set of all roots of F that are contained

in R, and by Meap(R) := |ag| - [1,,cz®) M(zi) the Mahler measure of F restricted to R.

* A disc A is isolating for a root z; of F if it contains z; but no other root of F. For a set S of
roots of F and positive real values p; and p> with p1 < 1 < py, we say that a disc A is
(p1, p2)-isolating for S if p1 - A contains exactly the roots contained in S and p2-A\ p1-A
contains no root of F.
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¢ We will only consider squares

B={z=x+i- RS C: x € [Xmin, ¥max] and ye [ymin/ ymax]}

in the complex space that are closed, axis-aligned, and of width w(B) = 2 for some € € Z
(i-e., [X¥max = Xmin| = |[Ymax — Ymin| = 2%), hence, for brevity, these properties are not
peculiarly mentioned. Similar as for discs, fora A € R*, A - B denotes the scaled square
of size A - 2¢ centered at B.

According to Cauchy’s root bound, see e.g. [Yap00], we have |z;| < 1+ rnax’;l:0 % <1+4-27F,
and thus I'r = O(tf). In addition, it holds that

7r < 16g(27 - Mear) < d(1 + T') < 2dTF,

where we use Landau’s inequality, that is, Mear < ||F|» < Vd +1 - ||F||, see e.g. [Yap00].
Following [MSW15, Theorem 1], we can compute an integer approximation ['r € N of I'r with
Ir+1<Tr<Tr+8 log d +1 using O(d?TF) many bit operations. For this, the coefficients of F
need to be approximated to O(dTr) bits after the binary point. From I'r, we then immediately

derive an integer I' = 27, with y := [log I'r] € Ny, such that
Tp+1<Tp<T<2-Tr<2 (Tr+8logd +1). (6.2)

It follows that 2 = 200#+1°84) j5 an upper bound for the modulus of all roots of F, and hence,
when interested in isolating all complex roots of F, we can always restrict ourselves to the
set of all complex numbers of absolute value at most 2'.

6.3 Counting Roots in a Disc

In this section, we introduce the T.(A)-test, which constitutes our main ingredient to count
the number of roots of F in a given disc A. Here, we briefly summarize the main properties
of the T.(A)-test. The reader willing to focus on the algorithmic details of the root isolation
algorithm is invited to read the following summary and skip the remainder of this section
on a first read.

* For a given polynomial F as in (6.1) and a disc A, the T.(A)-test always returns an
integer k € {-1,0,1,...,d}. If k > 0, then A contains exactly k roots of F. If k = -1,
no further information on the number of roots in A can be derived; see Lemma 6.15,

part (b).

e If Ais (p1, p2)-isolating for a set of k roots of F, where p1 = % ~0.94and p; = %, then
T.(A) returns k, see Lemma 6.15, part (a). In particular, T.(A) returns 0 if % - A (and

2—;5 - A) contains no root.

¢ The cost for the T.(A)-test is bounded by

O(d(tr +d1og(m, r) +16g(IFall™"))) = O(d(tr + d 1og(m, ) + log((max IF(z))™)

bit operations, and thus directly related to the size of A and the maximum absolute
value that F takes on A. For this, the test requires an L-bit approximation of F, with

L = O(tr +d1og(m, r) + 16g(I Fall™)) = O(tr + d 16g(m, 1) + log((max IF(z))7),
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see Lemma 6.16. Here, we used that max;ea |F(z)| < (d + 1) - ||Fal| as shown in (6.7) in
the proof of Theorem 6.10.

6.4 Pellet’s Theorem and the 7;-Test

We introduce the so-called 7x-test based on Pellet’s theorem. Both this chapter and the
following chapter heavily rely on this test — it will allow us to count the number of roots of
a univariate polynomial in a given disc. Let F € C[x] be a univariate polynomial of degree
d > 2,let k be an integer with 0 < k < d = degF, and let K € R with K > 1.

Definition 6.3 (The 7i-Test). For a polynomial F € C[x], the Tx-test on a disc A := A,(m) with
parameter K holds if

FO) (m)rk FO(m)rt
Te(m, 1, K, F) : ’% K- % 6.3)
’ i#k '
or, equivalently, if F®)(m) # 0 and
FO(m)ri =kt FOm)ri =kt 1
Te(m,r, K, F): ) O Z o | <K (6.4)

i<k

Mostly, we will write 7x(A, K, F) for Tx(m, r, K, F), or simply 7x(A, K) or 7ix(A, F) if the
omitted arguments are clear from the context. Notice that if the 7-test succeeds for some
parameter K = K, then it also succeeds for any K with K < K. Clearly, 7i(m,r, K, F) is
equivalent to 7x(0, 1, K, Fp), with Fa(x) = F(m + 1 - x).

The following result is a direct consequence of Rouché’s theorem, and, in our algorithm,
it will be crucial in order to compute the size of a cluster of roots of F; see [RS02, Section 9.2]
for a proof.

Theorem 6.4. If 7x(m, r, K, F) holds for some K € R with K > 1 and some k € {0,...,d}, then
Ar(m) contains exactly k roots of F counted with multiplicities.

Proof. The proof uses Rouché’s theorem, see Theorem 7.17 in Chapter 7 for a very general
(multidimensional) version. For two univariate polynomials ¢ and y, Rouché’s theorem
yields that ¢ and y have the same number of zeros within a disc A,(m), if [p(x)—y(x)| < |y (x)]
for all x € dA,(m). We apply the theorem to ¢(x) = F(x) and y(x) = F®(m) - (m — x)k/k!.
Note that if 75(m, r, K, F) holds, it follows that F®¥)(m) # 0, thus y(x) has exactly k zeros at
m. Using Taylor expansion of F around m yields that

o001 = [ - En =] = 33 | 2 S

Fk(m)

B

for any x € dA,(m). We conclude that ¢(x) = F(x) has the same number of roots within
Ar(m) as y, namely k. O

We derive criteria on the locations of the roots z1, ...,z of F under which the 7-test is
guaranteed to succeed:
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Theorem 6.5. Let k be an integer with 0 < k < d = deg(F), let K € R with K > 1, and let ¢y and
¢z be arbitrary real values fulfilling

(6.5)

cz-d-ln(1+2K)2c -d > M(k)

2K T In(l+ &)
For a disc A = A,(m), suppose that there exists a real A with
A > max(4c, - M(k) - d°,16K - M(k)? - d)
such that A is (1, A)-isolating for the roots z1, . .., zx of F, then Ti(c1d - A, K, F) holds.

The (rather technical) proof of the above theorem is split into two separate lemmas that
we prove independent of each other.

Lemma 6.6. Let A := A,(m) be a disc that is (1,4cy - M(k) - d3)-isolating for the roots z1,.. ., zk,

then, forall z € cod? - A, it holds that F®)(z) # 0. Furthermore, Z‘f:kﬂ FO(m)(erd-r) k! 1

F® (m)i! 2K*

Proof. 1. For the first part, we may assume that k > 1. Then, for the k’th derivative of F
and any complex z that is not a root of F, it holds that

FO(z) 1
F(z;: =Zn _1—[2— ; Z l_lz—z]-'

e 1€ i€lk] Je(t{).s#1k1 €I

Assume for contradiction that F (k)(z) = 0 for some z € cod? - A. Then from the above
inequality, we obtain [];¢[ |z1_z| < Ie (1), 2141 1T je] |Z_1—Z]| We distinguish cases. First,

let k < d/2. Then, we conclude

k-1

| < [licy 1z —zil Z [Tiepry 1z = zil
B [Migjlz—zjl 4 [Tiej 1z = zil - [jey |2 = )l
Ie([‘”) e e DT S U e
. Z 2c,d%r kK - kz_i k\(d-k\[ 1 k=K
k k’ 4eokd3r — crd?r - kK \k—-k") \2kd ’

k’=0

We can now apply crude bounds to the binomial coefficients in the above sum in order
to obtain

k¥ e (LTSt
- <y Y 2 _
Z(k @ =k (de) _k;(k—k’)! <eroi<lh
which is a contradiction. Now suppose k > d/2. We then have
1< [liepy 1z —zil = [Tieri 1z = zil

B H' |z —zj| & Z Z [Tiey 1z = zil - [Tjep |z — zjl
]e([d])] i€l K=11e( ) pre (M) i€] jel

<Z 205d%r "'ji ko\(d-k\ (2"
k- k k’ 4crkd3r — crd?r Pt k—k|\ Kk 3kd)
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Bounding the binomial coefficients leads

-k kk/ 2 k’ d-k 1 2 K
—(d-k)F = I 2/3 _ . .
1< kZJl 7 (d - k) (3kd) < kle o1 (3) <e 1 <1, again a contradiction.

(k)

2. Similar as above, with z; (k) , denoting the roots of F (), it holds that

(k+i) d-k
F(k) < : oy = (dlz)i'
F (m) ]E([d;k]) jeJ |m—z]. | (Cz 7’)
and thus
i FO(m)(erdry™Kk| 3 Fm)| @dr) 3 () (@dn)’ g( 1y'1
A FR(m)i! | F®O(m) | ! — cchZZrZ i! s i!
1
< efl/a _ 1 <« —
= = 2K’
where we used that % < 11—, and (6.5) for the last inequality. O

Lemma 6.7. Le A be a real value with A > 16K - M(k)? - d and suppose that A := A,(m) is a disc

(i) L)i—k
that is (1, A)-isolating for the roots z1, . .., zx of F, then 3; ||§(k)((:"n;|| (c1d :,) L ﬁ

Proof. We may assume that k > 1. Write F(x) = G(x)H(x) with G(x) = [T;¢xj(x — z;) and
H(x) =[] jeld\K] (x = zj). By induction over k, it is straightforward to show that F ©)(x) =
k! ZIE([Z]) Hi¢[(x - Z’i) =k!- Z]E(d[d_]k) Hjej(x - Z]‘). It follows that

FE ) = ki [HOm)|| M‘Zk!-lH(mﬂ(l— D F?GL_Z]'I)

d
i m—2z i m—2z
]e(d[i]k) Hl—k+1 | 1 ]e(d[ﬂ]k . Hl—k+1 | 1

J#[d1\[k]
min(k,d—k)

> k- Hm|(1- )] 2 %m)]—m)

=1 e E(U;])/\Ize(bdji[,k}-

where we used that the j distances in the denominator that are left after canceling out the
common factors from the fraction are all lower bounded by Ar. Moreover, using that J; C [k],
we can upper bound the distances in the enumerator by r and obtain

min(k,d—k) d
o= ko= (), 5 ) ) = e mom(z- 2 (f) )
j=1 j=

As Z?:O ki (‘;)/\_j <(1+5)d< et < 3/2. We conclude that |[F®(m)| > k!|H(m)|/2.
As GO(x) = i Z}e([’f]) [1j¢j(x = 2j), it holds that |G@(m)| < it(5)r*~7. In addition, as

HO(m) 1 o (d—ky _1 .
|W| < ZIE([?]) Hje]m <il- ( ; )(M),»,we obtain

G myHD ()| < [Hm)| - (i - j)!]‘!(i - j) (d i k) e (©©)
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Morevoer, by induction FO(x) = Z- ( )G(’ D(x)HD(x), thus, using (6.6), it follows that

k-1

k=1 , , | |
[FO(m)| (crdr)Fk! |H ()| d— k| (i) c1d) ™ K
2 ZZ|F<k>( Rt P A i

i=0 j=0

k

k-1 i i—k
< 2(c1d)” Z( )(cld)’ ZZ (l )(d .k) (Cljg ,
=0 i=1 j=

where we used that |[H(m)|/|F*)(m)| < 2/k!. We can upper bound the second summand by

k-1 i i
2;2‘( , ) lkZ(H_)SSﬂJrZJZ;(MKk)J

using that A > 16Kk? - d and c1d > k/In (1 8K) In summary, it follows that

k-1 : . k
[FO ) (cxdr) -+ R N I R
- — < 1d) _ <
e P (1 U R S G A S

In the two next chapters, we will make use of the following Corollary 6.8, which is a
consequence of Theorem 6.5 with the specific values K := %, c1:=16, ¢p := 64, A = 256d°,
and thus M(k)/In(1 + g&) ~ 12.49 - M(k) and In (42X) ~ 0.29.

Corollary 6.8. Let A be a disc in the complex space that is (ﬁ, 16d%)-isolating for a set of k roots

(counted with multiplicity) of F. Then, Tx(A, 3, F) holds.

6.41 The TkG-Test: Using Graeffe Iteration

Corollary 6.8 guarantees success of the 7x(A, 3/2, F)-test, with k = |Z(A), if the disc A is
(16%1, 16d*)-isolating for a set of k roots. In this section, we use a well-known approach for
squaring the roots of a polynomial, called Graeffe iteration [Bes49], in order to improve upon
the 7;-test. More specifically, we present a variant of the 7;-test, which we denote 7;G—test,
that allows us to exactly count the roots contained in some disc A, if A is (pl, p2)-isolating
for a set of k roots, with constants p1 and p; of size p1 = 0.947 and p; = 3, i.e., the Graeffe
iteration is used in order to reduce the fraction of p1 and p; from polynormal in d to constant.

Definition 6.9 (Graeffe Iteration). For a polynomial F(x) = Z?:o a;xt € C[x], write F(x) =

F.(x?) + x - Fo(x?), with

d 411
F.(x):= aZL%JxLZJ + aZL%J_zxLZJ +...+axx +ag, and

d-1 -1 J -1

=1 -1
Fo(x) := QZL%JJJXL 2 J+512L[%1J_1xL 2 +...+asx +aj.

Then, the first Graeffe iterate FI!! of F is defined as: FU(x) := (=1)[F.(x)? = x - Fo(x)?].

The first part of the following theorem is well-known (e.g. see [Bes49]), and we give its
proof only for the sake of a self-contained presentation. For the second part, we have not
been able to find a corresponding result in the literature. Despite the fact that we consider
the result to be of independent interest, we will need it in the analysis later on.

Theorem 6.10. Denote the roots of F by z1,...,z4, then it holds that F(x) = Z 0” Iyi =

2

a4

. Hf:1(x — z7). In particular, the roots of the first Graeffe iterate F [ are the squares of the roots of
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F. In addition, we have
d* - M(IF[)* > (IFM)) > P2 - 274

Proof. Notice that at[il] = aﬁ follows directly from the definition of F (1], Furthermore, we have

FN(z2) = (-1)7 - [Fe(22)? — 27 - Fo(22)?]
= (_1)d : [Fe(zl'z) —Zj: FO(ZZ'Z)] : [FC(Z?) +Zi- Fo(zjz)]
= (=1)" - [Fe(z?) — zi - Fo(z))] - F(z;) = 0.

Going from F to an arbitrary small perturbation F (which has only simple roots and for
which 21.2 * 2]2 for all pairs of distinct roots Z; and Z; of F), we conclude that each root zl.2 of

FI' has multiplicity
uEL FMy = Y uzg, P).

2
i

j:z]z:z
Hence, the first claim follows. For the second claim, notice that the left inequality follows
immediately from the fact that each coefficient of FI!l is the sum of at most 4% many products
of the form +a; - a;, and each of these products has absolute value smaller than or equal
to M(||F||)?>. For the right inequality, let k € {0,...,d} be such that |z;| < 2 for i € [k],
and that |z;| > 2 for i € [d] \ [k]. Let zmax be a point in the closure of the unit disc A1(0)
such that |F(zmax)| = max,.|;j<1 |[F(z)|. Since F takes its maximum on the boundary of A1(0),
we must have |zmax| = 1, and using Cauchy’s Integral Theorem to write the coefficients
of F in terms of an integral, we conclude that |F(zmax)| > ||F||. In addition, it holds that

|F(Zmax)| < Z?:o |ai| : |Zmax|d = Zid:o |ai| < (d + 1) : ||P||, and thus

IFIl < |F(zmax)| = max [F(z)] < (d +1) - ||F]|. (6.7)

Applying the latter result to the polynomial g(x) := Hi.(:l(z — z7) yields the existence of a
point z” with |z’| = 1 and |g(z)| > 1. Hence, it follows that

FUE) =laP [ |12 =22 [] 1Z7-2zlal® [] 1VZ=2)- (V2 +2)

i€[k] ie[d]\[k] ie[d]\[]
> |ad|2' rl |Zmax9_ Zi|2 ) 1_[ |Zmax _Zi|2 > |P(Z;1;ax)|2,
i€lk] ie[d]\[k]

where we used that |x — y| < 3 for arbitrary complex points x, y with |x| = 1 and |y| < 2,

and that |[x — z| > @ for arbitrary complex points x, y, z with |x| = |y| = 1 and |z| > 2. We

conclude that

PG | FCma
d+1 (d+1)-94

1M > 1P| - 274, O
We can now iteratively apply Graeffe iterations in order to square the roots of a polynomial
F(x) several times. In this way, we can reduce the “separation factor of the 7-Test” from
polynomial in d (namely 256d°) to a constant value (in our case, this constant will be ~ 1.41)
when we run N, with N = O(log log d), Graeffe iterations first, and then apply the 7-test; see
Algorithm 6.2. From Theorem 6.5 and Theorem 6.10, we then obtain the following result:

Lemma 6.11. Let A be a disc in the complex plane and F(x) € C[x] a polynomial of degree d. Let

N := [log(1 +logd)] +5and py := 23ﬁ ~ 0.943 and py := 4. Then, *\[t&; > p1, and the following
hold:
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Algorithm 6.1: Graeffe Iteration

Input : Polynomial F(x) = }}7_ 0 a;x’, and a non-negative integer N.

Output: Polynomlal FINl(x) = Zl 0 ; a™xi 1f F has roots z1,...,z4, then FIN] has roots
2N [N] _
z7 e

FlOl(x) := F(x)
fori=1,...,Ndo

| Eli(e) =~ R ()2 — x - EU T2
return FIN(x)

, z2 anda = g2

d ’ d

Algorithm 6.2: 7;(3 (A, K)-Test

Input : Polynomial F(x) of degree d, disc A = A,(m), real value K with 1 < K < 3

Output: Truk or FaLsk. If the algorithm returns Trug, A contains exactly k roots of F.

Call Algorithm 6.1 with input Fa(x) := F(m + r - x) and N := [log(1 + logd)] + 5,
which returns F[AN]

return 75(0, 1, K, FINl(x))

(a) If Ais (p1, p2)-isolating for a set of k roots of F, then TkG(A, 2) succeeds.

() If 7;G(A, K) succeeds for some K > 1, then A contains exactly k roots.

Proof. The lower bound on p(d) := A ﬁ follows by a straight forward computation that
shows that p(d), considered as a function in d, is strictly increasing and that p(2) = 0.947 >
23ﬁ ~ 0.943. Now, let F[AN] be the polynomial obtained from F, after performing N recursive

Graeffe iterations. If Ais (p1, p2)-isolating for a set of k roots of F, then the unit disc A" := A1(0)
isalso (p1, p2)-isolating for a set of k roots of F, thatis, A’ contains k roots of Fp and all other

roots of Fx have absolute value larger than %. Hence, we conclude that F[AN] has k roots of
absolute value less than plz <7 6 Te7- Whereas the remaining roots have absolute value larger
than p2 > 16d4*. From Corollary 6.8, we thus conclude that Te(A, 2 5, F [N]) succeeds. This

shows (a). Part (b) is an immediate consequence of Theorem 6.4 and the fact that Graeffe
iteration does not change the number of roots contained in the unit disc. O

Note that in the special case where k = 0, the failure of 7,°(A) already implies that 5 - A
contains at least one root. The following result is a direct consequence of Theorem 6.10.

Corollary 6.12. Let Fp and F[AN] be defined as in Algorithm 6.2. Then, it holds that

16g(IENM I, IEN (017 = O(log d - (d +1g(IIFall, IIFAl ™).

6.4.2 The ‘f;G-Test: Using Approximate Arithmetic

So far, the 7-test and 7;6 -test are formulated in a way such that, in general, high-precision
arithmetic, or even exact arithmetic, is needed in order to compute its output. Namely,
if the two expressions on both sides of (6.3) are actually equal, then exact arithmetic is
needed to decide equality. Even worse, in our general setting, we cannot even handle this
case as we have only access to (arbitrary good) approximations of the coefficients of the
input polynomial F and even if the two expression are different but almost equal, then
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we need to evaluate the polynomial F (and its higher order derivatives) with a very high
precision in order to decide the inequality, which induces high computational costs. This is a
typical problem that appears in many algorithms, where a sign predicate # is used to draw
conclusions, which in turn decides which branch of the algorithm is taken. For a predicate
P, we say that P succeeds if it returns Trug, and, otherwise, we say that it fails. Suppose
that, similar as for the 7x-test (with E; = [F®(m)| - r*/k! and E, = ¥, [FD(m)] - r'/i!), there
exist two non-negative expressions E,; and E, such that # succeeds if and only if E;, — E, > 0.
We further denote by #3/, the predicate that succeeds if and only if the stronger inequality
E;,— % - E; > 0 holds. Then, success of 3/, implies success of ; however, a failure of $5/,
does, in general, not imply that # fails as well. As already mentioned above for the special
case, where P = 7¢(m,r,1, F), it might be computationally expensive (or even infeasible) to
determine the outcome of #, namely in the case where the two expressions E; and E, are
equal or almost equal. In order to avoid such undesirable situations, we replace the predicate
P by a corresponding so-called soft-predicate [YSS13], which we denote by #. This predicate
$ does not only return TrUE or Farsg, but may also return UNpecipep. If it returns TRUE or
FaLsg, the result of ? coincides with that of £. However, if £ returns UNDECIDED, we may
only conclude that E, and E, are roughly equal, more precisely % -Ep < E, < % -Er. We
briefly sketch our approach and give details in Algorithm 6.3: In the first step, we compute
approximations E; and E, of the values E; and E,, respectively. Then, we check whether we
can already compare the exact values E; and E, by just considering their approximations
and taking into account the quality of approximation. If this is the case, we are done as
we can already determine the outcome of P. Hence, in this case # returns TRUE or FaLsE).
Otherwise, we iteratively increase the quality of approximation until we can either show that
E;,>E, E; <E,, or % -Er<E, < % - E¢. We may consider the latter case as an indicator that
comparing E,; and E, is difficult, and thus P returns UNDECIDED in this case.

It is easy to see that Algorithm 6.3 terminates if and only if at least one of the two
expressions E; and E, is non-zero, hence we make this a requirement. In the following
lemma, we further give a bound on the precision to which the expressions E; and E; have to
be approximated in order to guarantee termination of the algorithm.

Algorithm 6.3: Soft-predicate P

Input : A predicate P defined by non-negative expressions E; and E,, with E; # 0 or
E, # 0;i.e., P succeeds if and only if E; > E,.

Output: TruE, FaLsg, or UNDEcIDED. In case of TRUE (FaLsk), P succeeds (fails). In case
of UNDECIDED, we have % -E;<E, < % - Eg.

L:=1
while True do
Compute L-bit approximations E, and E, of the expressions E; and E,,

respectively.

7 = max(0, E¢+27)and EF := max(0, E, £271)
ifE, > E; then return TruE // It follows that E¢; > E,.
if E'{f < E; then return Farse // It follows that E; < E,.

if 2-E} <E; <E; <3 -Ej, then return UNDECIDED
// It follows that 3 - E¢ < E, < 3 - Eg.
L:=2-L
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Lemma 6.13. Algorithm 6.3 terminates for an L that is upper bounded by
Lo := 2 (1og(max(E¢, E;) 1) + 4).

Proof. Suppose that L > log(max(E,, E.)"!) + 4. We further assume that E; = max(E, E,);
the case E, = max(E¢, E,) is then treated in analogous manner. It follows that
E+ <E 2—L+1 <E 2—L+1 < 9 E, < 3 E 2—L+2 < 3 E-
r SErt+ S Ee+ sgrhes5 k- =5 ke
Hence, if, in addition, % . E; < E;, then the algorithm returns UNpecipED in Step 10. Other-
wise, we have % “Ep > Ep+27L+1 > E; > % - E;, and thus

7 3
E; 2E,-27M1 > g Er2 Z‘E5+2_L+1 >E; +27 M1 > Ef,
which shows that the algorithm returns TruUE in Step 6. Since we double L in each iteration,
it follows that the algorithm must terminate for an L with L < 2-(16g(max(E¢, E,)™')+4). O

Notice that if © returns Trug, then P also succeeds. This however does not hold in the
opposite direction. In addition, if 3/, succeeds, then E, > E, and E; cannot be a relative
2-approximation of E,, hence P must return True. We conclude that our soft-predicate is
somehow located “in between” the two predicates # and P5)».

We now return to the special case, where = 7i(m,r,1,F), with E, = |F®) (m)| - r* k!
and E, = ). [ED(m)| - r/i! the two expressions on the left and the right side of (6.3),
respectively. Then, success of £ implies that the disc A = A,(m) contains exactly k roots of F,
whereas a failure of # yields no further information. Now, let us consider the corresponding
soft predicate P = Ti(A,F) of P = Tx(A, F). If P returns Trug, then this implies success of P.
In addition, notice that success of 7¢(A, %, F) implies that P returns Trug, and thus we may
replace 7 (A, %, F) by 7x(A, F) in the second part of Theorem 6.5. Similarly, in Lemma 6.11, we
may also replace 7;G(A, %, F) by the soft-version 7~;G(A, F) of 7;G(A, F). We give more details
for the computation of T¢(A, F) and ‘i‘kG (A, F) in Algorithms 6.4 and 6.5, which are essentially
applications of Algorithm 6.3 to the predicates 7x(A, F) and ‘7;G(A, F). The lemma below
summarizes our results. Based on Lemma 6.13, we also provide a bound on the precision
L for which Algorithm 6.4 terminates and a bound for the bit complexity of Algorithm 6.4.
A corresponding bound for the bit complexity of carrying out the ‘fl;G(A, F)-test for all
k=0,...,dis given in Lemma 6.14.

Lemma 6.14. For a disc A := A.(m) in the complex plane and a polynomial F € C[x] of degree d,
the Tx(A, F)-test terminates with an absolute precision L that is upper bounded by
L(A,F) = L(m,r,F) :=2- (4 +15g(|[Fall™) . (6.8)

If T (A, %, F) succeeds, the T¢(A, F)-test returns Truk. The cost for running the Tr(A, F)-test for all
k=0,...,d is upper bounded by

O(d(d -1og(m, r) + tr + L(A, F)))

bit operations. The algorithm needs an O(d - 16g(m, r) + T + L(A, F))-bit approximation of F.

Proof. Let® := 7x(A, 1, F) be the predicate that succeeds if and only if E; > E,, with E; := | fi|
and E; := Y | fil- Then, EY := f*and Ef := 3, f;* arelower and upper bounds for E; and
E,, respectively, such that |E'{7F —E¢| <27M1and |[Ef - E,| < 271*1. Hence, Lemma 6.13 yields
that Algorithm 6.4 terminates for an L smaller than 2 - (4 + log(max(E,, E,)™!)) < L(A, F).
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Algorithm 6.4: Tr(A, F)-test
Input : A polynomial F(x) of degree d, a disc A := A,(m) in the complex plane, and
an integer k with 0 < k < d.
Output: Trug, Farse, Unpecipep. If the algorithm returns Trug, the disc A, (m)
contains exactly k roots of F.

L:=1
while True do
Compute an approximation Fa(x) = X% fix' of the polynomial
Fa(x) := Z‘z‘i:o fi - x':= F(m + r - x) such that f; - 2L*108@+D1 ¢ 7 and
|fi — fi] < 27L*MogW@+] for all i.
// (L + [log(d + 1)])-bit approximation of Fa.
fi= max(0, |f~l| — -L=Tlogld+D1 for i = 0, ..., d.
= | fi| + 27 LMo+ DT for j = ,...,d.
// lower and upper bounds for | f;|.
if fi = Xigi f;7 > 0 then
L return TrRUE
// It follows that Ti(A, F) succeeds.
if Xz f7 = f7 > O then
L return Farse
// It follows that Ti(A, F) fails.
if Yo f7 =5 fF20and 3. f7 — Y, f* 2 0 then
L return Farse
L:=2-L

We have already argued above that success of the predicate P53/, = Tx(A, 3, F) implies
that # = Fx(A, F) returns True. Hence, it remains to show the claim on the bit complexity
for carrying out the ‘f'k(A, F)-test for all k = 0,...,d. For a given L, we can compute an
(L + [log(d + 1)])-bit approximation F(x) = Z?:o fix! of F5 with a number of bit operations
that is bounded by O(d(tg +d log(m,r) + L)); e.g. see the first part of the proof of [SM16,
Lemma 17]. For a fixed k, the computation of the signs of the sums in each of the three IF
clauses needs d additions of dyadic numbers with denominators of bit-size [log(d + 1)] + L
and with numerators of bit-size O(L + d log(r) + 7r), hence the cost is bounded by O(d(7r +
dlog(r) + L)) bit operations. Notice that, when passing from an integer k to a k’ # k, the
corresponding sums in one If-clause differ only by two terms, that is, f* and f7. Hence,
we can decide all If-clauses for all k using O(d) additions. Furthermore, we double the
precision L in each step, and the algorithm terminates for an L smaller than L(A, F). Hence,
L is doubled at most log L(A, F) many times, and thus the total cost for all k is bounded by
O(d(tr + d16g(m, r) + L(A, F))) bit operations. O

We now extend the above sgft—variant Ty of the Tx-test to a corresponding soft-variNant of
the TkG -test, which we denote TkG ; see Algorithm 6.5 for details. We further combine 7;G for
allk =0,...,d to obtain T.(A, F) with

k  if there exists a k such that 7,°(A, F) succeeds

. (6.9)
-1 otherwise.

T.(A,F) := {

Again, for brevity, we often omit F and just write T.(A). We say that T. succeeds if it
returns a non-negative value. Otherwise, it fails. Notice the difference between T. and 7.,
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Algorithm 6.5: 7~'kG (A, F)-Test
Input :Polynomial F(x) € C[x] of degree d, a disc A := A,(m) in the complex space.
Output: Trug, FaLsg, or UNDECIDED. If the algorithm returns TruE, A contains exactly k
roots of F.
Let F[AN](x) be the N-th Graeffe iterate of Fa(x) := F(m + r - x), where
N := [log(1 +logd)] + 5
return 7 o,1, F[AN])

which we defined in Chapter 5. The T.-test uses both Graeffe iteration and approximate
arithmetic while the 7.-test was formulated for exact arithmetic without Graeffe iteration.

The following result, which can be considered as the “soft variant” of Lemma 6.11, can
then immediately be deduced from Lemma 6.11 and Lemma 6.14:

Lemma 6.15 (Soft-version of Lemma 6.11). Let A := A,(m) be a disc in the complex plane,

F(x) € C[x] be a polynomial of degree d, and let p1 = %E and p; = 3. Then, the following hold:

(a) If Ais (p1, p2)-isolating for a set of k roots of F, then T.(A) returns k.
(b) If T.(A) returns a k > 0, then A contains exactly k roots.

For the complexity analysis of our root isolation algorithm (see Section 6.5), we provide
a bound on the total cost for running the T.-test.

Lemma 6.16. The total cost for carrying out the T.(A) is bounded by

O(d(tr + d1og(m, r) + L(A, F))) = O(d(tF + d1og(m, r) + 1@((m§1Ax IF(z))™1))

bit operations. For this, we need an L-bit approximation of F with

L=0O(tr+d log(m,r)+ L(A, F)) = O(tr+d log(m, r) + 1075((mgan IF(z)])™H)).

Proof. According to Lemma 6.14, the computation of 7;(0, 1, F [N]) needs an L-bit approxima-
tion ?[AN] of F[AN] , with L bounded by

O+t +L(0,1,Fy) = O(d +1og (I, 1L 171). (6.10)

. &[N
Given such an approximation F,

bounded by

, the cost for running the test for all k = 0,...,d is then
O(d(d + T + L)) bit operations.
A

In each of the N = O(log log d) Graeffe iterations, the size of lch(HF[Ai] II, ||F[Ai] |71) increases by
at most a factor of two plus an additive term 44; see Theorem 6.10. Hence, we must have

16g(IEI, IEYNI~Y) = Olog d - 168 (I Fall, IIFall™) + d log d)
= O(d16g(m, r) + tr + L(A, F))

foralli = 0,...,N. We conclude that the above bound (6.10) for L can be replaced by

O(tr +dlog(m,r) + L(A, F)).
It remains to bound the cost for computing an approximation F[AN] of P[AN] with ||F[AN] -
F Y| < 27L. Suppose that, for a given p € N we have computed an approximation Fa of Fy,
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with ||Fa — Fall < 27P. According to [Sch82a, Theorem 8.4] (see also [KS13, Theorem 14]
and [SM16, Lemma 17]), this can be achieved using a number of bit operations bounded by

O(d(d16g(m, r) + tr + p)). In each Graeffe iteration, an approximation ﬁ[Ai] of PE] is split into

two polynomials F[Ailo and F[Ai]e with coefficients of comparable bit-size (and half the degree),

and an approximation I:“[AHH of F[Ai] is then computed as the difference of f[Ai]e and x -ﬁ[Ai]o. If all

computations are carried out with fixed point arithmetic and an absolute precision of p bits
after the binary point, then the precision loss in the i-th step, withi = 0, ..., N, isbounded by

O(logd+log ||F[Ai]||) = O(2/(log d+log ||Fall)) = O(log d(log d +log || F||)) bits after the binary

point. The cost for the two multiplications and the addition is bounded by O(d(p+log ||F[Al] ).
Since there are only N = O(loglog d) many iterations, we conclude that it suffices to start
with an approximation Ep of Fo, with ||[Fao — Eal| < 27° and p= O(d log(m, r)+tr +L(A, F)).
The total cost for all Graeffe iterations is then bounded by O(dp) bit operations, hence the
claim follows together with the fact that max.ea |F(z)| < (d + 1)||Fall as shown in (6.7) in the
proof of Theorem 6.10. O

6.5 ClIsoLATE: An Algorithm for Root Isolation

We can now formulate our algorithm, which we denote by ClsoLaTe. CIsoLATE computes
isolating discs for all complex roots of a polynomial F within some given closed, axis-aligned
square 8 C C under the assumption that the enlarged square 28 contains only simple roots
of F. However, CIsoLATE might also return isolating discs for some of the roots that are only
contained within the enlarged square 28. In particular, in the important special case, where
F is square-free and where we start with a square 8 that is known to contain all complex
roots of F, see the end of Section 6.2 for the construction of such a square, the algorithm
isolates all complex roots of F. Before we give details, we need some further definitions.
Thereater, we will give an overview of the algorithm before we provide details and the proof
for termination and correctness.

6.5.1 Connected Components

Given a set S = {By,..., By} of squares By, ..., B, C C, we say that two squares B, B’ € S
are connected in S (B ~s B’ for short) if there exist squares B;,,...,B;, € S with B;, = B,
Bi, = B’,and B;; N B;j,, # 0 forall j = 1,...,s" = 1. This yields a decomposition of S
into equivalence classes Cq,...,Ck C S that correspond to maximal connected and disjoint
components C,; = Ui.Bjec, Bi, with € = 1,..., k. Notice that formally C; is defined as the
set of squares B; that belong to the same equivalence class, whereas C, denotes the closed
region in C that consists of all points that are contained in a square B; € C;. We will, for
simplicity, abuse notation and simply use C to denote the set of squares B contained in a
component C as well as to denote the set of points contained in the closed region C. Now, let
C ={Bu,...,Bs} be a connected component consisting of equally sized squares B; of width
w, then we define (see also Figure 6.1):

* Bc is the axis-aligned closed square in C of minimal width such that C C B¢ and

min R(z) = min R(z) and max J(z) = max J(z),
z€Bc zeC z€Bc zeC

where R(z) denotes the real part and J(z) the imaginary part of an arbitrary complex
value z. The above condition (figuratively speaking) ensures that the square B¢ is
maximally moved to the “south-east”.
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4Ac = Agy(se)(1m)

FiGure 6.1: A component C; := C consisting of 5 squares By, . . . Bs, the enclos-
ing square B¢ with center m := m¢ and the discs Ac, 2A¢ and 4Ac. The disc
4Ac intersects the component C; but does not intersect Cs.

¢ For a component C and corresponding square B¢, we denote m ¢ the center of B¢, and
Ac := A3y(Be)/a(mc) a disc containing Bc, and thus also C and the diameter w(C) of the
component C we define to be the width of Bc, i.e., w(C) := w(Bc), and r(C) := w(C)/2
is the radius of C.

* We define C* := |J;.5.c 2B; as the union of the enlarged squares 2B;. Notice that C* is
the w/2-neighborhood of C w.r.t. the co-norm.

6.5.2 The Algorithm

We start with an informal description of ClsoLaTE, where we focus on the main ideas explain-
ing the ratio behind our choices. For the sake of comprehensibility, we slightly simplified
some steps at the cost of complete formal correctness, hence, the considerations below should
be taken with a grain of salt. A precise definition of the algorithm including all details is
given in the pseudocode in Algorithm 6.6 and the subroutines NewtoNTEstT (Algorithm 6.7)
and Bisection (Algorithm 6.8).

From a high-level perspective, our algorithm follows the classical subdivision approach
of Weyl [Wey24]. That is, starting from the input square 8, we recursively subdivide 8 into
smaller squares, and we remove squares for which we can show that they do not contain
a root of F. Eventually, the algorithm returns regions that are isolating for a root of F. In
order to discard a square B, with B C 8B, we call the T.(Ap, F)-test with Ap being the disc
containing B. The remaining squares are then clustered into maximal connected components.
We further check whether a component C is well-separated from all other components, that
is, we test whether the distance from C to all other components is considerably larger than
its diameter. If this is the case, we use the T.-test in order to determine the “multiplicity”
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kc of the component C, that is, the number of roots contained in the enclosing disc Ac;
see Line 9 of Algorithm 6.6 for details and Figure 6.1 for an illustration. If k¢ = 1, we
may return an isolating disc for the corresponding unique root. Otherwise, there is a
cluster consisting of two or more roots, which still have to be separated from each other. A
straightforward approach to separate these roots from each other is to recursively subdivide
each square into four equally sized squares and to remove squares until, eventually, each
of the remaining components contains exactly one root that is well-separated from all other
roots; see also Algorithm 6.8 (Bisection) and Figure 6.3. However, as described above in
the overview, this approach itself yields only linear convergence to the roots, and the main
idea to achieve quadratic convergence here is to consider a cluster of k roots as a single root
of multiplicity k and to use a generalized Newton iteration for multiple roots to compute a
better approximation of this root, see Algorithm 6.7 (NewronTEsT) and Figure 6.2.

The main crux of the NewtonTEsT is that we never have to check in advance whether
Newton iteration actually yields an improved approximation of the cluster of roots. Instead,
correctness is verified independently using the T.-test. In order to achieve quadratic con-
vergence in the presence of a well isolated root cluster, an integer Nc is assigned to each
component C in each iteration. This speed parameter Nc may be thought of as the actual
speed of convergence to the cluster of roots contained in C. In case of success of the NEwToN-
Test, the component C is replaced by a component C’ € C of diameter w(C’) ~ w(C) - NZ'.
That is the width of the component is reduced by a factor of N¢ and, in this case, we “square
the speed of convergence”, that is, we set N¢r := N, % If the NewtoNTEsT fails, we fall back
to bisection and “decrease the speed of convergence”, that is, we set N¢ := v/Nc for all
components C” into which the component C is split. Our analysis shows that the NewTon-
Test is the crucial ingredient for quadratic convergence. More precisely, we prove that, in
the worst-case, the number s of components in each sequence Cy, ..., C; as above becomes
logarithmic in the length of such a sequence if only bisection would be used; see Lemma 6.21.

6.5.3 Termination and Correctness

We now turn to the proof of termination and correctness of the algorithm. In addition, we
derive further properties, which will turn out to be useful in the analysis.

Theorem 6.17. The algorithm CIsoLATE terminates and returns a correct result. In addition, at any
stage of the algorithm, it holds that:

(a) Forany (C,Nc) € C, the connected component C consists of disjoint, aligned, and equally-sized
squares By, ..., Bs., each of width 26c with some €¢c € Z.

(b) For any two distinct pairs (C1, N¢,) € C and (C2, Nc,) € C, the distance between Cq and Cy is
at least max (261, 2%2). In particular, the enlarged regions C{ and CJ are disjoint.

(c) The union of all connected components C covers all roots of F contained in B. In mathematical
terms,
F(z) #0forallz € 8\ U C.
C:(C,Nc)eC

(d) For each square B produced by the algorithm that is not equal to the initial square B, the enlarged
square 2B contains at least one root of F.

(e) Each component C considered by the algorithm consists of sc <9 - |Z(C™")| squares. The total
number of squares in all components C is at most 9-times the number of roots contained in 28,
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FiGure 6.2: The NewronTEsT: If T.(A') = k¢, with A" 1= Ayec-s (T, then A
contains exactly kc roots of F. Since T.(2Ac) = k¢ and C* € 2Ac, it follows
that A’ contains all roots contained in C*. The sub-squares B; ; of width
2{c=1/Nc that intersect A’ yield a connected component C’ of width at most
2 /N¢ < w(C)/N¢. In addition, all roots that are contained in C are also
contained in C’. Further notice that if JE’C is contained in C, then A’ intersects
at most four squares B; ;. Otherwise, it intersects at most three squares. In
each case, the squares are connected with each other, and the corresponding
connected component C” has width at most 2/¢ /N¢ < w(C)/Nc.

AC = A%w(gc)(m)

Ficure 6.3: The Bisection routine: The green (brighter) sub-squares are all
squares B for which T.(Ag) # 0. They are grouped together into three maximal
connected components, which contain all roots contained in C. All other sub-
squares are discarded.
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Algorithm 6.6: CIsoLATE
Input : A polynomial F(x) € C[x] as in (6.1) and a square B C C of width
wo := w(B) = 2%, with ¢y € Z; F has only simple roots in 28.
Output: A list O of disjoint discs A1, ..., As € Csuch that, foreachi=1,...,s, the
disc A; as well as the enlarged disc 2A; is isolating for a root of F that is
contained in 28. In addition, for each root z € B, there exists a disc A; € O
that isolates z.
10={} // list of isolating discs
2 C={(8,4)} // list of pairs (C, Nc), with C a connected com-
// ponent consisting of sc equally sized squares,
// each of width 2tc, where tc € Z<¢,- Ncisan
// integer with Nc = 2% and nc € Nyq.

// * Preprocessing *//
3 repeat
4 Let (C, Nc) be the unique pair in C
/7 If UceNoec € = B, then there exists a
// unique component C with (C, Nc¢) € C.
// * linear step *//
5 {C},...,C}} = Bisection(C) and C = {(C{,4),...,(C},4)}
6 until Jc,cNojec C# B

// * Main Loop *//
7 while C is non-empty do
8 Remove a pair (C, N¢c) from C.
9 if 4Ac N C" = 0 for each (C’, N¢) € C with C’ # C and there exists a kc € [d] such that
kc = T.(2Ac) = T.(4Ac) then

// If the second condition holds, kc equals the
// number of roots contained in 2Ac and 4Ac.

if kc =1 then
10 L Add the disc 2A¢ to O, continue
11 if kc > 1 then
12 Let xc € B\ C be an arbitrary point with distance 2/¢~! from C and

distance 2‘¢~! or more from the boundary of 8.

// Existence of such a point follows from the

// proof of Theorem 6.17. It holds that F(xc) # 0.
13 if NewroNTEsT(C, N¢, ke, xc) = (Success, C’) then
L // * quadratic step *//

14 Add (C’, N2) to C, continue

/; * linear step *//
15 {C}, ..., C}} := Bisection(C).
16 | Add (C}, max(4, VNc)),...,(C}, max(4, VNc)) to C.

17 return O.

that is,?
Z sc <9-1Z@28)|.

C:3(C,Ne)eC

2We will later prove that even the total number of squares produced by the algorithm in all iterations is
near-linear in the number Z(28) of roots contained in 28.
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Algorithm 6.7: NEwtoNTEST

10
11

12

Input : A tuple (C, N¢c, kc,xc): C ={By,...,Bs.} is a connected component
consisting of equally sized and aligned squares B; contained in 8 and of size
2fc, N¢isan integer of the form 22" with n¢ € Nsq, kc is the number of roots
in 4Ac, and xc is a point with F(xc) # 0.

Output: Either FarLure or (Success, C’), where C’ C C is a connected component that
contains all roots contained in C. C’ consists of at most 4 equally sized and

aligned squares, each of width 2

Nc °
if Algorithm 6.3 does not return FALSE for the input E¢ := 4r(C)|F’(xc)| and E, := |F(xc)|
then // This implies |F(xc)| < 6r(C)|F’(xc)|.

forL=1,2,4,... do
Compute L-bit approximations of F(xc) and F’(xc) and derive an
(6 — {c +log N¢)-bit approximation % of the Newton iterate

P(XC) ~/ ’ 1 sz
c- Fxo) such that |%; — x| < o Ne (6.11)

xe:=xc—k

// For more details, see the similar computation
// in [SM16, Step 2 of NEwToNTEsT].

B ro_ A(zr 1 2(c
Let A := A(Xc, g N_C)
if AN C = 0 then

L return FAILURE

if T.(A’) = k¢ holds // Then, A\’ contains all roots contained in 2Ac.
then
Decompose each square B; into 4N (2: many equally sized sub-squares B; ;
return (Success, C’), with C’ the unique connected component consisting of all

-1
21\(]: that intersect A’.
C

squares B; ; of width

return FAILURE

(f) Let (C, Nc) be a pair produced by the algorithm. The sequence of ancestors of a component C

(g)

produced by the algorithm is recursively defined as follows. It consists of the component C’ from
which C resulted followed by the ancestors of C’. We denote with anc*(C), the first ancestor

of C for which the Newton Test was successful, if such exists, otherwise anc*(C) = B. Then
w(C) < 2w(anc*(C)) < 2w(B)
- YNc T VNc

. Moreover,

It holds that ~Z:@8Y < otc < w(B)and 4 < N¢ < (29.10((3))2 where as before op(2B) :=
7. d%w(B) = = = NC = \5r28) | - F :

min;..,co8 0r(z;) is the separation of F restricted to 28.

Proof.  (a) Follows immediately via induction. Namely, a component C consisting of

squares of size 2/C is either replaced by a single connected component consisting
of (at most 4) squares of width 2/c~1/Nc in line 14 after NewtonTEst was called, or it
is replaced by a set of connected components C’ C C, each consisting of squares of size
2fc=1 in line 16 after BisecTion was called.

(b) We can also use induction on the number of iterations. Suppose first that a component

C is obtained from processing a component D in line 16. If C is the only connected
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Algorithm 6.8: Bisection

Input : A connected component C = {Bj, ..., Bs.} consisting of aligned squares B;,

each of width w(B;) = 2c.

Output: A list of components C;. C C, each consisting of aligned and equally sized

WON =

NNy W

o ®

squares of width 2{c=1 The union of all C; contains all roots of F that are
contained in C.

C:=0
for each B; € C do

Remove B; from C and subdivide B; into four equally sized sub-squares B; j, with
j=1,...,4, and add these to C’.

foreach B € C’ do

if T.(Ag) =0 // This implies that B contains no root.
then
L Remove B from C’.

Compute maximal connected components C/, ... C} from the squares in C".
return Cj, ... CQ,

(c)

(d),(e)

component obtained from D, then, by the induction hypotheses, it follows that the
distance to all other components C’, with C' N D = 0, is at least max(2(p,2fc) >
max(2fc,2¢c). If D splits into several components Cy, ..., Cs, with s > 1, their distance
to any component C’, with C' N D = 0, is at least max(2/?,2¢c’) > max(2/¢i, 2(c’) for
all i. In addition, the pairwise distance of two disjoint components C; and C; is at
least 2fc=1 = 2/ci for all i. Finally, suppose that, in line 14, we replace a component
D by a single component C. In this case, C ¢ D and C consists of squares of width
2f=1/N¢. Hence, the distance from C to any other component C’ is also lower bounded
by max(2¢¢c, 2¢c").

Notice that in line 7 of Bisection, we discard a square B only if T.(Ag) = 0. Hence,
in this case, B contains no root of F. It remains to show that each root of F contained
in C is also contained in C’, where C” C C is a connected component as produced in
line 14 after NewtoNTEsT was called. If T.(A’) = k¢, then A’ contains k¢ roots; see
Lemma 6.15. Hence, since A’ is contained in 2A¢, and since 2A¢ also contains k¢ roots
(as T«(2A¢c) = kc holds), it follows that A’ contains all roots that are contained in C.
The disc A’ intersects no other component C’ # C as the distance from C to C’ is larger
than 2%c, and thus, by induction, we conclude that (A’ N B) \ C contains no root of F.
This shows that C’ already contains all roots contained in C.

Any square B # 8B that is considered by the algorithm either results from the Bisection
or from the NEwtoNTEsT routine. If a square B results from the Bisection routine, then
the disc Ag = Aw(g)(m p) contains at least one root of F, and thus also 2B contains at least
one root. If a square B results from the NewroNTEsT routine, then 2B even contains two
roots or more. Namely, in this case, T.(A’) = k¢ holds for the disc A’ = A,/(m’), with
v = }Lw(B )and k¢ > 1, and thus A’ contains k¢ roots. Since 2B contains the latter disc,
2B must contain at least k¢ roots. This shows (d). From (d), we immediately conclude
that, for each component C # B produced by the algorithm, the enlarged component
C* contains at least one root of F. In addition, since C™ is contained in 28, each of these
roots must be contained in 28. The first part in (e) now follows from the fact that, for
a fixed root of F, there can be at most 9 different squares B of the same size such that
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2B contains this root. From part (b), it follows that, for any two distinct components
C1 and Cy, the enlarged components C; and CJ do not intersect, and thus the total
number of squares in all components is upper bounded by 9 - | Z(28)|, which proves
the second part in (e).

(f) We may assume that Nc > 4 as, otherwise, the inequality becomes trivial. Let
C1, ..., Cs be the sequence of ancestors of C, with C; := anc*(C), C; = C,and C; D Cj41.
By definition of anc*(C), we have w(Cz) < w(C1)/N¢, = w(Cl)/\/N_cz, since the step
from C; to C; is a quadratic step. And since N¢, = 4/N¢, , fori =2,...,s, it follows
that

w(C1) _ w(C) _w(C) _ w(anc*(C))'

N¢, - VvNc, B vNc, - VNc

Termination and (g): We can now show that the algorithm terminates; the inequalities in
(g) will then follow from the proof of termination: Suppose that the algorithm produces a
sequence C1, Cy, ..., Cs of connected components, withs > logn+6and C; > C2; O --- D Cs.
If, for at least one index i € {1,...,s — 1}, C;; is obtained from C; via a quadratic step, then
w(Cis1) < w(Ci)/N¢, < w(C;)/4. Hence, in this case, we also have w(Cs) < w(C1)/4. Now,
suppose that each C;1 is obtained from C; via a linear step, then each square in C; has
size 2fa7*1 and thus w(Cs) < 9d - 2f@15*1 < w(C1)/2. This shows that, after at most
logd + 6 iterations, the width of each connected component is halved. Hence, in order
to prove termination of the algorithm, it suffices to prove that each component C of small
enough width is terminal, that is C is replaced by an isolating disc in line 10 or discarded
in NewtoNTEst or Bisection. The following argument shows that each component C of
width smaller than w := 35 - 0r(28) that is not discarded is replaced by an isolating disc.
We have already shown that C* must contain a root & of F, and thus we have |m¢c — &| <
2w(C) < 0p(&)/16 and r¢c < op(&)/16. We conclude that the discs 2A¢ and A(mc, 8r¢)
are both isolating for £&. Then, Lemma 6.15 guarantees that T.(2A¢c) = 1 and T.(4Ac) = 1
hold. Hence, if 4Ac intersects no other component C” # C, then the algorithm replaces C
by the isolating disc 2Ac in line 10, because the if-clause in line 9 succeeds with kc = 1.
It remains to show that the latter assumption is always fulfilled. Namely, suppose that
4Ac intersects a component C' # C, and let B and B’ be arbitrary squares contained in
C and C’, respectively. Then, the enlarged squares 2B and 2B’ contain roots & and ¢&’,
respectively, and & and &’ must be distinct as C* and (C’)* are disjoint. Hence, the distance
between B and B’, and thus also the distance 6 between C and C’, must be larger than
or(2B)—2fc —2fcr = 3w —2fc —2fc’ > 31w -2’ Hence, if 2/’ < 25w, then4Ac C A(mc, 6w)
does not intersect C’. Vice versa, if 2/’ > 25w, then the distance between C and C’ is at least
max(2fc,2fc’) > 25w, and thus 4A¢ does not intersect C” as well. Notice that ( ¢) now follows
almost directly from the above considerations. Indeed, let C # 8 be an arbitrary component
C and let D be any component that contains C. Since D is not terminal, we conclude that
w(D) > w, and thus Np < Alwz—l(;@ according to (f). Since N¢ is smaller than or equal to the
square of the maximum of all values Np, the second inequality in (g) follows. The first
inequality follows from the fact that 2fc > minp.ccp 271 /Np > w/(9d - maxp.ccp Np).

w(C) = w(Cs) < w(Cs-1) < w(Cy) <

Correctness: For correctness, we remark that each disc A returned by the algorithm is
actually isolating for a root of F contained in 28 and that 2A also isolates this root. Namely,
for each component C produced by the algorithm, the enlarged component C* contains
at least one root. Now, if the if-clause in line 9 succeeds on C with k¢ = 1, it holds that
T.(2Ac) = 1, and thus the disc 2A¢ contains exactly one root £&. Hence, since Ac contains
C*, this root must be contained in C*. In addition, if also T.(4Ac) = 1 holds, then the disc
4Ac isolates & as well. Finally, it remains to show that the algorithm returns an isolating disc
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for each root ¢ that is contained in 8. From (a) and (c), we conclude that there is a unique
maximal sequence S = Cq,Cy, ..., Cs of connected components, with C; > C, D --- D Cs,
such that each C; contains £&. Now, when processing C;, Cs; cannot be replaced by other
connected components C’ C C; as one of these components would contain &, and this would
contradict the assumption that the sequence § is maximal. Since C; contains &, it cannot
be discarded in Bisection or NewtonTEsT, hence C; is replaced by an isolating disc for & in
line 10. This concludes the proof. O

Remark. We remark that our requirement on the input polynomial F to have only simple
roots in 28 is only needed for the termination of the algorithm. Running the algorithm on
an arbitrary polynomial (possibly having multiple roots) yields isolating discs for the simple
roots as well as arbitrarily small connected components converging against the multiple roots
of F in 8. Namely, if 8 is not discarded in the first iteration, then the enlargement C* of each
component C contains at least one root. Since C consists of at most 94 squares, each of size
2fc, it holds that each point in C approximates a root of F to an error of less than d - 2c™. In
addition, the union of all components covers all roots contained in 8, and thus our algorithm
yields L-bit approximations of all roots in 8 if we iterate until {c < —4 —logd — L for all
components C. In the special situation, where we run the algorithm on an input square
that is known to contain all roots and if, in addition, the number k of distinct roots of F is
given as input, our algorithm can be used to return isolating regions for all roots. Namely,
in this situation, we may proceed until the total number of connected components C equals
k. Then, each of the enlarged components C* isolates a root of F.

6.6 Complexity Analysis

We split the analysis into two parts. In the first part, we focus on the number of iterations
that are needed to isolate the roots of F that are contained in a given square 8. We will see
that this number is near-linear® in | Z(28)|, the number of roots contained in the enlarged
square 28. We further remark that, for any fixed non-negative constant ¢, the total number
of iterations is near-linear in | Z((1 + ¢) - B)|; however, for the sake of simplifying analysis,
we only provide details for the special case ¢ = 1. Hence, we conclude that our algorithms
performs near-optimal with respect to the number of subdivision steps if the input square B
has the property that each root contained in (1 + ¢) - 8 is also contained in $; in particular,
this is trivially fulfilled if 8 is chosen large enough to contain all roots of F.

In the second part of the analysis, we give bounds on the number of bit operations that
are needed to process a component C. This eventually yields a bound on the overall bit
complexity that is stated in terms of the degree of F, the absolute values and the separations
of the roots in Z(28), and the absolute value of the derivative F’ at these roots.

6.6.1 Size of the Subdivision Tree

We consider the subdivision tree 7g, or simply 7, induced by ClsoLatg, where 8 is the initial
square. More specifically, the nodes of the tree 7~ are the pairs (C, Nc) € C produced by
the algorithm, and two nodes (C, Nc) and (C’, N¢’) are connected via an edge if and only if
C c C’ (or C’ ¢ C) and there exists no other component C” withC c C” c C" (C' ¢ C” c C).
In the first case, we say that (C, Nc¢) is a child of (C’, N¢+), whereas, in the second case, (C, N¢)
is the parent of (C’, N¢/). For brevity, we usually omit the integer N¢, and just refer to C as
the nodes of 7". Notice that, according to Theorem 6.17, the so obtained graph is indeed a

3More precisely, it is linear in | Z(28)| up to a factor that is polynomially bounded in log d, log 1og(w($)), and
loglog(or(28 )~1). If 28 contains no root, then there is only one iteration.
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tree rooted at 8. A node C is called terminal if and only if it has no children. We further use
the following definition to refer to some special nodes:

Definition 6.18. A node (C,Nc) € 7 is called special, if one of the following four conditions
is fulfilled: (1) The node (C, Nc) is terminal. (2) The node (C, Nc) is the root of T, that is,
(C,Nc) = (8B,4). (3) The node (C,Nc) is the last node for which BisectioN is called in the
preprocessing phase of the algorithm. We call this node the base of 7. Notice that the first part of the
tree consists of a unique path connecting the root and the base of the tree. (4) For each child D of C, it
holds that Z(D*) # Z(C*). We call such nodes split nodes.

Roughly speaking, except for the root and the base of 7, special nodes either isolate a
root of F or they are split into two or more disjoint clusters each containing roots of F. More
precisely, from Theorem 6.17, we conclude that, for any two distinct nodes C,D € 7, the
enlarged regions Z(C*) and Z (D) are either disjoint or one of the nodes is an ancestor of the
other one. In the latter case, wehave C* ¢ D* or D* c C*. Since, for any two children D; and
D, of anode C, the enlarged regions D" and D, are disjoint, we have Zile Z (D;r) < Z(CY),
where D1 to Dy are the children of C. Hence, since each D;r contains at least one root, the
fourth condition in Definition 6.18 is violated if and only if C has exactly one child D and
Z(C*) = Z(D™). The number of special nodes is at most 2 - (1 + |Z(28)]) as there is one
root and one base, at most | Z(28)| terminal nodes C with C # B, and each occurrence of
a special node, which fulfills the fourth condition, yields a reduction of the non-negative
number ),~(|Z(C*)|-1) by at least one. The subdivision tree 7 now decomposes into special
nodes and sequences of non-special nodes Cy, ..., Cs, with C; D C2 D -+ D C,, that connect
two consecutive special nodes. The remainder of this section is dedicated to the proof that
the length s of such a sequence is bounded by some value smax 0f size

Smax = O(log (d - 1og(w(B)) - I(Yg(GF(ZB)_l))). (6.12)

For the proof, we need the following lemma, which provides sufficient conditions for the
success of the NEwTONTEsT.

Lemma 6.19 (Success of NEwTONTEST). e Let C = {By,...,Bs.} be a non-terminal compo-
nent with B\ C # 0, let B¢ be the corresponding enclosing square of width w(C) and center
m =mc,and let A :== Ac = A,(m), with r := %w(C), be the corresponding enclosing disc.

® Let zy,...,zk be the roots of F contained in the enlarged component C*, and suppose that all
these roots are contained in a disc A” := A,»(m") of radius r” = 272071984y INc. Assume that

the disc Ayrrogasaoy ., (m) contains none of the roots zi11, . . ., Za.
Then, the algorithm CIsoLATE performs a quadratic step, that is, C is replaced by a single component

C’ of width w(C") < w(C)/Nc.

Proof. We first argue by contradiction that 4A does not intersect any other component C’,
which implies that the first condition of the and in the if-clause in line 9 is fulfilled. If 4A
intersects C’, then the distance between C and C’ is at most 87, and thus 2/ < 8r as the
distance between C and C’ is at least max(2¢c, 2c’). Hence, we conclude that the disc 64 - A
completely contains 2B’ for some square B’ of C’. Since 2B’ also contains at least one root and
since each such root must be distinct from any of the roots z1, . . ., zx, we get a contradiction.

According to our assumptions, each of the two discs A and 8A contains the roots z1, . . ., zk
but no other root of F. Hence, according to Lemma 6.15, T.(2A) = T.(4A) = k holds. Since we
assumed C to be non-terminal, we must have k > 2, and thus the algorithm reaches line 11
and the NEwToNTEsT is called. We assumed that C does not entirely cover the initial square
B, hence, in a previous iteration, we must have discarded a square of width 2C or more
whose boundary shares at least one point with the boundary of C. Hence, we can choose
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a point in such a square as the point xc € 8\ C in the NewtoNTEsT such that the distance
from xc to C is equal to 2/c~! and such that the distance from xc to the boundary of B is at
least 2¢c~1. Notice that also the distance from x¢ to any other component C’ is at least 2¢c 1,
and thus the distance from xc to any root of F is at least 2/c™! > 5.7, where the inequality
follows from the fact that C consists of at most 94 squares. Thus, for i < k, |[xc — m”| < 4r

and furthermore

|xc —zi| = ﬁ fori <k, and |xc-—zi|>2%d?Ncr —4r > 2%d*Ner fori > k.

Using that F(x) Zl -1 55, for any x with F(x) # 0, we can bound the distance from the
Newton iterate x(. as defined in (6.11) to the “center” m” of the cluster of roots:

k
_ 1 XCc — Xc —
_k; Xc —zi kZ Xc —Zi
izi—m”+zxc— Z|Zz—m'| lec—
xc-zi S xc-zi |xc - zil lxc — zil
7" d—k 4r 27dr 4dr 1
< + < + < .
r/(27d) k d22¥Ncr  rd?2220Nc  rd2220Nc ~ 2144dNc

1(c—m")F(xc)
k F(XC)

1

k

t 1 (xc=—m")F'(xc) _

Hence, there exists an z € C, with |z| < ﬁ, such tha =1+ z. This implies

F(xc)
that ||l;((;cc))|| > e 1m,,| > 4r , and thus the NewtoNTEsST must reach line 2 as Algorithm 6.3 must
return True or UNpEcIDED. With x”/ c=Xc— k- F,((XCC)), it further follows that
1 1 z(m” = xc)
” o — " _ N = ”_ {1 = =
= xel = Jm? = xel 1 1P " = xel ‘1 1+z 1+z
xc
4y r 2lc
< < < .
2BdNc ~ 211dN-  128N¢
We therefore obtain
!’ 7, !’ !’ zlc 7, zlc zlc zlc
X —m"| < |X-— x|+ + | < + < .
e —m"| < [¥c = xcl + e = m"| < mm + e = m"l < R + ek < NG

Since the distance between m” and any of the roots z1, ..., zx is also upper bounded
by r” < 2!¢/(32Nc), we conclude that the disc A, J16ne)(Xc) contains all roots z1, ..., zk.
Hence, it follows that that A" := A /(SNC)(JE,C is (1/2,4/3)-isolating for the roots z1, ..., z,
and thus T.(A’) = k must hold according to Lemma 6.15. This shows that we reach line 11
and that the NEwtoNTEsT returns Success. O

In essence, the above lemma states that, in case of a well-separated cluster of roots
contained in some component C, CIsoLatE performs a quadratic step. That is, it replaces the
component C by a component C’ of width w(C’) < 2‘¢/N¢ < w(C)/Nc, which contains all
roots that are contained in C. Now, suppose that there exists a sequence Cy, ..., C;s of non-
special nodes, with C; D --- D Cs, such that Cs has much smaller width than C;. Then, C;
contains a cluster of nearby roots but no other root of F. We will see that, from a considerably
small (compared to the bound in (6.12)) index on, this cluster is also well-separated from
the remaining roots (w.r.t. the size of C;) such that the requirements in the above lemma are
fulfilled. As a consequence, only a small number of steps from C; to C; are linear, which in
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turn implies that the whole sequence has small length. For the proof, we need to consider a
sequence (s;); = (x;, n;);, which we define in a rather abstract way. The rationale behind our
choice for s; is that, for all except a small number of indices and a suitable choice for s;, the
sequence (s;); behaves similarly to the sequence (ch,. ,loglog N¢,);. We remark that (s;); has
already been introduced in [SM16]. The following lemma is shown there:

Lemma 6.20 ([SM16], Lemma 25). Let w, w’ € R* be two positive reals with w > w’, and let
m € Nx1 be a positive integer. We recursively define the sequence (s;)ien., = ((xi, 1;))ien,, as
follows: Let s1 = (x1,n1) := (w, m), and

(¢i-xj,ni+1) withan ¢; € [0, ﬁ], if 5 > !
Sit1 = (Xiy1, Miz1) == . : 1 x

(6 - xi, max(1,n; — 1)) witha 6; € [0, 5], Zle, <w,
where N; := 22" and i > 1. Then, the smallest index iy with xi, < w’ is bounded by 8(nq +
loglog max(4, ;)).

We are now ready to prove the bound on the length of a sequence of non-special nodes.

Lemma 6.21. Let P = (C1,Ny),...,(Cs, N;), with C; D --- D Cs, be a sequence of consecutive
non-special nodes. Then, we have s < Smax With an Smax of size

Smax = O(logd + loglog(w(8B)) + loglog(or(B*)™))
= O(log (d - log(w(B)) - log(or (28)™))).

Proof. We distinguish two cases. First consider the case, where ¥ is an arbitrary sub-sequence
of the unique initial sequence from the child of the root to the parent of the base. If there
exists no non-special node in between the root and the base of the tree, there is nothing to
prove. Due to Theorem 6.17, part (e), Cs consists of at most 9 - | Z(28)| squares. It follows
that 22° < 9d as C; consists of at least 2%/ squares. This yields s = O(log d).

In the second case, we can assume that each C; is a successor of the base of the tree. In
particular, we have 8\ C; # 0. W.Lo.g., we may further assume that z1, ..., zx are the roots
contained in the enlarged component C;. Since all C; are assumed to be non-special, each
C;* contains z; to z; but no other root of F. Let w; := w(C;) be the width of the component
Ci, ri := (3/4) - w; be the radius of the enclosing disc A; := Ac,, and 20 .= 2¢i be the width
of each of the squares into which C; decomposes. Notice that, for each index i, the enlarged
component C is contained in the disc 2A; of radius (3/2) - w;, and thus the disc 2As of
radius (3/2) - ws contains the roots z1 to zx. We now split the sequence £ into three (possibly
empty) subsequences 1 = (C1,Ni1),...,(Ci, Niy), P2 = (Cij+1,Niy+1), ..., (Ciy, Niy), and
P53 = (Ciy+1, Niy+1), - . ., (Cs, N5), where i; and i, are defined as follows:

e We let i1 be the first index with 201 > 23logd+32 . Nj, - 20ii . If there exists no such
index, we set i1 := 5. Further notice that, for any index i larger than i;, we also have
201 > p3logd+32 . N, . 2li which follows from induction and the fact that 2¢ and N; are
replaced by 21 /(2N;) and N? in a quadratic step.

¢ We define i, to be the first index larger than or equal to i; such that the step from i to
iy + 1is quadratic and 2 - 231089+32 . N, > 2% If there exists no such index iy, we set
iz =S.

From the definition of iy, it is easy to see that |P3| = O(logd). Namely, if iy = s, there
is nothing to prove, hence we may assume that the step from i, to i + 1 is quadratic and
26s > p~3logd-32 ‘N7 1.6 = p=8logd=31.pli+1 Hence, we conclude that s — (i +1) < 3log d +31
as {; is reduced by atleast 1 in each step.
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Let us now consider an arbitrary index i from the sequence $,. The distance from
an arbitrary point in C; to the boundary of C is at least 20171 > 23logd+31 . ;. 26 >
2210gd+20 . N; . r;, where the latter inequality follows from r; = (3/4)w; < (3/4) - 9d - 2.
Since Cf contains only the roots z1, ..., zx, this implies that the distance from an arbitrary
point in C;r to an arbitrary root zy11,...,z4 is larger than 22logd+20 . NJ; . ;. Hence, the
second requirement from Lemma 6.19 is fulfilled for each component C; with i > i;. Now,
suppose that 26 - 231084432 . N, < 20 then the roots z; to zx are contained in a disc of radius
% .9d.20s < p~20-logd .y l._l -ri, and thus also the first requirement from Lemma 6.19 is fulfilled.
Hence, from the definition of i, we conclude that the algorithm performs a quadratic step if
and only if 2¢s - 23108+32. N; < 2li. We now define the sequence s; := (2¢,loglog N;), where i
runs from i, to the first index, denoted i/, for which 2l < ts .p-3logd=32, Then, according to
Lemma 6.20, it holds that i —iy < 8(m+loglogmax(4, w/w’)), withw := 20n m .= loglog N;,,
and w’ := 2(:.231084+32 Theorem 6.17 (¢) yields that m = O(log 16g(w(B))+log 1og(cr(28)71).
Hence, since i; — i} < 3logd + 32, we conclude that i — i1 < O(logd + loglog(w(8B)) +
loglog(or(28) ).

It remains to show that the latter bound also applies to i;. From the upper bound on
N;, it follows that there exists an mmax of size O(logd + loglog(w(B)) + loglog(or(2B)71))
such that each sequence of consecutive quadratic steps has length bounded by m1max, and
such that after mmax consecutive linear steps, the number N; drops to 4. Since the number
i decreases by at least 1 in each step, there exists an index i’ of size O(logd) such that
2l . p3logd+34 < 261 Now, if the sequence C;7, Cir41, . . . starts with 11y, Or more consecutive
linear steps, we must have Ny, = 4, and thus 2Cir4mmax - 231"gd+32Ni/+mmax < 20, Hence,
we conclude that i1 < i’ + mmax in this case. Otherwise, there must exist an index i”, with
i" < i” < i’ + Mmax, such that the step from i” to i” + 1 is quadratic, whereas the step from
i” + 2 is linear. Then, it holds that

2[),'// 2{]
Ni”+2 — ’NZ'"+1 - Ni” and zfizz+2 < Zfi//_H - < 2—310gd—32_,
ZNZ'" Ni”
which implies that i1 < i” +2 < i’ + mmax + 1 = O(log d +log 1og(w(B)) + log16g(cr(2B)™1)).
Hence, the claimed bound on i; follows. O

We can now state the first main result of this section, which immediately follows from
the above bound on spmax and the fact that there exists at most 2 - (| Z(28)| + 1) special nodes:

Theorem 6.22. The subdivision tree T induced by CISOLATE has size

71<2-(IZ28)| +1) - Smax (6.13)
=0 (|Z(28)| - log (d - 16g(w(B)) - 1og(ar(2B)™ 1)) .

If B contains all complex roots of F and log(w(B)) = O(I'r + logd), then the above bound writes as
O(d -log (d - Tr - 16g(0;h))). (6.14)

Recall from Section 6.2 that we can compute a square 8 that contains all roots of F with
O(d°Tr) bit operations. We proceed by giving simpler bounds for the special case, where the
input polynomial has integer coefficients. Suppose that f(x) € Z[x] has integer coefficients of
bit-size less than 7. We first divide f by its leading coefficient LC( f) to obtain the polynomial
F := f/LC(f), which meets the requirement from (6.1) on a4. Then, we have I'r = O(t) and
op = 27 9(logd+1)). e.g. see [Yap00] for a proof of the latter bound. Hence, we obtain the
following corollary.
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Corollary 6.23. Let f be a polynomial of degree d with integer coefficients of bit-size less than t, let
F:= f/LC(f), and let B be a square of width 200#+1°84) Then, the algorithm ClsoLatk (with input
F and B) uses

0(Z(28)| - log(d)) = O(d - log(dx))

iterations to isolate all roots of F that are contained in B.

The above results show that ClsoLATE performs near-optimal with respect to the number
of components that are produced by the algorithm. In addition, since each component
consists of at most 94 squares, we immediately obtain an upper bound for the total number
of squares produced by the algorithm that exceeds the bound from (6.14) by a factor of d.
Indeed, we will see that the actual number of squares is considerably smaller, that is, of size
O(|Z(28B)| - smax - logd), which exceeds the bound in (6.14) only by a factor logd. For the
proof, we consider two mappings ¢ and ¢, where ¢ maps a component C = {By,...,Bs.}
to a root z; € C*, and ¢ maps a square B; to a root z; € 4B; N C*. The claimed bound for
the total number of squares then follows from the fact that we can define ¢ and 1 in a way
such that the pre-image of an arbitrary root z; € 28 (under each of the two mappings) has
size O(Smax - logn). The rest of this section is dedicated to the definitions of ¢ and ¢ and
the proof of the latter claim. In what follows, we may assume that 28 contains at least one
root as, otherwise, all four sub-squares of 8 are already discarded in the first iteration of the
preprocessing phase.

Definition 6.24. For a root & € 28, we define the canonical path P of & as the unique path in the
subdivision tree Tg that consists of all nodes C with & € C*.

Notice that the canonical path is well-defined as, for any two nodes C; and C», either C f
and C; are disjoint or one of the two components contains the other one. We can now define
the maps ¢ and :

Definition 6.25 (Maps ¢, ¢’). Let C = {By, ..., Bs.} be a node in the subdivision tree 7g, and let
B := B; be an arbitrary square in C. Then, we define maps ¢ and 1) as follows:

(¢) Starting at C, we descend in the subdivision tree as follows: If the current node D is a non-
terminal special node, we go to the child E that minimizes | Z(E™)|. If D is terminal, we stop.
If D is non-special, then there is a unique child of D to proceed with. Proceeding this way,
the number | Z(D™)| is at least halved in each non-terminal special node D, except for the base
node. Hence, since any sequence of consecutive non-special nodes has length at most Smax, it
follows that after at most smax - (log[(|Z(C*)|)] +1) < sSmax - (log d + 2) many steps we reach
a terminal node F. We define ¢(C) to be an arbitrary root contained in Z(F™).

(1) According to part (d) of Theorem 6.17, the enlarged square 2B contains at least one root &.
Now, consider the unique maximal subpath Pé = C1,Cy,...,Cs of the canonical path P that

startsat C1 := C. If s < [log(18d)], we define (B) := &. Otherwise, consider the component
C’ := Cpiog(184)) and define Y(B) := d(C).

Itis clear from the above definition that ¢(C) is contained within C* as each root contained
in the enlarged component F* corresponding to the terminal node F is also contained in C*.
It remains to show that ¢/(B) € 4B N C*. If the length of the sub-path Pé is [log(18d)] or
less, then 1(B) = & € 2B, hence, there is nothing to prove. Otherwise, the squares in C’ have
width less than %. Since C’ can contain at most 94 squares, we conclude that w(C’) < WTB),
and since ¢ is contained in B* as well as in (C’)*, we conclude that (C’)* c 4B, and thus
Y(B)=¢(C") €e4BN(C)* c4BNCH.

Now, consider the canonical path P = Cy,...,Cs, with C; := B, of an arbitrary root
& € 28. Then, a component C can only map to ¢ via ¢ if C = C; for some i with s —i <



6.6. Complexity Analysis 115

Smax - (log | Z(28)| +1). Hence, the pre-image of & has size O(smax -10g | Z(28)|). For the map
Y, notice that a square B can only map to & if B is contained in a component C = C; for some
iwith s —i = smax - (log | Z(28)|+1) + [log(184)]. Since, for each component C;, there exist at
most a constant number of squares B’ € C; with & € 4B’, we conclude that the pre-image of
& under 1 is also of size O(smax - 10g Z(28)). Hence, the total number of squares produced
by Clsoratke is bounded by O(|Z(28)| - smax - 10g | Z(28)|). We summarize:

Theorem 6.26. Let & € 28 be a root of F contained in the enlarged square 28. Then, with mappings
¢ and  as defined in Definition 6.25, the pre-image of & under each of the two mappings has size
O(Smax - 10g | Z(2B)|). The total number of squares produced by the algorithm CIsoLATE is bounded
by

O(smax + 1Z(28B)| - 1081 Z(28)]) = O (d - log (16g(w(B)) - 10g(0(28) 1))

We can also state a corresponding result for polynomials with integer coefficients:

Corollary 6.27. Let f € Z[x] and F := f/LC(f) be polynomials and B be a square as in Corol-
lary 6.23. Then, for isolating all roots of f contained in B, the algorithm ClsoLATE (with input F and
B) produces a number of squares bounded by

O(|Z(2B)| - log(dt) - log d) = O(d log*(d)).

6.6.2 Bit Complexity

Weakly centered components. For our analysis, we need to introduce the notion of a square
or component being weakly centered and centered:

Definition 6.28. We say that a square B of width w := w(B) is weakly centered, if min{|z| : z €
B} <4 -w. Similarly, we say that a square is centered if min{|z| : z € B} < w/4. In addition, we
define a (weakly) centered component to be a component that contains a (weakly) centered square.

Notice that the child of a component that is not weakly centered can never become weakly
centered. Hence, it follows that the set of weakly centered components forms a subtree Tycent
of the subdivision tree 7~ that is either empty or contains the root component B; see Figure 6.4
for an illustration.

Moreover, let C and C’ be siblings in 7ycent and let w and w’ be the sizes of the squares in
the components C and C’, respectively. We already argued that the distance between C and
C’ is at least max{w, w'}. W.l.o.g. let min{|z| : z € C} < min{|z| : z € C’}, then the distance
of C’ to the origin is at least w’/2, and thus C’ is not centered. We further conclude that a
descendant of depth 3 of C’ is not weakly centered because the width of the squares in the
component is at least halved in each step. It follows that each path in Tycent consisting of
only weakly centered components has length at most 3. From this observation, we conclude
that the subtree 7cent has a very special structure. Namely, it consists of only one (possibly
empty) central path P = Cy, ..., C; of all centered components, to which some trees of depth
at most 4 of weakly centered components are attached, see Figure 6.4. Since there can only be
a constant number of disjoint not weakly centered squares of the same size, it further holds
that the degree of each node is bounded by a constant. Hence, each of the attached trees
has constant size, and each node in the tree contains at most a constant number of weakly
centered squares.

Notice that not weakly centered components C € 7 \ Tycent have the crucial property
that any two points in C* have absolute values of comparable size; see Lemma 6.29. This is
not true in general for (weakly) centered components as the size of C might be very large
whereas the distance from C* to the origin is small.
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Lemma 6.29. If B is a not weakly centered square, it holds that

—y < 165 2.
max log(z) <5+ min log z

Moreover, if C is a not weakly centered component, then it holds that

max10g(z) < log(64d) + minlog z.
zeCt zeC*

Proof. We first prove the claim for a not weakly centered square B. Let z := argmin{|z| :
z € 4B} and 7z := argmax{|z| : z € 4B}. By definition the distance of B to the origin is at
least 4w, where w denotes the size of B. Moreover, with x := argmin{|z| : z € B}, we get
|z| > |x| = |x — z| > 4w — V12.5w > w/4. Thus

Zl - |zl < [Z -z < 4V2w < 16V2 - Iz],

and the statement follows.

It remains to prove the claim for a not weakly centered component. Let z := argmin{|z| :
z € C*},z := argmax{|z| : z € C*}, and let B C C be a square in C such that z € 4B. Then,
as above, it follows that z > w/4 and since C contains at most 91 squares it holds that

IZ] - |zl < |2 -z] < V2- (9dw + w) < V2 - 10dw < 57d|z|,

and thus max;cc+10g(z) < log(64d) + min,cc+ 10g z. O

Mappings ¢ and . In the previous section, we introduced mappings ¢ and ¢ that map
components C and squares B to roots contained in C* and 4B N C7, respectively, such that
the pre-image (under each of the two mappings) of each root has size at most O(Smax -
10§ |Z(28B)]) = O(Smax - log d), with

smax = O(log(d 16g(w(8B)) 16g(0r(28) ™))

as shown in Lemma 6.21. The crucial idea in our analysis is to bound the cost for processing
a certain component C (square B) in terms of values that depend only on the root ¢(C)
((B)), such as its absolute value, its separation, or the absolute value of the derivative F’
at the root; see Lemma 6.34. Following this approach, each root in 28 is “charged” only
a small (i.e. logarithmic in the “common” parameters) number of times, and thus we can
profit from amortization when summing the cost over all components (squares). For each
not weakly centered component C, the width of C and the absolute value of any point in C
is upper bounded by 644 - |$(C)|, which allows us to bound each occurring term log w(C)
by O(logd + log|¢p(C)|). However, for weakly centered components (squares), this does
not hold in general, and thus some extra treatment is required. For this, we will introduce
slightly modified mappings ¢ and 1) that coincide with ¢ and i on all not weakly centered
components and squares, respectively, but map a weakly centered component (square) to a
root of absolute value that is comparable to the size of the component (square). In the next
step, we will show that this can be done in a way such that the pre-image of each root is still
of logarithmic size. We give details:

Letiy, ..., is,withl <ij <ip <...<i; < {-1,betheindices of components in the central
path P = Cy, ..., C¢ such that Z(C;;) 2 .Z(C;;H) forj=1,...,s. Thatis, Ci, are the weakly
centered components that are also special according to Definition 6.18. In addition, we say
that zo := max{|x| : x € 28} is the pseudo-root of 28, and define Z*(28) := Z(28) U {zo} as
the set consisting of all (pseudo-) roots in 28.
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Ci,

Ficure 6.4: A possible subdivision tree of ClsoLaTE on an arbitrary input
square. Red nodes (squares and diamonds) correspond to centered compo-
nents, blue nodes (large circles) to weakly centered components and black
nodes (small circles) to not weakly centered components. The subtree Tycent
consists of all red and blue nodes. Note that 7ycent consists of one path of
centered components (marked by the red edges) and trees of depth at most
4 attached to it (consisting of blue nodes). The rectangular red nodes corre-
spond to those components C;,, ..., C;, on the central path that are split nodes
according to Definition 6.18, that is, components for which Z (C;;) 2Z(C ;; o)
The difference of these two sets contains the roots that we map the (weakly)
centered components to. For instance, the centered component C’ is mapped
to a root G(C’) that is contained in Z(C;;) \ .Z(C;; ,1)- All weakly centered
components that have C’ as their first centered predecessor, as for example C,
are mapped to the same root ¢(C).

Definition 6.30 (Maps ¢ and ). Let C be a component and B C C be a square contained in C.

1.
2.

3.

If the component C is not weakly centered, we define $(C) := ¢(C).

If B is weakly centered, we define {)(B) := ¢(C). Otherwise, we define {(B) := (B).

We derive the first crucial property of the mappings ¢ and :

Lemma 6.31. It holds that

max 16g z < log(64d) + log ¢(C) and max 16g z < log(64d) + log (B)
zeC* Z€

for all components C and squares B.

If the component C is weakly centered, let C; € P be the first centered predecessor of C in Tyycent-
If there exists no such C; or if i € [1,11], we define ¢(C) = zo. For i € (ip, £], let j be maximal
with i; < i. Then, there exists a root & € Z(C;;) \ Z(C;;H). We define ¢(C) := &.

(6.15)

Proof. For a not weakly centered component C (square B C C’), this follows directly from
Lemma 6.29 and the fact that ¢(C) = ¢(C) (lﬁ(B) = ¢(B))and that ¢(C) € C* (y»(B) € 4BNC™).
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For a centered component C, we either have gb(C) = zg or gi)(C ) ¢ C* due to the definition
of ¢. The first case is trivial, hence, we may assume that ¢(C) ¢ C*. Since C is centered,
it contains a centered square B, and thus the distance of B to the origin is at most w/4. It
follows that C* contains the disc of radius w/4 around the origin, hence |<{3(C )| = w/4. Since
the distance between any two points in C* is upper bounded by 10v2dw, we conclude that
|z| < w/4+10V2dw < (1 +40V2) - |gi3(C)| < 64d - |p(C)| for all z € C*. The same argument
further shows that |z| < 64d - |1,17(B)| for all centered squares and all z € 4B.

It remains to show the claim for a weakly centered component C (square B) that is not
centered. In this case, we either have lﬁ(C) = zp or @(C) = qS(C’), where C’ is a centered
component on the central path that contains C; see Definition 6.30. In the first case, there
is nothing to prove. In the second case, we have have already shown that Inequality (6.15)
holds for C’, hence, it must hold for C as well. The same argument also applies to squares B
in C that are weakly centered but not centered. O

Notice that, for a centered component C (square B), the image of the corresponding
mapping ¢ (1) may no longer be contained in the enlarged component C* (enlarged square
4B), as it is the case for the mappings ¢ and ). However, it still holds that the pre-image of
its (pseudo-) root under each of the two mappings ¢ and ¢ is of small size:

Lemma 6.32. Let & € Z*(2B). Then, the pre-image of & under ¢ and \ has size at most
O(Smax - 10g | Z(28)|) = O(5max - log d).

Proof. Since ¢ coincides with ¢ on all components C ¢ Tycent, it suffices to show the claim
for the restriction |7, of ¢ to the components C € Tycent that are weakly centered. Let
& = tﬁ(C), with C € Tycent, be an arbitrary root contained in the image of (ﬁlr;;mm, and let C;
be the first predecessor of C that is central and located on the central path. Then, there exists
aje{l,...,t -1} withi; <i <ij1, and we have £ € Z(C+) \ Z(C++1) In addition, C is
connected with C; via a path of constant length as the distance from C to the central path
on Twcent is bounded by a constant and there cannot be more than 3 consecutive components
that are weakly centered but not centered. Since there exists at most syax components on
the central path between Ci]. and C i it follows that the number of components C € Tycent
that are mapped to ¢ is bounded by O(smax). The same argument applies to the special case,
where C is mapped to the pseudo-root zg. Also, from the same argument and the definition
of xﬁ, it further follows that there can be at most O(smax) many weakly centered squares that
are mapped to the same (pseudo-) root, since each component contains at most constantly
many weakly centered squares. O

Bounding the Bit Complexity. We can now start with the bit complexity analysis of
CIsoLate. Let C = {Bj,...,Bs.} be any component produced by the algorithm. When
processing C, our algorithm calls the T.-test in up to three steps. More specifically, in line 9
of Clsorate the T.(2A¢) and the T.(4Ac)-test are called. In the NewtonTEst, the T.(A’)-test
is called, with A’ as defined in line 4 in NewtonTEst. Finally, in Bisection, the T.(Ap/)-test
is called for each of the 4 sub-squares B’ into which each square B; of C is decomposed.
Our goal is to provide bounds for the cost of each of these calls. For this, we mainly use
Lemma 6.16, which provides a bound on the cost for calling T.(A) that depends on the degree
of F, the value tF, the size of the radius and the center of A, and the maximal absolute value
that F takes on the disc A. Under the assumption that A has non-empty intersection with C,
we may reformulate the latter value in terms of parameters (such as the absolute value, the
separation, etc.) that depend on an arbitrary root contained in C*.
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Lemma 6.33. Let C be a component, and let A := A,(m) be a disc that has non-empty intersection
with C. If Z(C*) > 1, then it holds that or(z;) < d - 2¢c* and

max [F(z)] > 27 - op(zi) - [F'(z0)] - 1Z(CH)] - M(A) ™,

where z; is an arbitrary root of F contained in C* and A := 4 the ratio of the size of a square in C
and the radius of A. If Z(C*) = 0, then C is the component consisting of the single input square B,
and it holds that maxsea |F(2)| > Quw(B))42.

Proof. Notice that | Z(C*)| = 0 is only possible if C = 8 as C* contains at least one root for
each component C that is not equal to the single input square 8. Hence, each pointz € ANC
has distance at least w(B)/2 to each of the roots of F, and thus |F(z)| > (2w(8))~?2.

In what follows, we now assume that C* contains at least one root &. Let us first bound
the separation of &: If there exists another root &’ € C*, then we must have op(&) < [€ - ¢&'| <
9-1Z([CH+1)- % -2fc < d - 2fc*5, where we used that each component C consists of at
most 9 - | Z(C*)| squares, each of size 2/c. Now, let | Z(C*)| = 1, and let C’ be the direct
ancestor of C. When processing C’, the NewtonTEsT failed as its success would imply that

= |Z({(C"H")| = |Z(C*)| = 2. In addition, since C’ is non-terminal, the disc 8Ac» must
contain at least two roots as otherwise T.(2A¢/) as well as T.(4A¢’) would return 1. Hence,
we have op(&) < d - 2fc*5 = 4 . 2fc*6_ Thus, for any root & € C*, we have g¢(&) < d2fc*®.

In the next step, we show that there exists an m’ € A N C* whose distance to C is at most
2c=2 and whose distance to any root of F is at least min(2/¢=2, r)/ (2Vd). Namely, due to our
assumption, there exists a point p € ANC. Then, the two discs A’ := A,¢-2(p) and A share an
area of size larger than mim(ZgC = r)2, and thus there must existan m’ € A’ N A c C* whose
distance to any root of F is lower bounded by (min(2¢¢=2, 7)?/(rt - d))!/2.

Now, let z; € C* be an arbitrary but fixed root of F. If z; is a root not contained in C*,
then |m’ — z;| > 202 and

|zi — z] - |zi —m'| +|m" — zj] |zi — m’| 942{ct+1

<1+

<1427
|m’ — zj] 2lc-2

< 27d. (6.16)

|m’ —zj| — |m’ — zj|
If zj is a root in C*, then

lzi —zjl _ 9d2fc! _18-4%2 .2l

8 3/2
|m’—z]-| - 0 h mjn(zfc—2,r) <2°-d M(A) (6.17)

Hence, using both (6.16) and (6.17), we get

(Fm')| = lagl - | | 1m" = 2] = |F'(z0)] - | l_l —

jeld] j#i 12 = zil
> |F/(z0)] - |’ = zi] - (23d*2M (1)) (O (27a) 12D,

Moreover, using that or(z;) < 2lct6 . g, yields the result

min(2fc2, r)

(2832 M(A))
i ( (A)

|F(m")| > |F'(z)] -

> |F'(z)] - % (@M
> 2710 gp(z) - |F'(zi)] - (d - M(A)™. O

We can now bound the cost for processing a component C:
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Lemma 6.34. When processing a component C = {By, ..., Bs.} with | Z(C*)| > 1, the cost for all
steps outside the NEwToNTEST are bounded by

O(d - (4168 ¢(C) +10g(0r(¢(C) ™) + 1og(F'(¢(C) ™)) +

O@d- (Z d1og ¥(B;) + tr +10g or(¥(B;)) ™' +16g F'(¥(B;)™1)) (6.18)
i=1

bit operations. The cost for the NEwToNTEsT is bounded by
O(d(d16g $(C) +16g o (¢(C)) " +10g F($(C) ' +|Z(CH)| -logNe)  (6.19)

bit operations. If C* contains no root, then C is the component consisting of the single input square
B, and the total cost for processing C is bounded by O(d(tp + d 16g(w(B), w(B)™1))) bit operations.

Proof. We start with the special case, where C* contains no root. Notice that this is only
possible if C = B and 28 contains no root. Hence, in this case, the algorithm performs
four T.(A)-tests in the preprocessing phase and then discards 8. Due to Lemma 6.16 and
Lemma 6.33, the cost for each of these tests is bounded by O(d(tp +d log(w(B), w(B)™)) bit
operations. Hence, in what follows, we may assume that C* contains at least one root. We
first estimate the cost for calling T. on a disc A = A,(m), where A = 2A¢c, A = 4Ac, or A = Ap,
where B’ is one of the four sub-squares into which a square B; is decomposed. If A = 2A¢ or
A = 4Ac, then log(m, r) = O(logd + log qS(C)), and thus the cost for the corresponding tests
is bounded by

O(d - (d10g ¢(C) + tr +10g ar(¢(C)) ™" +16g F'(¢p(C)) ™))

bit operations, where we again use Lemma 6.16 and Lemma 6.33. For A = Ap/, we have
log(m,r) = O(logd + log @(C )), and thus Lemma 6.16 and Lemma 6.33 yields the bound

O(d - (d16g ¥(B;) + tr +16g or(Y(B)) ™ +16g F/(¥(B:)™))

for processing each of the four sub-squares B’ C B; into which B; is decomposed. Hence,
the bound in (6.18) follows. We now consider the NewtoNTEsT: In line 2 of the NewtonTEsT,
we have to compute an approximation % of the Newton iterate x. such that |¥[. — x| <
2fc /(64N¢). For this, we choose a point xc € B\C in line 12 of ClsoLaTE, whose distance to
C is 2fc~1 and whose distance to the boundary of B is at least 2/c~1. Since the union of all
components covers all roots of F that are contained in 8, and since the distance from C to
any other component is at least 2/¢, it follows that the distance from xc to any root of F is
larger than 2/c=1. With A := Ar-3(xc), it thus follows that |[F(xc)| > 277 - maxzea |F(z)|, and
using Lemma 6.33, we conclude that

16g F(xc)™ = O(dlogd +16g or(¢p(C))™! +1og F'(¢(C)) ™). (6.20)
It follows that the cost for calling Algorithm 6.3 in Line 1 of the NewtonTEsT is bounded by
O(d . (IOTgF(Xc)_l +Tr+d log xc))
= O(d - (t¢ +16g 0r(¢(C) ™! +10g F'(¢(C)) ™" + d 16g H(C))

bit operations, Namely, Algorithm 6.3 succeeds with an absolute precision bounded by
O(1og |[F(xc)|™) and, within Algorithm 6.3, we need to approximately evaluate F and F’
at the point xc to such a precision; see also [KS15a, Lemma 3] for the cost of evaluating
a polynomial of degree d to a certain precision. If we pass line 1, then we must have



6.6. Complexity Analysis 121

|F'(xc)| > |F(xc)|/(67(C)). Hence, in the for-loop of the NewtonTEsT, we succeed for an L of
size O(10g F(xc) ™ +d1og w(C)—£c +log N¢), and thus the cost for computing %/ is bounded

by
O(d - (10g ar((C)) " +16g F'(¢(C)) ™" +16g $H(C) + log N¢)),

where we again use (6.20) and the fact that or(¢(C)) < d - 2c* and 16g w(C) = O(logd +
log ¢(C)). It remains to bound the cost for calling T. on A" := Ay /(8Nc)(f/C) in the NEwTON-
Test. Again, we use Lemma 6.16 and Lemma 6.33 to derive an upper bound of size

O(dlogd +16g or(¢(C))™! +16g F'(h(C))™! + | Z(CT)| - log N¢)
for 16g(max.en |F(z)|)7!, and thus a bit complexity bound of size
O(d - (168 (C) +16g ar(¢(C)) ™" +10g F'(¢(C)) ™" +|Z(C*)| - log Nc))

for T.(A’). This proves correctness of the bound in (6.19). We finally remark that the cost for all
other (mainly combinatorial) steps are negligible. Namely, the bit-size bc of a square ina com-
ponent C is bounded by O(16g(w(C), w(C)™!) +log d) = O(log d +16g or(¢p(C))~! +1og qb(AC)).
Hence, each combinatorial step outside the NewtonTEsT, such as grouping together squares
into maximal connected components in Line 8 of BisecTion, needs O(d) arithmetic operations
with a precision O(bc), and thus a number of bit operations bounded by (6.18).

In the NewTtoNnTEsT, we need to determine the squares B; ; of size 2¢c=1/Nc that intersect
the disc A’. This step requires only a constant number of additions and multiplication, each
carried out with a precision bounded by O(16g(w(C), w(C)™!) + log d + log Nc). Hence, the
cost for these steps is bounded by (6.19). O

When summing up the bound in (6.18) over all components C produced by the algorithm,
we obtain the bit complexity bound

6(d- (d-(1Z(28)|+ 15§ Mear(28) + 10§(w(B), w(B) ) + 17 - |Z(2B)
+ Y (5gorG) " +168F () ™)),

2:€Z(28)

(6.21)

for all steps outside the NewtonTEsT. Here, we exploit the fact that the pre-image of each
(pseudo-) root in Z*(28) under each of the mappings ¢, ¢, ¥, 1 has size O(smax - log d), and
that |zg| > w(B)/2 for the pseudo-root zg € Z*(28). If we now sum up the bound (6.19) for
the cost of the NewtonTEsT over all components, we obtain a comparable complexity bound;
however, with an additional term d - )} | Z(C")| - log N¢, where the sum is only taken over
the components for which the NewronTEsr is called. The following considerations show that
the latter sum is also dominated by the bound in (6.21).

Lemma 6.35. Let Tngw C T be the set of all components in the subdivision tree 7 for which the
NewtoNTEsT is called. Then, ¥ ceq,,, 1Z(C*)| - log Nc is bounded by

(j(d - (log w(B) + logMear(28) + | Z(28B)|) + 1r - | Z(28)| + Z lngF’(zl-)_l).
2;€Z(28)

Proof. We define ‘7&;‘; :={C € Tngw : Nc =4} and 7’N>E‘V1V := {C € Tngw : Nc > 4}. Then, we
have
D, 1ZE)-logNe < 3 2d < ) 24 <24 |Z2B)| - smax,

CeT G CeT G ceT
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hence it remains to consider only the components C € 71'\123\] For such a component,
let anc*(C) € 7 be the last ancestor for which the NewtonTesT succeeded. According
to Theorem 6.17 (f), we have Nc < 4 - (w(anc*(C))/w(C))?, and thus |Z(C")| - log Nc <
2-1Z(CH)]- (1 +log w(anc*(C)) —log w(C)). In order to bound the later expression in terms of
values that depend on the roots of F, let z; € C* be an arbitrary root in C*. Then, assuming
w(C) < 1, we obtain

Fa)l=ladl- || |-zl [] lzi-zl

j?tiZZjE.Z(ZAc) jZZ]E.Z(ZAc)
Mear ;)

< |ag] - Qw(C))EEAII-T. o]

< 22d+7pw(c)|Z(2Ac)|—1 X M(Zl‘)d,

where the last inequality follows from Landau’s inequality [GG03, Theorem 6.31], that is,
Mea, < [|p|l2 for any complex polynomial p € C[x], and [|[F(z; — x)|l2 < [|[F(zi — x)|h <
27F M(z;)424*1. For a more detailed derivation of the latter see [SM16, Lemma 22]. Further-
more, using that Z(2Ac¢) contains at least two roots (as the NewtonTEsT is called) and that
C* C 2Ac, yields

1Z(2A0) |Z(CcH)

|F/(z)] < 22" M(z)*w(C) 2z < 22" M(z) w(C) 2.

With z; := ¢(C) and 16g ¢(C) < log(64d) + log qS(C), we conclude that
—|Z(CM)| - logw(C) < 6dlog(64d) + 21 + 24168 ¢(C) + 168 F'(¢p(C)) L. (6.22)

Notice that the latter inequality is trivially also fulfilled for a component C with w(C) < 1.
In addition, it holds that

1Z(C)] - log w(anc'(C)) < |Z(C*)] - (168 d(anc’(C)) + log(1284)). (6.23)

The sum of the term at the right side of (6.22) over all C can be bounded by

Olsmax- (1Z@B)|-tr+ ). dloglz)+ ». 1ogF(z)™)
2,€Z*(28) z;€Z(2B)
= O(Smax ' (1Z(28)| - 1¢ + d log w(B) + d 16g Mear(28) + Z lchF’(zi)‘l)),
z;€Z(28B)

as the pre-image of each (pseudo-) root z; € 28 (under ¢ and ¢A)) has size at most smax log d.
We may further omit the factor smax in the above bound as loglog or(z)t = O(log(tr +
d16g(z;) +10g F'(z;)7!)) for an arbitrary root z; of F, and thus

smax = O(log d + log16g w(B) +loglog or(28)™)

= O(logd + logl6g w(B) + log 7r + loglog Mear(28) +log > 168 F'(z))™").
z;€Z(2B)

It remains to bound the sum of the term | Z(C™")|-1og qS(anc*(C )) on the right side of (6.23)
over all C € TNZ%v Let Tones := {C* € 7 : AC € 7 with anc’(C) = C*}. Then, for a fixed
C* € Tanc+, it holds that any C € ‘7'N>Ei, with anc*(C) = C* is connected with C*in 7 via a path
of length at most § := loglog w(B) + log16g or(28)~!. Namely, we have already shown that
loglog Nc < § for all C € 7, and thus N¢ > 4 implies that the path connecting C and C*
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must have length at most 5. Hence, it follows that
D 1ZW©Y)] logw(anc' (€)= > 1Z(C)*)llogw(C")
C€’71'\I>E“1N:anc*(C):C* Ce%:a:anc*(C):C*

< (g $(C") +log(128d)) > |Z(CH)|

Ce‘TNfN:anC*(C):C*

As for any two components Cy, C; in the last sum above, either C; N CJ =0, C] ¢ CJ, or
C; c C{, it follows that this sum is upper bounded by § - | Z((C*)*)| < § - | Z(28)|. Thus,

D 1Z(C)| - logw(anc'(C)) < §-1Z(B)| - Y| (158 H(C") +log(128d))

C€T>4 C*€Tanct

New
= O(smax - § -dlogd - > (16g(z:) +log(d)).
z;,€Z*(28B)

Now, we obtain the bound by using the definitions of Mear(28) and the pseudo-root zo, and
then the definition of §, as well as the bound on smay:

O(Smax - & - d - (16g w(B) + 16g Mear(28) + | Z(28)))

= O(d - (15g w(B) + 15§ Mear (28) + |Z(28)| +log  ». 16gF(z)"). O
2:€Z(2B)

We summarize our results in the following main theorem.

Theorem 6.36. Let F be a polynomial as defined in (6.1) and let B C C be an arbitrary axis-aligned
square. Then, the algorithm ClsoLATE with input B uses

O(d (d - (1Z(28)| + log Mear(28) + 1og(w(B), w(B) ™)) + 1r - | Z(2B)|
+ ) (logor(z) ! +1og F'(z) ™))

z;€Z(28B)

(6.24)

bit operations. As input, the algorithm requires an L-bit approximation of F with

L=0(d-(Z(2B)+16gMear(28) + log(w(B), w(B)™)) + ¢ - | Z(28)|

+ Z (16g or(z;) ™t +16g F'(z;)™1)). (6.25)
2:€Z(28)

Proof. The bound in (6.24) on the bit complexity follows immediately from Lemma 6.34,
Lemma 6.35, and the remark following Lemma 6.34. The bound in (6.25) on the precision
demand follows directly from the proof of Lemma 6.34 and Lemma 6.16. O

Notice that the above complexity bounds are directly related to the size of the input square
8 as well as to parameters that only depend on the roots located in 28. This makes our
complexity bound adaptive in a very strong sense. In contrast, one might also be interested
in (probably simpler) bounds when using our algorithm to isolate all complex roots of F. In
this case, we may first compute an input square B of width w(8) = 2!*2 that is centered at
the origin. Here, I' € N3 is an integer bound for I'r with I' = I'r + O(log d). We have already
argued in Section 6.2 that such a bound I' can be computed using O(d?Tr) bit operations.
Such a square 8B contains all complex roots of F, and thus running Clsorate with input 8
yields corresponding isolating discs. Hence, we obtain the following result:
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Corollary 6.37. Let F be a square-free polynomial as in (6.1). Then, for isolating all complex roots of
F, ClsoLATE needs

d
O(d - (d* + d1og Mear + Z 16g F'(zi) 1) = O(d - (d* + d 1og Mear +16g Disc;'))  (6.26)
i=1

bit operations, where Discr := a4|** 2 [11;<j<a(zj — zi)* is the discriminant of F. As input, the
algorithm requires an L-bit approximation of F with

L = O(d” + d16g Meay +16g Discz’) (6.27)

Proof. The above bounds follow directly from the bounds in (6.24) and (6.25), and the fact
that d 1og(w(B), w(B)™) + dtr = O(d? + d log Mear) and thus

d d
Z 10g or(z;) " = O(d? + d 1og(Mear) + Z 1og F'(z) 7).
i=1 i=1

The statement now follows using

d
D 168 F'(zi)™! = O(d? + d 168 Mear +1og Discy"),
i=1

see, e.g. [SM16, Section 2.5] and [SM16, Theorem 31] for proofs of the latter bounds. O

Again, we provide simpler bounds for the special case, where F has integer coefficients.

Corollary 6.38. Let f € Z[x] be a square-free integer polynomial of degree d with integer coefficients
of bit-size less than t, let F := f/LC(f), and let B C C be an axis-aligned square with 2709 <
w(B) < 200, Then, Clsorate with input B needs O(d> + d>t) bit operations. The same bound
also applies when using CIsoLATE to compute isolating discs for all roots of f.

Proof. The bound on the number of bit operations for CIsoLATE on an input square 8 follows
immediately from (6.26) and the fact that Discr = LC(f)?**~2 - Disc 2 2-24-2)7 " For the
second claim, we may simply run ClsoLATE on a square B of width 27*2 centered at the
origin. According to Cauchy’s root bound, 8 contains all roots of f, and thus ClsoLATE
yields corresponding isolating discs. O

6.7 Conclusion

In this chapter, we have seen a simple and efficient subdivision algorithm to isolate the
complex roots of a polynomial with arbitrary complex coefficients. Our algorithm achieves
complexity bounds that are comparable to the best known bounds for this problem. Pre-
viously, such bounds were achieved only by methods based on fast polynomial factoriza-
tion [EPT14; MSW15; Pan02]. Compared to these methods, our algorithm is quite simple and
uses only fast algorithms for polynomial multiplication and Taylor shift computation but no
other, more involved, asymptotically fast subroutines. Thus, there is hope that the algorithm
can be turned into an efficient implementation similar to its real counterpart from [SM16],
see [KRS16] for an evaluation of its implementation. In fact, there are currently efforts to
include both methods, the real and the complex one, into the computer algebra system
Maple.

A possible direction of future research is to extend the current Newton-bisection tech-
nique and complexity analysis to the analytic roots algorithm in [YSS13]. See [Str12] for an
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alternative approach for the computation of the real roots of analytic functions obtained by
composing polynomials and the functions log, exp, and arctan.

At the end of Section 6.5.3, we sketched how to use our algorithm to isolate the roots
of a not necessarily square-free polynomial for which the number of distinct complex roots
is given as additional input. Also, we may use our algorithm to further refine the isolating
discs for the roots of a polynomial in order to compute L-bit approximations of all roots.
There exist dedicated methods [KS15a; MSW15; Pan02; PT13; PT14] for refining intervals
or discs, that are already known to be isolating for the roots of a polynomial. For large L,
that is if L dominates other parameters, their bit complexity is O(dL). In comparison, using
ClsoLatk for the refinement directly, its bit complexity would be of size O(d2L). We suspect
that this bound can be further improved by using a proper modification of the T.-test, which
only needs to evaluate F and its first derivative, and approximate multipoint evaluation.
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Chapter 7

Counting Solutions of a Polynomial
System Locally and Exactly

7.1 Introduction

In this chapter, we turn to the problem of computing the solutions of zero-dimensional
polynomial systems. We propose a randomized but certified (i.e. Las-Vegas type) algorithm,
denoted #PorySor, to count the number of solutions of a zero-dimensional polynomial
system # within a given polydisc A ¢ C". More precisely, let

F:fix)=...= fu(x) =0, with f; e C[x] =C[xq,...,x,]foralli=1,...,n, (7.1)

be a zero-dimensional®' polynomial system. As for the univariate case before, we assume
that each of the coefficients c; , of the polynomials

— o __ a1 o
.fi_ E Ci,O('X - E Ci,a'xl "'xnn

a=(ai,...,an) a=(ai,...,an)

can be approximated to any desired precision. That is, for any given non-negative integer
precision p, we can ask for a dyadic approximation &, € 277 - (Z + i - Z) of ¢;, with
|Cia — Ci,a| <27P for the cost of reading the approximations.

Given a polydisc A = A,(m) = {z € C" : ||z — m|| < r} of radius r centered at m € C", we
aim to compute the number of solutions of # = 0 that are contained in A. Here, solutions
are counted with multiplicity. As input, the algorithm #PorySoL receives the coefficients of
¥, the polydisc A, and an integer K € {0,1, ..., ds}, where d¢ := max; d; is the maximum
of the degrees d; of the polynomials f;. As output, it returns an integer k € N U {-1}.
There are two possible outcomes — either the algorithm fails or the algorithm succeeds. If
k = -1, nothing can be said, that is, the algorithm fails to provide an answer to our request.
If the algorithm succeeds however, it guarantees that k equals the number of solutions of
¥ = 0in A. Furthermore, we show that our algorithm always succeeds under the following
conditions. (1) If r is small enough. (2) The input parameter K is at least the number of
solutions of # in A. (3) The smaller polydisc A" := A, (m), with 7" := r/64n(K + 1)", contains
a k-fold solution of ¥. We also derive a bound on the size of r that guarantees success of
our method if the other two requirements are fulfilled. The given bound is adaptive in the
sense that it does not only depend on global parameters such as the degree and the size of
the coefficients of the polynomials f;, but also on solution-specific parameters, that is, the
multiplicity and the size of z as well as the distances between z and the other solutions of
¥ . This can be seen as an analogue result to the results from the previous chapter, where
we have seen that the geometry of the roots of the polynomial determines the cost of the
algorithm ClsoLATE for isolating the roots.

There are only finitely many solution in complex projective n-space.
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We proceed by stating our main result for the special case, where ¥ is defined over the
integers. For the more general statement, see Theorem 7.22.

Theorem 7.1. Suppose that zis a k-fold solution of a polynomial system ¥ as in (7.1) with polynomials
fi € Z[x] of total degree d; and with integer coefficients c; o of bit-size less than t¢. Then, for any
K > k, there exists an L* € N with

L' = O Dy - max d’f’dﬂ + Dy - 168(2) + 168(0(z, F)™1) + (K + 1)" - 168(0(z, )

ZE[H] i

such that, with probability at least 1/2, the algorithm #PorySoL(F , A, K) returns k for any disc
A = A, (m) with r < 27 and ||m — z|| < r. Here, we use the definitions dy := maX;e[n] di,
DT = H?:] di/

o(z;, ) i=min lz; = zll, and Az, )= | | llzi = 2107,
J#L

where z1, . . ., zN denote the distinct solutions of ¥ and u(z;, ) the multiplicity of z;.

Notice that the method never yields the exact multiplicity of a solution, even in the case
where there is a well separated k-fold solution z in A. Instead, we only obtain the sum of
the multiplicities of all solutions contained in A. However, in the considered computational
model, where only approximations of the coefficients of the input polynomials are known, it
is simply not possible to achieve a stronger result. This is due to the fact that arbitrary small
perturbations of the input already destroy the multiplicity structure of non-simple roots.

There is a series of applications of our method. For instance, it can be used to verify
correctness of the result provided by a numerical (non-certified) method such as homotopy
methods (e.g. [Ver99; Bat+13]) or subdivision methods (e.g. [MP09; Bur+08]). Corresponding
implementations of such methods (e.g. Bertini, PHCpack, axel) are available and have proven
to be efficient and reliable in practice. Suppose that such a method returns an approximation
C of ak-fold solutions z such that ||C—z|| < 27%, however, without any guarantee on the correctness
of the result. Now, in order to show correctness, we may run the algorithm #PorySoL with
input , K = k, and A = Agyy(k+1)r2-1(C). According to the above theorem, the method
returns k if the claimed result is actually correct and L is large enough. Hence, we eventually
succeed if the numerical solver provides a sufficiently good approximation of z together with
the correct multiplicity. Again, we remark that the method does not provide a proof that
there is exactly one root of multiplicity k, but only a proof that there are k roots counted with
multiplicity in A.

For polynomial systems that are defined over the integers, there exist complete and
certified methods (e.g. [Rou99; Laz09; BS16]) to compute isolating regions for all solutions
together with the corresponding multiplicities, however, their possible application is limited
in practice. In particular, if the polynomials f; are of large degree, the running time for
the necessary symbolic computations (e.g. that of a Grobner Basis or resultants) becomes
prohibitive. Combining our method with a numerical solver may instead yield a certified
result on the existence of solutions in a certain region.

In Section 7.5, we report on a preliminary implementation of our method. That is, we
integrated an implementation of our method into the Bisorve-routine [Ber+13; KS15b], a
highly efficient algorithm for isolating the solutions of a bivariate polynomial systems with
integer coefficients. There, it serves as an inclusion predicate to verify the existence of a
k-fold solution of the system. Compared to the original approach in BisorLve, we observe a
considerable improvement with respect to running time and precision demand.



7.1. Introduction 129

Overview of the Algorithm. Recall Pellet’s theorem that we have described in the previous
chapter. It can be used for counting the number of roots of a univariate polynomial f € C[x]
in a disc D,(m) = {x € C: |x —m| < r} of radius r centered at a point m € C. Let us call
flm](x) := f(m + x) the shift of f to m, see Section 7.2. The test based on Pellet’s theorem
works as follows. We first compute the Taylor-expansion

, Dm) .
flml(x) = Zizo cix' = Zizo fT X
at m and then check whether |ci| - ¥ > Yizk lci| - ' for some k. Notice that the latter
inequality implies that the part ci - x* of f[m] of degree k dominates the remaining parts
on the boundary of the disc D,(0). If this is the case, then D,(m) contains exactly k roots
of f, which we have proven in Theorem 6.4. In the previous chapter, we have also given
sufficient conditions on  and the locations of the roots with respect to m such that the above
inequality is fulfilled. In particular, for m being a k-fold root of f, we gave a bound rj in
terms of the degree of f and the separation of m such that Pellet’s Theorem applies for any
r < ro. We will summarize the most important results related to Pellet’s theorem for this
chapter in Lemma 7.18.
Our algorithm #PorySoL can be considered as an extension of Pellet’s Theorem to poly-
nomial systems. Similar as in the one-dimensional case, we make crucial use of the fact that,
for a sufficiently small neighborhood A of a k-fold solution z of ¥, the system

Flz]: ilx+2z)=---= fu(x+2)=0

obtained by shifting each of the polynomials f; by z is dominated by terms of degree k or
less. Hence, in order to study the local behavior of # at z, it should suffice to consider the
truncation ¥ [z] <, of ¥ [z], where we only consider the part fi[z]<x = 2 4.ja|<k c; ,-x* of each
filz] = f(x+2) = X, ¢} , - x* that is of degree k or less. In fact, in Corollary 7.21, we prove
that, for any K > k, the system ¥ [z]<x has a k-fold solution at the origin, and we give a
bound on its separation in terms of the separation of z as a solution of the original system
¥ . In Theorem 7.20, we even show that if K > k, and if ||[m — z|| < 27 for a sufficiently
large L, then we can work with ¥ [m]<x instead of # [z]. Namely, in this case, ¥ [m]<x has k
solutions of norm less than 4 - 27, whereas all remaining solutions have considerably larger
norm, that is, larger than some value that does not depend on L.

We now provide an overview of our approach. For the sake of simplicity, we omit
technical details and only give the main ideas. Also, we do not treat any special cases, which
considerably simplifies the approach when compared to the actual algorithm as given in
Section 7.3. We first define L := [log m] such that m <2L < m =r.
Obviously, we cannot check in advance whether the above requirements on m and L are
fulfilled, however, we can check whether # [m]<x has a cluster of solutions near the origin.
For this, we use a complete and certified algorithm to compute isolating regions of all
solutions of #[m]<k that are contained in the polydisc A = A,(0). Notice that if K is small
compared to the degrees of the polynomials f;, then the cost for computing the solutions of
¥ [m]<k is much lower than solving the original system directly. In particular, for K = 1,
the truncated system # [m]<x becomes a linear system in n variables. Now, suppose that A
contains k” solutions of ¥ [m]<x (k" does not have to be equal to k) that are well separated from
the remaining solutions, then we are left to show that ¥ [m] contains the same number of
solutions in A. For this, we use a generalization of Rouché’s Theorem that applies to analytic
functions in n-dimensional complex space; see Theorem 7.17. This approach requires to
compute a lower bound LB for || [m]<k(x)|| := max; | fi[m]<x| on the boundary of A as well
as a corresponding upper bound UB on the error || [m](x)<x — ¥ [m](x)|| that occurs when
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passing from ¥ [m] to the truncated system #[m]<x. Whereas the computation of UB is
straightforward (see (7.11) in Section 7.3), the computation of LB is more involved. Namely,
we first compute the hidden-variable resultant R, := Res(¥ [m]<k, x¢) € Q[x/] with respect
to each of the variables x;; see Section 7.2 for details on the hidden variable approach. The
roots of R are the projections of the solutions of # [m]<x on the x-axis, and R is contained
in the ideal given by the polynomials f;[m]<k, that is, there exist g¢1, ..., g¢,» € Q[x] with

Re=ge1- film]l<g + -+ g1 - film]<k. (7.2)

Using a recent result [DKS13] on the arithmetic Nullstellensatz, we derive upper bounds on
the absolute value of the coefficients of the polynomials g/ 1; see Corollary 7.11 and (7.13) in
Section 7.3. In addition, we use our results on Pellet’s Theorem from the previous chapter
in order to derive a lower bound for |R¢| on the boundary of the disc D,(0) ¢ C, which is
the projection of the polydisc A into one-dimensional space; see Lemma 7.18. Combining
the latter two bounds then yields LB. Finally, we check whether LB > UB, in which case we
conclude from Rouché’s Theorem that ¥ [m] has the same number of solution in A as the
truncated system ¥ [m]<x. If UB < LB, we return —1.

In the analysis of our algorithm, we show thatif | m—z|| < r/(64n(K+1)") for a sufficiently
small , then LB approximately scales like c - 7* for some constant C, whereas UB scales like
C’ - rK+1 for some constant C’. Thus, in this case, our algorithm eventually succeeds if K > k.
As already mentioned, we omitted many details in the above description. In particular, for
completeness, we needed to address certain special cases. In particular, this comprises the
case where ¥ [m]<; has distinct solutions whose projections on one of the coordinate axis
are (almost) equal or solutions at infinity that yield roots of the hidden variable resultant.
We show how to handle such situations by means of a random rotation of the coordinate
system without harming the claimed complexity bounds.

Implementation for the Bivariate Case. For the special case of a polynomial system ¥ :
fi(x1,x2) = fa(x1,x2) = 0 in two variables, with f1, fo € Z[x1, x2], we implemented the
algorithm in SaGe. As an oracle for computing an arbitrary good approximation of a solution
z of ¥, we use a subroutine of the so-called Bisorve algorithm from [Ber+13; KS15b], which
currently constitutes one of the fastest exact and complete algorithms for solving bivariate
systems. BisoLve is a classical elimination approach that projects the solutions of the system
on each of the two coordinate axis in a first step by means of resultant computation and
root isolation. This yields a set of points on a two-dimensional grid that are all possible
candidates for the solutions of the system. Also, the candidates can be approximated to
an arbitrary precision using root refinement for univariate polynomials. Then, in a second
step, in order to check whether a certain candidate is a solution or not, BisoLve combines
interval arithmetic and an inclusion test based on bounds on the cofactors g1 and g; in the
representation R = g1 - fi + g2 - f» of the resultant polynomials R as an element in the ideal
(f1, f2). This inclusion test is similar to the approach that we will present in this chapter,
however, no truncation of the original system is considered. Also, itis tailored to the bivariate
case and does not yield the multiplicity of a solution. In our experiments that we will report
on in Section 7.5, we replace the original inclusion test in the Bisorve algorithm by #PorySoL
and compare the precision demand and the running time to that of the original variant.
In our evaluation, we observe that, for a multiplicity k of z that is small in comparison to
the degrees of the input polynomials, our novel approach outperforms the original variant.
At least, for the considered instances, we observe a sub-linear dependency of the needed
precision on the degrees of the input polynomials. Notice that this is not in line with the
derived bounds on the precision demand, which suggest at least a quadratic dependency.
However, we remark that the given bounds are just worst-case bounds. We also want to



7.1. Introduction 131

note that our implementation should rather be considered as a proof-of-concept than as an
implementation that should be directly used as provided. The experiments in Section 7.5
should be considered as preliminary, nevertheless they give interesting hints and support
the belief that our approach can lead to very efficient implementations.

Related Work. The literature on solving zero-dimensional polynomial systems is vast and
we can only give an incomplete overview. A historical summary can be found in [Laz09].
There are roughly two different classes of methods — numeric methods and symbolic meth-
ods. In contrast to symbolic methods, the numeric methods are in general not guaranteed to
be complete or correct. On the other hand they are usually efficient in practice and some of
them seem to be quite reliable.

One very classic approach is Newton’s method, see [Rum10, Section 13] for a general
description and an approach that uses Newton’s iteration with interval arithmetic. Moreover,
this work presents techniques for verifying the results of Newton’s iteration. Another very
popular numeric approach are homotopy continuation methods. There has been also quite
some implementation effort, see PHCpack [Ver99] and Bertini [Bat+13]. We also want to
mention the work by Verschelde and Haegemans [VH94]. From a high-level point of view,
their approach is similar to ours as it is also based on Rouché’s theorem. Their method relies
on finding a sparse part of the polynomial system that dominates the rest of the system on
the border of a considered region and can be used as a better starting system for homotopy
based techniques. The main differences to our approach are the following. First, we use our
technique to directly certify the existence of a zero, not only in order to construct a starting
system for a numerical method. Moreover, the system that we use in order to approximate
the input system is of lower degree, more precisely our “dominating part” is always of degree
k if k is the multiplicity of the zero in the given region.? In contrast to their result, we also
show that the precision that is needed in order to do so directly depends on the arrangements
of the zeros of the system. The subdivision methods [MP09; Bur+08] are usually incomplete
in the sense that they only provide exclusion predicates and lack inclusion predicates. Thus
they can be used in order to compute regions that are guaranteed to be free of solutions to the
system but cannot ultimately guarantee that a region contains a zero. We want to stress that
our work now provides an inclusion predicate that could be included in these approaches
in order to turn these methods into complete methods.

A very classical approach are methods based on Groebner Bases. Their theoretical
description goes back to Buchberger [Buc06]. A very efficient implementation is due to
Faugere, see [Fau(02]. The approach of Rational Univariate Representation (RUR) goes back
to Rouillier [Rou99], and has found its way into very efficient implementations. Another
quite successful approach are techniques based on resultants, see for example [BS16] for a
recent approach. Other works that aim at certifying solutions of systems include the work
of Hauenstein and Levandovskyy [HL17]. Their approach even applies for a more general
setting, namely systems of polynomial-exponential equations and is based on Newton’s
iteration and Smale’s a-theory.

Structure of the Remainder of this Chapter. In Section 7.2, we introduce some further
notation and then work out the basic concepts that we will need later on. In Section 7.3, we
present the algorithm #PorySor and describe the main rationale behind it. In Section 7.4,
we analyze the algorithm and in Section 7.5, we describe the Sace implementation of our
method for the bivariate case and its integration into the Bisorve-like approach.

2Note that it is not strictly necessary to know this parameter k, since a binary search for k can find a good
enough approximation.
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7.2 Preliminaries

7.2.1 Notation and Definitions

We start by introducing further frequently used notation and important definitions.
1. For a polynomial f =}, cox® € C[x], we define

deg(f) = max a1 +...+ay
a=(a1,...,an):Caz0

to be the (total) degree of f. Recall that 77 := [log || f][].

2. For a polynomial system ¥ = (fi, ..., fu), with f; € C[x] of total degree d;, we define

dg :=maxd;, Dg := rl di, and T :=maxTy,.
i€[n] ; i€[n]

i€[n]

D¢ is also called the Bézout bound in the literature. It constitutes an upper bound on the

total number of solutions (counted with multiplicities) of a zero-dimensional system

¥ . For a system ¥ with generic coefficients, it actually equals the number of solutions.

3. We further say that a polynomial f = )}, c,x* € Z[x] with integer coefficients has
magnitude (d,7) if df < d and 7f < 7. A system ¥ = (f1,..., fu) with f; € Z[x] has
magnitude (d, 7) if each polynomial has magnitude (d, 7).

4. As for univariate polynomials, for a multivariate polynomial f = }}, c,x* € C[x] and
a positive integer x, we say that ¢ = }’, C,x“ is an (absolute) x-bit approximation of f
if each ¢, is a dyadic number of the form (m +m’-i)- 2-(c*D) € Q+i-Q, withm, m’ € Z,
and || f — ¢|| < 27", In other words, each ¢, approximates c, to « bits after the binary
point.

5. For z € C" and a polynomial f € C[x], we define

fl2)x) = f(x +2) = ) calx +2)°

a

to be the shift of f to z. For a system ¥ = (fi,..., fu), we define the shift of ¥ to z as
Flzl = (filz], ..., fulz)).

6. For k € [d], we denote with fej := 3.4 <k CaX® the truncation of f of degree k. For a sys-
tem ¥ = (f1,..., fu), we define the truncation of ¥ of degree k as F<x = (ficp, -+, fn<i)-
7.2.2 Error Bounds for Shifting, Truncation, and Rotation

We first collect some bounds on the size of |f(z)| and || f[z]|| depending on the modulus of
some point z € C" and the norm || || of some polynomial f € C[x]. We also give bounds on
the error that occurs when computing f(z) or f[z] not exactly at z but at a nearby point C.

Lemma 7.2. Let f(x) = ), cax® € C[x] = C[x1,...,x,] of total degree d and with || f|| < 2°.
Moreover, let k € [d] = {1,...,d}, z € C", and C be an approximation of z with ||C — z|| < 27F,
then it holds:

(a) |f<k(z)] < (”Zk) - 2% - M(2)*, and in particular | f(z)| < ("d+d) 27 M(z)%.

(b) If llzll <1, then | f(2) - far(@)| < llz/**1 - (") - 27
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©) 1f(©Q) - f(2)] <271 - (") - M(2)".
@) |Iflz]ll <d™- (") - 27 - M(2)? and || [C] - flz]l| < 277L-d" - ("*9) - M(2)".

Proof. Part (a) and (b) follow immediately from the fact that f<; has at most (”;k ) coefficients
and each occurring term c, - z* has absolute value bounded by 27 - ||z|| lal Part (c) is a direct
consequence of [MOS11, Theorem 12], which provides general bounds on the error when
evaluating a multivariate polynomial using floating point computation. For the last claim,
notice that

f[Z] — aail(l)xa and f[C] — aail(c)xa,
aEZQO ango
|| a
where a = (a1,...,a,), al == a1!---ay!, and 0*f = axafuﬁ. The polynomials aa—!f have
1 n

total degree bounded by d and their norm is upper bounded by 27 - d" = 271084 Hence,
Part (a) implies the first part of (d). The second part follows from Part (c) because, for any «,
it holds that

|aa§!(z) _ «9“5!(@' < 27-L . anr. (1’1 ;_ d) . M(Z)d. ]

We further provide the following lemma that investigates the influence of considering
only an approximation of a polynomial f when looking at shift and truncation.

Lemma 7.3. Let f(x) € C[x] be a polynomial of total degree d with norm || f|| < 2%, and let z € C"
and C such that ||C — z|| < 27, Furthermore, let ¢ be an approximation of f[C]<x of total degree at
most k, with k € [d], such that || — fi[Cl<k|| < 2-®*DL. Then, for any x with ||x|| € [27F,1], it
holds

|60 = FICIGO < [IXII**T - d"27 [M(C) - (n + )]

Proof. We first observe that using the triangle inequality, simple bounds on the number of
monomials of lower (< k) and higher (> k + 1) degree, and the fact that ||x|| < 1 yields

o0 = FICIOIN < 1FIC100) = fICT<k G + [ () = f[Clsk ()

< Il IFIET = fIClaill (” ) "’) + 9 = flclll- (” . k)-

Then, applying Lemma 7.2 part (d) to the left summand and the condition on the approxi-
mation ||¢ — f[C]<|| < 2-**DE, we conclude that

n+d

2
600 = SR < It (7 ) 2t e

< X [d - 27 (n + dPPT - MO + (n + d)7]
< [Ixl*t - d" 2" [M(Q) - (n + )],

n+k
k

where the second to last inequality follows from ||x|| > 27L. O

In our algorithm, we will consider a transformation of the coordinate system induced by
arotationx — S-x, where S € SO(n) is a rotation matrix with rational entries. The following
lemma quantifies the impact of such a rotation on the bit-size of the coefficients of a given
polynomial f.

Lemma7.4. Let f = 3, co-x* € C[x] be a polynomial of total degree d and S € SO(n) be a rotation
matrix. Then, f*:= f oS, it holds that || f*|| < 277 - (";d)z.
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Proof. Notice that each of the entries a, s of the rotation matrix S = (a, ), s has absolute value
atmost 1. Thus, f*(x) = foS(x) = Xy, Ca-[(@11x1+ - +a1,,x,) - (@u1X1+- -+ Ay, X0)*" ]
(")’

has coefficients of absolute value bounded by 2% - as, when expanding the product

(a1x1 4+ +a1uxy)* - (@p1x1+- - +ay,,x,)* for a fixed a, there can be at most (”:;d) terms

contributing to a specific monomial x*. O

7.2.3 The Hidden-Variable Approach

Let us assume that an arbitrary zero-dimensional system ¥ = (fi, ..., f) asin (7.1) is given.
That is, f; has total degree d;, || fi|| < 2% for all 7, and it is assumed that the total number
of solutions of ¥ = 0, also at “infinity” (see the considerations below for an explanation),
is finite. We now briefly describe the so-called hidden-variable approach that allows us
to project the zeros of the system on an arbitrary coordinate axis. For more details, we
recommend the excellent textbook [CLO05] by Cox, Little, and O’Shea.

In a first step, we consider a homogenization of the system, that is, we introduce an
additional (homogenizing) variable x, 1 and multiply each occurring term in each f; with
a suitable power of x,41 such that the so obtained polynomials fl.h € Clx1,...,x441] are
homogenous and of total degree d;, respectively; see also the example below. Notice that
each solution (x1,...,x,) € Cof ¥ = 0 yields a solution (x1, ..., x,, 1) of the homogenized
system

Fh. flh(xl,...,xn+1) =...= fnh(x1,...,xn+1) =0 (7.3)

In addition, if (x1, ..., X,+1) € C"*!is a solution of F" = 0, then (t - x1,...,t - X,41) is a zero
of F forallt € C. In particular, if x,,41 # 0, we can set t = 1/x,,4+1, which yields the solution
(X1/Xn41, .-, Xn/xp41) of F = 0. It is thus preferable to consider the set S of solutions of the
above homogenized system as a set of points in the n-dimensional projective space P". The
set S then decomposes into the set Scoo = {(x1:...: x4y41) € S : X441 = 1} of so-called affine
solutions, for which x,11 = 1, and the set Soo = {(x1 : ... : Xy41) : Xu41 = 0} of solutions at
infinity, for which x,4+1 = 0. Notice that there is a one-to-one correspondence between the
affine solutions of the homogenized system and the solutions of the original system (7.1).

As mentioned above, we aim to compute the projections of the solutions of ¥ = 0 on one
of the coordinate axis, say w.l.o.g., x = x1. For this, suppose that we fix some value & for x;.
Plugging x1 = £ into the initial system then yields the specialized system

Flel . Ay, x) == A, ) =0,
with fl.[é](xz, oo, Xn) = fi(&,x2,..., x,) and the corresponding homogenized system

FEN (N o, ) = = Y (32, x0) = 0, (7.4)

where ( fl.[é])h denotes the homogenization of fz.[é]. Notice that, in general, ( fi[é])h does not
equal ( fih)[g] = fih(é ,X2,...,Xn4+1), that is, we cannot deduce the system in (7.4) from plug-
ging ¢ into the homogenized system in (7.3). The reason is that the total degree of f; may
become smaller for certain values for &, and thus homogenization does not commute with
specialization.

Exqmple. For f := xlxg —2x§’ +x3x1 + xg and & = 2, we have fh = xlxg’ —2x3x4 + x3x1xi + x%xi,
flel = £(2,xp,x3) = 2x3 + x3, and (FlEh = 2x3x4 + x3, which does not equal (fMlel =
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fh(Z, X2, X3,X4) = 2x§’ - 2X§X4 + 2x3xi + x%xi.

You may notice that (7.4) is a polynomial system consisting of n homogenous polynomials
in n variables. If the initial homogenized system had a solution with x; = &, then this would
yield a solution of (7.4) and vice versa. In other words, £ would be the projection of a solution
of the initial system. The following important result now gives a necessary and sufficient
criteria to check whether this is actually the case.

Theorem 7.5 ([CLOO05], Chapter 3, Theorems 2.3 and 3.1). Let G be a system of n homogeneous
polynomials in n variables of total degrees d1, . .., dy,. Then, there is a unique polynomial 3 Res(G) =
Resy,,. 4, € Z[u] in the coefficients u of G such that Res(G) = 0 if and only if G(x) = 0 has a
non-trivial solution x € P"~1. The polynomial Res(G) is homogeneous in the variables of f; of degree
dy---di-1-diy1---dy and its total degree equals Z?:l dy---di-q-dig1---dy.

Example. The homogeneous system G : ux% + bxy1xy + cx% = dx1 + ex, = 0 (with general
coefficients a, b, c, d, and e) has a solution in P! if and only if the involved coefficients fulfill
the equality Res(G) = Resy1 = ae? — be + cd = 0.

For an arbitrary polynomial system G consisting of n + 1 (not necessarily homogenous)
polynomials in C[x,...,x,], we simply define Res(G) = Res(G"). Since G has the same
coefficients as G", it still holds that Res(@) is a polynomial in the coefficients of G. In
addition, since there is a one-to-one correspondence between the solutions of G and the
affine solutions of G", it follows that Res(&) = 0 if and only if G" = 0 has a solution in P".

Now, in order to compute all values & such that there exists a solution (x1,...,x,) of
our initial system ¥ = 0 with x; = &, we aim to apply the above theorem to the system as
defined in (7.4), however we now consider £ as an indeterminate (so called hidden variable)
rather than a fixed value. There are some subtleties with this approach. In particular, the

degrees of the polynomials fl.[g] may be different for certain values for &, which is crucial as
the definition of the resultant polynomial Res strongly depends on the degrees of the given
polynomials. However, we can avoid such critical situations if we assume that the given
polynomials f; fulfill some mild prerequisites.

Lemma 7.6. Suppose that each polynomial f; contains a term of total degree d; that does not depend
on x1 and write

fi= Z Cia(x1) - x5 - xy" € Clxq][x2, ..., xu]

a=(az,...,an)

as a polynomial in x2, . . ., x, with coefficients c; o € C[x1]. Furthermore, let

- ) a a di—ar—..—a
FZ = Z Cz,a(xl) . xz ce xi’l" . xn1+1 n

be its corresponding homogenization (with respect to the variables x5, . .., x,), then it holds:
(a) Forall & € C, we have (fl.[g])h = FZ['S] and (fz.[é])h has total degree d;.

(b) Each root x1 = & € C of R(x1) := Res(Fy, ..., Fy) yields a solution (x1,...,x,) € C" of
F = 0 with x1 = & and vice versa.

Proof. Part (a) follows directly from the fact that the total degree of fl.[‘g] is equal to d; for all
& as there exists a term of degree d; that does not depend on &. For (b), we first remark
that the resultant of the polynomials F; is a polynomial in the coefficients of the F;, and thus

3We remark that Res only depends on the actual degrees of the polynomials.
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a polynomial in x;. Since the degree of each f; does not depend on the choice of x1 = &,
we also have R(&) = Res(Filx,=¢, .., Fnlx,=¢). Now, let x1 = & be a complex root of R, then
according to Theorem 7.5, there must exist a solution (&2 : ... : &uq1) € P! of the system
(Filx,=¢)i=1,...,.n. In order to prove that this solution is an affine solution (i.e. a solution of ¥),
we assume for contradiction that £,,41 = 0. Plugging x,11 = 0 into the polynomials F; yields

Fi |xn+1:0 = Z Ci,a(xl) . XSZ ‘e xz‘n‘

a=(ag,...,an):a2+...+a,=d;

Hence, each of the terms c;,(x1) occurring in the above sum is a constant that does not
depend on x1. Since (£ : &y ¢ ... 1 &y) is a solution of the system F;|y, ,,=0, we conclude that
(x1: & :...:&y)is a solution of Fjly,,,—o for any x;. This contradicts our assumption that
¥ has only finitely many solutions. It follows that (&2/&n+1, ..., En/Ens1, 1) is a solution
of (Filx,=¢)i=1,..,n, and thus (&, &2/&n+1, ..., En/En+1) is a solution of F = 0. For the other

direction, let (&1, ..., &,) be asolution of ¥ =0, then (&7 : ... : &, : 1) is an affine solution of
the corresponding homogenized system, and thus (& : ... : &, : 1) a solution of the system
(Filx,=¢)i=1,...,.n = 0. This implies that R(&1) = 0. O

Obviously, the above considerations apply for any coordinate (hidden-variable) xx onto
which we aim to project the solutions. The corresponding resultant polynomial Res(F, xx) €
C[xk] is called the hidden-variable resultant with respect to xx. The following theorem [BS16]
bounds the cost for computing the hidden-variable resultant in the special case where the
polynomials f; have integer coefficients. The technique is based on a method due to Emiris
and Pan [EP05] and an asymptotically fast algorithm for determinant computation due to
Storjohann [Sto05].

Theorem 7.7 ([BS16, Prop. 1]). Let ¥ = (f;)i=1,....n be a polynomial system with integer polynomials
fi € Z[x1, ..., xn] of magnitude (d, ©). There is a Las-Vegas algorithm to compute Res(F, xx) in an
expected number of bit operations bounded by*

O(n(n—l)(m+1)(d + T)d(a)+2)n—w—l)'

We further remark that a root & of Res(¥, xi) might origin from several solutions z =
(z1,...,2n) of ¥ = 0 sharing the same x;-coordinate x; = &. Under the requirements from
Lemma 7.6, it holds that the multiplicity of & as a root of Res(¥, x¢) equals the sum of the
multiplicities of all these solutions z. Also, the roots of Res(¥, xi) are exactly the projections
of the finite solutions onto the xj;-coordinate, and vice versa. Furthermore, if there are no
solutions at infinity, then Res(¥, xx) has degree D¢ as the system has exactly D¢ solutions
(counted with multiplicity), which are all finite, and the roots of Res(¥, xx) are exactly the
projections of these solutions onto the x;-coordinate.

Lemma?7.8. Let ¥ = (fi)i=1,..n, With fi = ¥ 4.|aj<d; Ci,a'X* € C[x] of total degree d;, be a polynomial
system in n variables x = (x1, . .., x,) with general coefficients c; . Consider the decomposition

fi)= D cia X+ D ciaox®

a:|lal=d; a:lal<d;

=fi,4;(x) =:fi<d;(x)

of each f; into a sum of terms of degree d; and into a sum of terms of degree less than d;. Then, for any
k € [n], it holds that the leading coefficient LC(Res(F, xx)) of the (general) hidden variable resultant

‘w denotes the exponent in the complexity of matrix multiplication. The current record bound for w is
w < 2.3728639 according to [Gall4]
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Res(F, xx) € Z[ci a][xk] only depends on the coefficients c; o of f; 4, (i.e. on the coefficients c; o with
|0(| = dz)

Proof. Let x;,41 be a homogenizing variable and

ho_ , @ , a  di-lal
fi' = Z Cia X" + Z Ci,ar = X" Xy 1q

a:la|=d; a:la|<d;

be the corresponding homogenization of f;. For generic choice of the coefficients c; , with
la| = d;, the above system is zero-dimensional and has no solution at infinity. Namely, for
Xk+1 = 0, the system writes as fl.h(xl, ..., Xy,0) = f; 4., and a generic system of n homogenous
polynomials in n variables has no solution. Thus, there exists no solution at infinity, which
also rules out the possibility of the system being non zero-dimensional. Now, suppose
that the coefficients are generically chosen such that all solutions are finite. Then, the total
number of solutions equals the Bézout number Dy and the degree of Res(¥, xx) equals
Dg. According to Theorem 7.5, LC(Res(F, xx)) € Z[c; o] is a polynomial in the coefficients
Cia. Now, if LC(Res(F, xx)) would depend on some coefficient c¢; ,» with |a| < d;, then,
for generic choice of all other coefficients, we could choose such a ¢; , in a way such that
the leading coefficient becomes zero, and thus degRes(¥, xx) < D¢, a contradiction. This
shows that, for generic choice of the coefficients c; o, the leading coefficient LC(Res(F, xx))
does not depend on the coefficients of the polynomials f; .4,. From this, we conclude that
LC(Res(F, xx)) does not depend on the coefficients of the polynomials f; .4, in general. [

Corollary 7.9. Let ¥ = (fi)i=1,....n be an arbitrary polynomial system as in Lemma 7.8 with d; = d
forall i, and let

n
F: fi= Z Cia X'+ fi, withc;y € Z forall a with |a| =d +1,

a:la|=d+1

be the system obtained by adding polynomials of the form 3" \a|=d+1 Ci,a - X" o each fi. If F does not
have any solution at infinity (which is the case for generic choice of the coefficients ci o), then it holds
that LC(Res(F, xx)) € Zzo.

Proof. If ¥ has no solution at infinity, then ¥ is zero-dimensional and, in addition, Res(T: Xk)
has degree D# = (d +1)". From Lemma 7.8, we further conclude that LC(Res(F, , Xk)) only
depends on the coefficients c; , of the degree (d +1)-parts f; ;.1 of the polynomials f;. Hence,
we have LC(Res(F, xx)) € Zo. O

Example: Let f; = 2?21 aij - x?” + fi with f; € C[x]<4 polynomials of total degree at most d.
Then, it holds that ) .
Res(¥, x;) = +det(a;) - x\" ™" +

Namely, if det(a; ;) # 0, then ¥ has no solution at infinity as each such solution would yield
a non-trivial solution of the linear system Z?:l aij- Xj = 0. Thus, F is zero-dimensional in
this case and Res(?z x) has degree D = (d + 1)". From Lemma 7.8, we further conclude
that LC(Res(F, xx)) only depends on the coefficients a; ; of the degree (d + 1)-parts ﬂ d+1 of
the polynomials fZ Hence, we have LC(Res(F, xx)) = LC(Res( f1 —dt1s - fn —d+1,Xx)), and
using Theorem 2.3 and Theorem 3.5 in [CLOO05] further shows that

Res(fi,—ds1, -+, fud+1, xx) = det(a; ;)" - Res((x*1, ..., x7*1), xy)

= idet(ai,j)(dH)H -x,((dﬂ)n.



138 Chapter 7. Counting Solutions of a Polynomial System Locally and Exactly

It is also well known (e.g. this follows from Theorem 7.10 below) that Res(¥, xi) is
contained in the ideal 7 := (fi, ..., f,) defined by the polynomials fi, ..., f,. In particular,
for polynomials f; € Z[x1, ..., x,] with integer coefficients, this guarantees the existence of
an integer A, with A # 0, and polynomials g; € Z[x1, ..., x,] with

A-Res(F,xk) =81 fi+-&n - fu- (7.5)

Recent work [DKS13] allows us to bound the magnitude of the polynomials g; as well as the
size of A. For this, we first write f; = >, ci,a(xk)xik as a polynomial in x,; with coefficients
Cia € Z[xr], where x4 denotes all but the k’th variable. We further introduce a variable
u; o for every coefficient polynomial c; ,. Let u; = (1;4)o be the variables corresponding to
the polynomial f;, and let u = (uy, ..., u,) denote the variables for all polynomials. Then,
¥ can be considered as a system consisting of n polynomials in n — 1 variables x4 with
coefficients u. Thus, its resultant Res(¥) is a polynomial in Q[u], which is further contained
in the ideal (f1,..., fu) € Q[u,x4]. The following theorem, which is a consequence of
Theorem 4.28 in [DKS13] (see also [DKS13, pp. 6]), gives bounds on the degree and height
of the polynomials in the cofactor-representation of Res(¥) in this ideal.

Theorem 7.10 ([DKS13] Consequence of Theorem 4.28). Given a polynomial system © =
(1, ., Pus+1) with @; = Y, Ui oX* € Z[u,x] of total degree d; in x = (x1,...,x,). Then,
for any k € [n], there exists a A € Z,o and polynomials y; € Z[u, x] such that

A - Res(®) = Z Vi @i,

ie[n+1]
deguj(yi(pi) < l_[ de and
%]
TARes(@,x;), Ty: < (611 +10)1og(n +3)Do  for j € [n]andi € [n +1],

where T, denotes the bit-size of a polynomial p € Z[u, x].

We can now derive bounds on the degree and the bit-sizes of the polynomials g; as well
as on the bit-size of A in (7.5) from the above theorem:

Corollary 7.11. Given a zero-dimensional polynomial system ¥ = (f1,..., fn) with polynomials
fi € C[x], we can explicitly compute (see (7.6) and (7.7)) positive integers Ag and By, with
AgF = O(anc) and B = O(n - Dg + T - max; g—f), such that there exists an integer A € Zy
and polynomials g; € C[x] with

|| < 247,

deg gi < D¢, T4, < By, and
n
A -Res(F, xx) = Z Si fi-
i=1

If all polynomials f; have only integer coefficients, then we may further assume that the polynomials
gi have only integers coefficients as well.

Proof. For each i € [n], write fi(x) = ), UiaX5, as a polynomial in the variables xx and
with coefficients u#; , € C[xx]. Theorem 7.10 now guarantees the existence of a positive
A € Zyo and polynomials g; € Z[u, xz¢] with A - Res(F, xx) = Xe[n) &i * fi- Notice that since
u only depends on xj, we may consider each g; as an element in C[x]. In addition, we have
deguj(gifi) < [l¢zjde, and thus deg (gi) < deg,(gifi) < Dy = di---dy as each uj, has
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degree bounded by d;. We can now write each polynomial g; as gi = 2u:ja|<D, Pi,a(u) - X5,

.....

that c; o g are integers of absolute value |c; 4 5| < 27, where

Ag = [(6n +4)log(n + 2)D#1 = O(nDg log(n)). (7.6)

d
coefficients u; ,. Further notice that, for each f, ufis a product of at most D# univariate

polynomials in C[x], each of degree at most d# and of norm bounded by 2°7. Hence, it can
be written as a sum of at most (d# + 1)P7 terms, each of absolute value at most 277 Pr /i We
conclude that the norm of g; is bounded by

In addition, N < 7, (di; ") <n- (df;n) < n(dg + n)" denotes the number of distinct

(D(F+N

D ) A(dg +1)Pr 247 .2 Drldi < [(n(dg + n)" + D) - (dg + 1)|P7 - 247 . 277 Dr/di
T

<[(n+1)d¢e + n)”+1]D¢ . 2As 9Ty Dy[d;

< [(d‘i: + n)6n+4 A 2A7r . 2T¢~D¢/di < ZB(f,

where we define

D ~ D
F = O(n - DF + T# - max i). (7.7)
1

By :=2-[Dg - (6n +4)log(ds + n)] + t# - max 7 7
i i i

The final claim follows from the fact that f; € Z[x] for all i implies that u; , € Z[x] for all
i,a, and thus g; € Z[x] for all j. O

7.2.4 Generic Position via Rotation

In the previous subsection, we have outlined how to project the solutions of a polynomial onto
one of the coordinate axis. One subtlety of the approach was that certain mild conditions on
the input polynomials need to be fulfilled in order to guarantee that the roots of the hidden
variable resultant are exactly the projections of the (finite) solutions of the initial system; see
Lemma 7.6. Another drawback of the approach is that distinct solutions might be projected
onto the same point or onto two very nearby points on the coordinate axis, that is, the actual
distance between distinct solutions is no longer preserved after the projection. We will show
how to address these issues by using a random rotation of the coordinate system. We first
start with the special case of dimension 2.

Lemma 7.12. Let p; = (x¢, y¢) € C? be N points such that ||p¢|| # 0 forall € =1,...,N. Let k be

chosen uniformly at random from [2L). Then, with probability at least 1 — ZNL’ for each point

o« N 1—(k~2*£)§ _ 2-(1«2*2)2
p;:(yf) - sk(L)-(yi), with Su(L) = | G207 2D
¢ T2 T2 Tr(k2 0P

€ SO(2),

it holds that min(|x}|, |y;|) > 27U+ \ipg|| for all €.

Proof. Notice that each matrix Si(L) is a rotation matrix with respect to the angle ¢y €
—(k2-Ly2 (k2L
[0, /2] with cos ¢y = % % We further note that the function

2
h(t) = (%, %) describes the trace of a point on the quarter-circle. Moreover, we have

h(t) = ( (1j§)2 , (—fjf;)%), and since |ii(t)| = ﬁ is a decreasing function in ¢, it follows that the

difference between two consecutive angles ¢+1 and ¢y is decreasing in k. We thus conclude

and sin ¢y =
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that all differences are lower bounded by ¢, — o1 = fll_z,L ﬁdt > /11_sz dt =271, Now,
let Ly ¢ R? be the line passing through the origin and the point (cos ¢, sin ¢x), and let
L} c R? be line that passes through the origin and is orthogonal to L. In addition, for each
point pr = (R(xe) +i- I(xe), R(ye) +i- I(ye)), we define

_ (R(xo), Rlye)) if R(xe)* + R(ye)* = I(xe)* + B(ye)
| (3(x¢), I(ye))  otherwise. :

Then, f, is a point in R? with ||p¢|la = ||p¢|l/V2. Let A; € R? be the disc centered at ji; of
radius r¢ = 27572 ||p¢||. Let g, r € A¢ be any two points in A; and a be the angle at the origin
of the triangle given by the origin and the points g and r. Then, it holds that

27172 lpell
lIpell/v2

Since the angle between any two distinct lines Ly and Ly is lower bounded by 2-L it thus
follows that there can be at most one k such that L or L]f intersects A¢. Hence, if we pick a
ke{1,...,2L} uniformly atrandom and choose L and L; as the axis of the coordinate system
obtained by rotating the initial system by ¢, then, with probability at least 1 — zﬁL' the new
coordinates (X}, i;) of each point , will meet the condition that min(|x/|, |7;[) > 272 1pl.
Hence, the same holds true for the points Sx(L) - pe. O

a<2- arctan( ) < 2arctan(27F ) < 2. 2701 < 27F,

We now turn to the general n-dimensional case. For integers k and L and distinct indices
i,j€{l,...,n}, wedefine

1 .- 0 0 e 0
. . 1—(k-‘2‘L)2 . 2-(1;-2-L) .
. o --- TETE T TTikaTR 0
sy = : : : : | €SO(n), (7.8)
2.(k27) 1-(k-271)2
o --- TEEE T EaIR 0
0o --- 0 0 1

to be a rotation matrix that operates on the i-th and j-th coordinate only. We further define
the set of rotation matrices

Sy = H SUNL) : kij € [2Y] forall i, j { , where L := 4[log(2n*N)].  (7.9)
1]

i,je[n]i<j

Lemma 7.13. Let N be a positive integer and p, € C" be N’, with N’ < N, points such that
llpell #0 forall € =1,...,N’. Sy and L are defined as in (7.9). Then, it holds

(a) Choosing integers ki; € [2L] for every pair i, j uniformly at random yields, with probability
at least 3/4, a rotation matrix S € Sy such that, for each point p/, := S(L) - pe, it holds that
min; [p} ;| > 2n?N)7%" - [|pe]l.

(b) There is an integer A of bit-size O(n?log N) such that the entries of AS and AS™! are integer
numbers of bit-size O(n?log N) as well.
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Proof. The proof follows almost immediately from Lemma 7.12. Namely, with probability at

least 1 — N /2%, both entries py ; and p},]. of each point p/, := S][(llj ](L) - p¢ will have absolute

value at least 2~(-+2) . max((| pe,il, Ipe,jl). Since at least one of the coordinates of p, has absolute
n 2

value ||p¢||, we conclude that, with probability (1 - N2 > (1-N/2b)yT >1- ;Lz//ir > 3/4,

each coordinate of each point p), = S(L) - p¢ has absolute value at least

274 g || 2 27 (ogRIPNHED) g |1 > (2161087 N )= s | = (202N) 71" |Ipe]l.

It remains to show the existence of an integer A of bit-size O(n?log N) such that the entries
of AS and AS! are of that bit-size as well. Each entry of a matrix S ,[{Z ](L) is rational number
with denominator 22- + kl.zj of bit-size O(L). The matrix S is a product of O(n?) many such
matrices, thus for A = Hi,je[n]z:iq(ZZL +kl.2j) < (22LH1yn? = 201?108 N) jt holds that AS is integer.

Notice that S is contained in SO(n), which implies that its entries have absolute value at most
1. It thus follows that the integer entries of AS are of bit-size O(n? log N) as well. In addition,

the inverse of SI[(Z](L) is simply given by S[_ZQJ (L), and thus S7! = Hi,je[n]z:i<j S[_i]gj(L), which

yields comparable bounds for the entries of S7! as for S. O

We will later make use of the above result when considering the set of non-zero solutions
of a polynomial system # = 0. In general, some of these solutions might project (via
resultant computation with respect to some variable x;) onto zero or onto values close to
zero. However, in our algorithm, we are aiming for projections that are of comparable
size as the size of the corresponding solutions. In order to achieve this, we first consider
a random rotation of the system given by some rotation matrix S from the set Sy, with
N := D¢ the Bézout bound on the total number of solutions. This yields the “rotated
system” ¥’ := ¥ o S~! whose solutions are exactly the rotations of the initial solutions by
means of the rotation matrix S. Then, with high probability, each of the coordinates of the
solutions of ¥’ = 0 are of absolute value comparable to the norm of the solutions of ¥ = 0.
In addition, it is also likely that the rotated system fulfills the condition from Lemma 7.6 for
each coordinate.

Lemma 7.14. Let ¥ = (f1,..., fu) be a polynomial system as in (7.1), S € Sp, be a randomly
chosen matrix, and let F' := F o S~1 be the corresponding rotated system. Then, with probability
larger than 1/2, it holds:

(a) For each k € [n], each of the polynomials f; o S™ € F' contains a monomial of degree d; that
does not depend on xy.

(b) For each solution z € C"\0 of ¥ = 0, it holds that min; |z}| > (2n*Dg)™1" - ||z||, where
2/ =(z},...,2z,) := S - z is the corresponding (rotated) solution of ¥’ = 0.

Proof. Since D# constitutes an upper bound on the number of solutions of ¥ = 0, it follows
from Lemma 7.13 (with N = Dg) that, with probability at least 3/4, the inequality in (b) is
fulfilled. It thus suffices to prove that, with probability larger than 2/3, the condition in (a)
is fulfilled for each coordinate xj. For this, let

f(x) = Z cax® € Clx1,...,x,]

[24

be a polynomial of total degree d, and let S(k)~! = (a,5(k)),, be the matrix depending on the
values k := (k;;); ;. Notice that each entry a,,(k) is a rational function in k with numerators
and denominators of total degree (in k) at most 21n2. Further notice that S(k)~! maps the point
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(1,0,...,0) to the first column of S(k)~! and that a full-dimensional subset T of the strictly
positive part {x € R" : ||x|» = 1 and x > 0} of the (n — 1)-dimensional sphere S"~! c R" is
reached via a suitable choice of k € R Composing f and S(k)™! now yields

Fook)= > ca(an(l)-xi+-+an(k) - x,) - (@) - x1 + -+ ap(K) - x,)™,

a=(ay,..., @)

and the coefficient C(k) of the monomial xf is thus given by

Cl)= > caran()™ - an()™,

a:la|=d

We first argue that C(k) does not vanish identically. Let f ‘= Yalal=d Ca - X' -+ X" be the
corresponding homogenous polynomial of degree d such that f (a11(k), ..., a,1(k)) = C(k).
Assume that C(k) = 0 for all k, then this implies that f vanishes on each point in T. Since
the vanishing set of any non-zero homogenous polynomial in n variables has dimension at
most 1 — 2, we conclude that f is the zero-polynomial, and thus c, = 0 for all coefficients of
f. This contradicts our assumption on f.

Hence, it follows that C(k) is a non-zero rational function in k. In addition, each term
Ca - a11(k)* - - - a,1(k)* has a numerator of total degree at most 2n%d in k and a denominator
of the form Hi,j(ZZL + kl.zlj)e"rf, with ¢;; € N, of degree at most 2n?%d in k. This shows

that C(k) can be written as a rational function in k of total degree 2n%d + n*d < 2n*d as
n

i,j=1:i<]
Sch]wart]z—Zippel lemma, we thus conclude that choosing k; ; uniformly at random from
(1,...,24M0822*Dr)} guarantees with probability at least p := 1 — 2nd - 274M0821*Dr)1 that
C(k) # 0. In the case where f = f; is one of the polynomials from ¥, we thus obtain a
probability of at least

(2%F + k?].)”zd constitutes a common denominator of all terms. According to the

44.
pi = 1= 2ntd; . p-4Mlog@Dy 5 _ 204 1
- (2n2Dg)* — 8n4
such that f; contains a term of the form c - xf " with a non-zero constant c. Since the same
argument applies to any variable x and to any of the n polynomials f;, the claim follows. [J

From the above lemma, we conclude that by choosing a suitably random rotation matrix
from the set Sp,-, we can ensure with high probability that there is a one-to-one correspon-
dence between the (finite) solutions of ¥ and the roots of the resultant polynomial Res(7, xx),
which are the projections of the solutions on the x-axis. In addition, the absolute value of
each projection compares well to the absolute value of the corresponding solution. In what
follows, we will use the following definition of the set of admissible rotation matrices with
respect to a given system ¥, i.e., matrices S € Sp, such that the statements (a) and (b) from
the above Lemma 7.14 hold.

Definition 7.15. (Admissible Matrices) For a given polynomial system F we say that a rotation
matrix S € Sp, is admissible with respect to ¥ if the statements (a) and (b) from Lemma 7.14
hold. We further denote by

Sg :={5 € Sp, : S is admissible with respect to ¥} C Sp,

the set of admissible matrices with respect to .
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Notice that, even though it is difficult (probably as difficult as computing all solutions
of ) to determine whether a certain matrix in Sp, is admissible with respect to ¥, the
previous lemma shows that at least half of the matrices in Sp, are admissible.

7.3 The Algorithm

We first sketch our algorithm #PoLySoL and then prove its correctness. We refer the reader
to the pseudo-code in Algorithm 7.1 for details regarding #PorySor. The algorithm can be
roughly split into 3 main steps:

Step 1: Shifting and Truncation. Given a polynomial system ¥ := (fi,..., fu), a polydisc
A = A;(m), and an integer K € {0, ..., ds}, we define a “precision”

’
L:=|log =———|.

8 30n(K + 1)

Then, in a first step, we compute a (K + 1) - L-bit approximation
'(x) == (P3,- .., Pp), with ¢’ € Q[x]<k,

of [m]<k(x), i.e.,, we compute ¢/ such that [|¢; — fi[m]<x|| < 27 KDL and 2K+ . ¢ € Z[x]
for all i. Recall that the centered polynomial system ¥ [m](x) was defined as

Fm](x) := (A[m](x), ..., fulm](x)) = (fi(m +x),..., fu(m +x)),

for m € C" and that the truncation

Flml<k(®) := (film]<k, ..., fulm]<k),

of the centered system ¥ [m], is defined by simply omitting all terms of f;[m](x) of total
degree more than K, as defined in Section 7.2.1. We further define

D(x) == (P1,...,Qn), with ¢; := xll,<+1 + ¢,

the system obtained by adding the term xK+1 of degree K + 1 to the polynomial ¢. This step

seems to be odd at first sight, however, it ensures certain properties of ®@. In particular, @ is
guaranteed to have no zeros at infinity (and thus being zero-dimensional as well) according
to Corollary 7.9 and our considerations in the corresponding example. This further implies
that @ = 0 has exactly Do = (K + 1)" finite solutions counted with multiplicity. Also, our
choice of @ allows us to bound the leading coefficient of Res(®, x¢) forall £ =1, ..., n, which
turns out to be useful in the analysis of our approach.

Remark. In practice, the latter step does not seem to be necessary in most cases, and thus
we recommend to simply proceed with @ := @ and to check @’ for being zero-dimensional.
Also, when implementing our algorithms, we observed that proceeding with @ instead of
® only improves the overall performance.

Step 2: Solving ®. We will later prove that, under the assumption that L is sufficiently
large (or equivalently A is sufficiently small), and z is a k-fold solution of the initial system
with ||m — z|| < 27, the system @ (as well as @ for generic choice of its coefficients) yields
a cluster of k (not necessarily distinct) solutions with norm less than 4 - 27L, whereas all
other solutions have norm larger than 6y > 27L. Here, 0p is a constant that depends on the
polynomial system but not on L; see Theorem 7.20 for the exact definition of 69 and further
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Algorithm 7.1: #PorySoL(¥, A, K)

Input :Zero-dimensional system ¥ = (fi,..., fu), polydisc A = A,(m), and an
integer K € {0, ...,dg}.

Output: An integer k € NU {-1}. If k > 0, the polydisc A contains exactly k solutions
of F (counted with multiplicity). If k = —1, nothing can be said.

// * Shift and Truncation *//
1 L := [log 55y |
2 Compute a (K + 1) - L-bit approximation @ = (¢], ..., ¢;) of
Flm]<k = (fl[m]gK, cen ,fn[m]sK)~

// * Adding a degree (K + 1)-perturbation ; as mentioned, this step seems to be only necessary
in theory. In practice, we recommend to directly proceed with @ := @'. *//

3 D(x) :=(P1,...,Pn), with ¢; := xf“ + ¢!

// * Solving the truncated system *//

4 Compute a list (A1, k1), ..., (A, k) of disjoint polydiscs A; = A,,(m;) of radius at most
271 and corresponding multiplicities k; such that each A; contains exactly k;
solutions of ®, and each solution of @ is contained within one A;.

k= Dyl < 5 Ki

K™= X imyl<2nr Ki

7 if k = k* then

// * Projection step *//

8 Pick S € Sp,, uniformly at random and compute the rotated system
O :=DoS 1= (oS,

9 for{=1,...,ndo

(XN |

(by, ky LB;) = T(A 2 (0), Res(P", x¢))
| (bf, K}, LB}) 1= Te(A 5, (0), Res(@", x)).
10 if Arepnb; A Aeen) by then
// * Bound Computation and Comparison *//
UB(m,r) =K. g2 2[M(m) - (n + dg)?]%
a Bor := 2 [Dgr - (61 +4) - log(der + 1)] + T - %
LB(m, ) := min, min(LB;,LB})- (n - (Pen) -2B<D*)
12 if UB(m, r) < LB(m, r) then
13 L return k

14 return —1

details. We first check whether there exists a cluster of solutions of @ near the origin that is
well separated from all other solutions of ®. For this, we use a certified method (e.g. [BS16])
to compute all solutions of ®. Here, by computing all solutions, it is meant to compute a set
of disjoint discs, each of size less than 2-L together with the number of solutions contained
in each disc such that the union of all discs contains all complex solutions. For the more
involved problem of computing isolating regions of comparable size, the following theorem
applies.

Theorem 7.16. [BS16, Thm. 9, 10] There is a Las Vegas algorithm to compute isolating regions of
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size less than 2~F for all complex solutions of a zero-dimensional polynomial system & = (f1,..., fu),
with integer polynomials f; € Z[x], using

é(n(n—l)(a)+1)+1(nd77 + Tq:)d?(a)+2)n—w—l +7- d?"n . P)
bit operations in expectation.

Since 2(K+DL . ¢, is a polynomial of degree K + 1 with integer coefficients of magnitude
T = O(KL + n + t# + dg 10g(m)), we conclude from the above theorem that the cost for
solving the system @ = 0 is bounded by

O(n D@Dy K 4 KL + 7 + dg 16g(m)) - (K + 1)(@+2n-o-1y (7.10)

bit operations in expectation. Finally, we check whether the polydisc A~ := A, /2,,)(0) contains
the same number k’ of solutions of @ as the enlarged polydisc A™ := Ay,,(0). Notice that,
from the above remark, this holds true if m is an L-bit approximation of a k-fold zero of
for large enough L as then 4 - 2L < r/(2n) and &g > 2nr. If the zeros of ® do not fulfill the
latter condition, we return —1. Otherwise, we proceed.

Remark. We remark that computing the solutions of @ is typically much more affordable than
computing the solutions of the initial system ¥ directly, in particular, in the case where 7 is
small and K < d. Notice that, for n of constant size, the cost for solving the initial system
directly scales like d(@+2"~“~17. whereas the cost for solving the truncated system scales
like (KL + t# +d log(m)) - (K + 1)(@+2n-w=1 Hence, for L and m of moderate size, the running
times might differ by factor of size ~ (d/(K + 1))(@*2n-o~1,

Step 3: Passing from @ to ¥. In the final step, we aim to certify that ¥ [m] has the same
number of zeros (i.e. k counted with multiplicity) in A := A,(0) as @. In order to do so, we
aim to apply the following generalization of Rouché’s Theorem to ® and # [m], see [VH94,
Thm. 2.1] or [L1o75, Thm. 1] for a proof.

Theorem 7.17 (Multidimensional Rouché). Let ¥ = (f1,..., fu) and G = (g1, ..., 8n), With
fi, gi € C[x] for all i, define polynomial mappings from C" to C". If, for a given bounded domain
D c C", we have

|F (x) =G < [[F )| forallx € ID,

where dD is the boundary of D, then F and G have finitely many zeros in D and the number of zeros
(counted with multiplicities) of ¥ and G in D is the same.

In order to apply the above theorem to ¥ := ® and G := ¥ [m], we derive an upper
bound UB(m, r) on the absolute error

sup || [m](x) - O(x)[| = sup ma>]<|fi[m](X)—q5i(X)|

xeCr:||x||=r xeCn:||x||=r 1€l1
K+1
< sup  max(|fifm](x) = ¢ ()] + [xi[ ")
xeCr:||x||=r 1€[1

<r®*1 4 sup  max|fi[m](x) — ¢/(x)|
xeC:|Ix|=r €7

when passing from @ to ¥ [m] as well as a lower bound LB(m, r) on the norm of ®(x) on the
boundary of the polydisc A. The construction of UB(m, r) is rather straightforward using
Lemma 7.3. That is, we may choose

UB(m, r) := Kt dg " - 2772 [M(m) - (n + dg)*]" (7.11)
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In contrast, the construction of LB(m, r) is more involved: We already mentioned that
if L is large enough, then there are k zeros zi, ...,z of @ that have norm less than 4 - 2-L
whereas all other zeros have norm 6y > 27L. Hence, under this assumption, picking® a
random rotation matrix S from Sp, = S(k4+1)» and considering a corresponding rotation of
the coordinate system, guarantees (see Lemma 7.14), with probability larger than 1/2, that
the projection of any zero of the “rotated system”

Q" = (¢3,...,P}) =PoS™

on any coordinate axis, except for the k solutions S - z;, yields a value that is large compared
to r. Hence, in this case, the hidden-variable resultant R, := Res(®*, x¢) of @* has k roots of
absolute value less than r, whereas all other roots of R} have absolute value > r. Notice that
each qb’; € Q[x] is a polynomial of degree K + 1 with rational coefficients, and according to

Lemma 7.2 and Lemma 7.4, we have

|l = 2O (n+1g+dg log(m))
]

Lemma 7.13 further yields the existence of an integer A of absolute value 20(°log K) with
A - St € ™", Hence, we conclude that each term of degree K + 1 of AX+1. gb; has integer

coefficients, and [CLOO05, Theorem 3.1] further yields that
Res(AKL. @*, xp) = AMKHD" . Res(@*, xy).
It thus follows that
| LC(Res(@*, x,))| = A~"K+D" .| LC(Res(AKH DY, x))| = AHEKHD" = p-O(K+D)")

where we use Corollary 7.9 to show that | LC(Res(AX*1®*, x,))| is a positive integer, hence
larger than or equal to 1. Since Res(®, x¢) is contained in the ideal generated by the
polynomials qb’;, we may write

Res(®*, x¢) = ge1- P71+ +8en - Oy (7.12)

with polynomials g/; € Q[x] of total degree bounded by D¢- = (K + 1)". Corollary 7.11
further yields the following upper bound on the size of the coefficients of the g¢ ;’s:

~ Da+ ~
log I3l < Bar = O(Der -1 + Tar - 7)) = O((K +1)" + (K + 1)1 (v + d 1og(em)).

Using Lemma 7.2, part a, this further yields a corresponding upper bound

= (n _I;D‘D*) . 9Bor — 9O((K+1)"+(K+1)" " (7 +d log(m))) (7.13)
@*

such that max,; Sup, <1 18¢,; ()| < 7.

Remark. The reader might wonder why we do not compute the above cofactor representation
(7.12) directly and then derive bounds on the size of max; ; SUP x][=1 |g¢,j(x)| using interval
arithmetic, but instead use Corollary 7.11? The simple reason is that, at least in practice,
computing the polynomials g; ; turns out to be considerably more costly than computing
the resultant polynomials R} (x) = Res(®", x¢) only. In contrast, our approach of computing

SIn practice, we recommend to consider S = id, and thus ®* = ® as the initial choice as this turns out to be
sufficient in most cases.
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the bound y does not require to compute the polynomials g; ;, and thus comes at almost
no additional cost. We further remark at this point that we will use the bounds from
Corollary 7.11 in our complexity analysis of the algorithm.

In the next step, we compute lower bounds LB, and LB for [R¢(x)*| on the boundary of
the two discs D™ := A, ,;(0) € Cand D™ := A, \7(0) € C, respectively. For this, we use the
Ti-test that we have already introduced in Chapter 6. We recap its main properties in the
below lemma:

Lemma 7.18. Let f € C[x] be a uni-variate polynomial of degree d and let A := A,(0) C C be the
disc with radius r centered at 0. The Ti-test returns a pair

RO 3 @ IFP0IF 1 1ROl
B T e e S -

o S (7.14)

Te(A, f) = (b,LB) = (

ik

If b = Trug, we say that Ti(A, f) succeeds. If Ti(A, f) succeeds, A contains exactly k roots counted
with multiplicity and

5-LB > |f(x)| > LB forall x € dA(0). (7.15)

In addition, if A,jq64)(0) as well as Ayg44,(0) contain exactly k roots, then Ti(A, f) succeeds. We
further define

(TRUE, k, % U (k)lg?”rk) if Te(A, f) succeeds for some k,

(FaLsg, —1) otherwise.

T(A, f) = { (7.16)

Proof. In Chapter 6, we have proven all the statements except the bounds in (7.15). These
inequalities are shown by simple applications of the triangle inequality: Using Taylor expan-
sion, x € dA,(0), and that 7x(A, f) yields

23 T B

o SO © ) () (0)[rk
eor = | 3 £10) PO IO 1 O
= izk
and

f PO

= =5-LB. O

L
FD(0)x! f(")(O)Ir |f<l><0>|r .5
f(x)] = |Z(; - \ Fy 2

i#k

Now, suppose that 7.(D~, R}) = (b, , k;,LB,) aswellas 7.(D*, R}) = (b}, k}, LB}) succeed

for all £, then min(LB, LB+) constltutes a lower bound for |R}| on the boundary of D~ as
well as D*. From (7.12), (7.13), and the definition of LB(m, r), we now conclude that

min, min(LB,, LB;)

|D*(x)|| > LB(m, r) := o~

, for all x with ||x|| = % or ||x|| = Vn - r. (7.17)

Since the maximum and minimum of a holomorphic function (in several variables) on
a bounded domain is taken at its boundary, we further conclude that the above inequality
holds for any x with r//n < ||x|| < v/ - r. Notice that the rotation of the system by means of
the rotation matrix maintains the 2-norm ||. |2 of any point. Thus, the the norm of any point
x differs from the norm of the rotated point S - x by a factor that is lower and upper bounded
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by r/+/n and V1 - r, respectively. Hence, from the above bound on ||®*||, we conclude that
|@(x)|| > LB(m, r) for any x with ||x|| = r. (7.18)

Now in order to apply Rouché’s Theorem to ® and # [m], it suffices to check whether
LB(m, ) > UB(m, r), in which case we have shown that ® and ¥ [m] have the same number
of roots in A,(0). Hence, we return Truk in this case. Otherwise, the algorithm returns Farsk.

In the next section, we will show that, if m is a sufficiently good approximation (i.e. for
large enough L) of a k-fold solution of ¥, our algorithm succeeds. Here, we only give an in-
formal argument: Notice that, for large L, the bound UB(m, r) scales like C-r**! for some con-
stant C. The bound y does not depend on L, hence LB(m, r) scales like min; min(LB;, LB})
for large enough L. However, in this situation, each R’z, has a cluster of k roots near the
origin that is well separated from all of its remaining roots, and thus min(LB, LB}) scales

like [|R}(k)(0)|/ (\/ﬁkk!)] . r¥. Hence, we conclude that LB(m, ) scales like C’ - r* for some
constant C’, which implies that LB(m, ) must be smaller than UB(m, r) for large enough L.
We remark that the precise argument is slightly more involved as many subtleties need to

be addressed. In particular, we need to show that |R;(k)(0)| / (\/ﬁkk!) does not depend on r if
r is small enough, even though the definition of R* strongly depends on the choice of m, r,
and the rotation matrix S. We will give details in the next section.

7.4 Analysis

We start by introducing some further notation. For a zero-dimensional polynomial system
¥ =(f1,..., fn) in n variables, let z4, . . ., zy denote its zeros. We define

O‘(Zi/‘j ) = II.:/:li n ”Zi - Z]” and 8(21-,9 ) = | | ”Zi - z]'”#(Zj, )
Ikl L
J#l

to be the separation of z; with respect to ¥ and the geometric derivative of ¥ at z;, respectively.
We remark that these terms are derived from the interpretation of these quantities in the
univariate case, where the separation of a root zy of a polynomial f € C[x] is defined in
exactly the same way, and the first non-vanishing derivative

aH(ZOrf)f
oz, f)

@) =1C(f)- || Iz-zoH=P

z#20:f(z)=0

of f atzg can be expressed as a product involving the leading coefficient of f and the distances
between zp and the other roots. We first provide some bounds on ||z;||, o(z;, ¥), and d(z;, )
for the special case where each f; has only integer coefficients. For similar bounds that are
also adaptive with respect to the sparseness of the given system, we refer to [EMT10].
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Lemma 7.19. Let = (fi)i=1,...,n be a zero-dimensional system with integer polynomials f;, and let
Z1, ...,z denote the zeros of F. Then it holds:

N
Z 1(z;, F) -1og(z;) = O(n - Bf) = O(n - [n - Dy + T4 - max %]}, with B¢ as in (7.7)
i=1 ot
|log o(z;, F)| = O(Dg - Bf),
10g(d(zi, F)~') = O(n - Dy - [BF +10g(z;)]) = O(n* - Dg - BF), and
10g(o(zi, 7)) = O(Dy -10g(2;) + 1 - B +10g(d(zi, F)")) = O(n” - Dy - By).

Proof. From Corollary 7.11, we conclude that Res(F, x¢) is an integer polynomial of magni-
tude (D¢, B#) forall £ =1, ..., n. Since the ¢-th coordinate z; ; of each solution of ¥ = 0 is
a root of multiplicity at least u(z;, ) of Res(¥, x) and since the Mahler measure

Mea(Res(F, x¢)) = LC(Res(F, x¢)) - ]_[ M (z)HERes(Fx0))
zeC:Res(F ,x¢)(z)=0

of Res(F, x¢) is upper bounded by its 2-norm || Res(F, x¢))|l» < VDr - 257 (e.g. see [Yap00]),
it follows that

N n
Z w(zi, F) -108(z;) < Dy + Z log(Mea(Res(F, x¢))) = O(nBg).
i=1 =1

For the second claim, notice that o(z;, ) > o(zi¢,Res(F, x¢)) for at least one ¢ (as two
distinct solutions must differ in at least one coordinate), and that the separation of an integer

polynomial of magnitude (D¢, B#) is lower bounded by 2-0(D5Br) ; e.g. see [MSW15] for a
proof. For the bound on d(z;, ¥ ), notice that

[1;_, 9(zie, Res(F, x¢))
7 — Zi,g)y(z,Res(T,xg))'

Nzi, F) >
H?zl Hz;tzi,g:Res(T,x[)(z):O M(

According to the proof of [MSW15, Thm. 5], it holds that d(z, f) = 2-0WL) gop any root zg of
a polynomial f € Z[x] of magnitude (d, L). This shows that d(z; ¢, Res(F, x;)) = 2~ CPrB7)
for all £. It remains to derive an upper bound on the denominator in the above fraction. For
this, we define Ry := Res(¥F, x¢)[zi ¢]. Then, it holds that

n

n Mea(Rg)
— . ,[\H(zRes(F xp)) — i Sl 74
rlt’:l nzizi,g:ReS(‘F,x[)(z):O max(l' lZ ZZ’€|) H LC(R{) '

According to Lemma 7.2, R; is a polynomial of magnitude (D¢, O(B# + D - log(zi¢))),
and, in addition, it has the same leading coefficient as Res(F, x¢). In particular, its leading
coefficient is a non-zero integer, and thus of absolute value larger than or equal to 1. Thus,
we have

Mea(R¢) < |IR¢|lo = 9O(By+Dyglog(zi)) — 20~(B¢+D¢'1'75(Zi))’
LC(Re)

which shows that 16g(d(z;, 7)~!) = O(nD#(B# +16g(z;))).
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For the last claim, notice that o(z;, ¥ ) appears as one of the factors in the definition of
d(z;, ). Since the product of all remaining factors is upper bounded by

N
[ MGz -2 @7 < [ ]12- M) - M) ®7) <277 - M(@)” - | | Mz)*®7,

Z;#Z; Zj#Z; j=1
the claim follows directly from the bound on Zfil (zi, F)-10g(z;) and on16g(d(z;, F)!). O

We are now ready to derive one of the main results of this chapter. More specifically,
the following theorem shows that, in a sufficiently small neighborhood (which we will also
quantify) of a k-fold solution z = z; of ¥ = 0, ||F (x)|| scales like c - ||x||¥ with ¢ a constant. We
further argue that this implies that a sufficiently good approximation ® of the shifted and
truncated system 7 [z]<k, with arbitrary K > k, has a cluster of k solutions near the origin,
whereas all remaining solutions are well separated from this cluster. We also give bounds
on the approximation error that involve the quantities o(z, ) and d(z, ) that are intrinsic
to the hardness of the given polynomial system.

Theorem 7.20. Let ¥ be a zero-dimensional system, z a zero of F of multiplicity k, and m be an
approximation of z with |m — z|| < 27F. Let K > k, and &' = (¢))i=1,...n be a (K +1) - L-bit
approximation of ¥ [m]<x with polynomials ¢’ of degree at most K, and let a4,...,a, € C be
arbitrary complex values of magnitude O < |a;| < 1 for all i. Then, the polynomial system

D= () +ai - %] )izt,

is zero-dimensional, and there exists an Ly € N such that, for any L > Lo, ® has exactly k zeros
(counted with multiplicity) of norm smaller than 4 - 27, whereas all other zeros have norm larger

F
than 60 = %.

holds that

In the special case, where each polynomial in F has only integer coefficients, it

Lo = O(n - Dg - [n® + max T(’td;d? +1og(z)] + log(d(z, F)™1))).
i i

Proof. We denote z1,...,zn, with z = z;, the zeros of #. Let S € Sp, be an admissible
rotation matrix with respect to ¥ as well as with respect to the shifted system ¥ [z]. Notice
that such a matrix exists as more than half of the matrices in Sp, are admissible with
respect to # and more than half of the matrices are admissible with respect to #[z]. Let
F* := F o S7! be the corresponding “rotation” of ¥ and z}, ..., z}; be the zeros of ¥* such
that z;. = (Z;,l’ el z;,n) = §-z;. Since S is admissible with respect to ¥ [z], Lemma 7.14 yields
that

* * 2 —16n . G(Z’ T)
1250 = 2i ol 2 2n"Dg)™ " - |lzj — 2]l 2 (@m2Dy)ten

for all £ and j # i. In addition, since S is also admissible with respect to ¥, Lemma 7.6

and Lemma 7.14 guarantees that each root of the resultant polynomial Res(¥~, x¢) is the

projection of a finite zero of ¥~ on the x,-coordinate. Thus, Res(# ™, x¢) has a k-fold root at
o(z,F)
applying Lemma 7.18 to a disc with center z;.‘ ¢ and arbitrary radius smaller than

Z; whereas all other roots z; P of Res(F*, x¢) have distance at least to z7 ,. Now,

. a(z, F)
" 16D% - (2n2Dg )l
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yields that

k R *
|Res(F", x0)(x)] > o - |22 5200

+ 1k . . .
% e “|x =z, |* forallx € Cwith |x -z} | < 7.

Denoting LC, := LC(Res(F ™, x¢)), this further yields

ak Res(?:*,xg) . X . - Res(F,
T(Zi,f) =|LC¢ |- l_[ |Zi,£ — zj,g|”(zj,e es(F,x¢))
: j#i
|z — Zj” u(z,F)
> |LC, |- = IR
| t | l;[ ((2n2D7:)16”
| LC¢ |
% @neppyen; =T

and thus it follows that

. | LCy | . 1k
[Res(7 300 > S 308, 7) - 2
|LC€ | -
4Dg!- (2n2Dy)167D7 | Az, F)-x =z,
| LC{ | * 1k . * *
(4n2Dy)17nD5 Iz, F) - |x — Zi,g| if [x - Zi,gl <7y (7.19)

Furthermore, Res( ™, x¢) is contained in the ideal spanned by the polynomials #* =
(f{,---, fz), that is, there exist polynomials g¢; € C[x] with Res(¥*,x¢) = ;7:1 St f].*.
According to Corollary 7.11, we may assume that

10g |g¢,ill < Bg+ = O(n - D+ + T+ - max %) = O(n - Dg + (t# + dg) - max %)
i i 1 i
for all £, j, where the last inequality follows from Lemma 7.4. Using Lemma 7.2 then implies

that

Ve = (n _I;DT) 287 (M(z) + 1)PT > sup [g;,j(x)| forall ¢, j. (7.20)
?’

x:|[x—z;||<1
Now, combining (7.19) and (7.20) yields

ming | LCy |

=1k
-y - (4n2Dg)1 7Dy Az, F)| - lIx—z|

1700l > |-

for all x € C" with [|x — z}|| < 7;.

So what can we conclude about our initial (non-rotated) system? Since a rotation main-
tains the Euclidean distance and since the max-norm differs from the Euclidean norm by a
factor of at most y/n, it follows that a point x of max-norm ||x|| is rotated via S (or S7!) onto a
point x’ of max-norm ||x'|| < ||x'|l2 = ||x|l2 £ V7 - ||x||. Hence, it holds that every point x* = Sx
with ||[x —z|| < g := r6/\/ﬁ satisfies ||x* — z}|| < r;. Thus, for all x with ||x — z|| < 7o, it holds
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that

mine [ L] 3z, )| - 2

1Ny (@n2Dy)l7nDr (7.21)

1760l > |

=:c
Now, suppose that L > log(8/r¢) and thus 2% < 2. Since m is an approximation of z with
lz—m|| < 27F, F[m] has exactly one solution (namely, 2 := z—m) of multiplicity k in A, »(0)
and

IF [m]()| = [|F (x + m)|| > z‘f—k AIxlIE - for all x € C" with 2751 < ||x|| < rz—o

as, for such x, it holds that ||x||/2 < |[x + m — z|| < r9. Applying Lemma 7.3 to each ¢; and
using the fact that M(m) < 2M(z) then shows that, for all x with 272! < ||x|| < r/2, it holds
that

I0(x) = Flm] (ol < 278 4 |Ix|[* - de - 27747 - [M(2) - (n + di P17
< X - dy - 277 [M(2) - (n 4+ di )]
Notice that, due to the construction of ® and Corollary 7.9, @ is zero-dimensional. Hence,
Rouché’s Theorem applied to #[m] and @ shows that the polydisc A,(0) contains the same

number of solutions of ® and F[m] if 2751 < p < r9/2 and if, in addition, p fulfills the
following inequality

C
pK+1 . d;- . 2T¢+d7:+1 . [M(Z) . (1’1 + d?_)Z]d;p < 2_k . pk.

Equivalently, we must have 271! < p < /2 and

K+1-k ¢
2k . d; . DTF+dg+1 [M(Z) . (n + dT)z]d(,r ’

p

Hence, for

ok . d¢n2TT+d'f+1 [M(Z) . (I’l + d¢)2]df
c

L > Ly := max |log r—,log
0

=O(Ds - (n + max TTd;d?r +10g(z)) + 10g(d(z, F) )+ log(o(z, F)

- |log m[in |LCr ). (7.22)

each polydisc A, (z), with arbitrary radius p’ € (4 -27%, r/4), contains exactly k zeros of ®.
Since 6¢ < rp/4, this proves the first part of the theorem.

It remains to prove the claimed bound on L for the special case, where ¥ is a polynomial
system defined over the integers. For this, we need to estimate the size of the leading
coefficient of Res(¥~, x¢). Notice that there exists an integer A of size 20(n*logdr) yith
A-S71 ez and thus

F' o (fl f) = (AT fy, L A%8 T £
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is a polynomial system with integer coefficients, which shows that | LC(Res(7”, x¢))| > 1.
Using [CLO05, Thm. 2.3 and 3.5] then shows that

|LC, | = A7"P7 . |LC(Res(F, x¢))| > A™"Pr = 2700*Dr),

Hence, the bound follows from (7.22) and the bound for 16g o(z, #)~! from Lemma 7.19. [

From the previous Theorem, we now immediately obtain the following result by setting
m :=z and ® := F[z]<k for an arbitrary K > k.

Corollary 7.21. Let z be a k-fold zero of a zero dimensional system ¥ and K > k. Then, ¥ [z]<k

has a k-fold zero at the origin, and all other zeros have norm larger than oo := (2’;(5%.6

We can now show that Algorithm 7.1 terminates and yields a correct result assuming
that L is large enough and the oracle, which provides an approximation m of the solution z,
returns a correct answer.

Theorem 7.22. If #PorySoL(F, A, K) returns an integer k > 0, then the polydisc A = A,(m)
contains exactly k solutions of ¥ counted with multiplicity. Vice versa, suppose that z is a solution
of F of multiplicity k and K > k, then there exists a positive integer L* of size

L'=0(Lg+ (K+1)"- 1og6l +dy - 10g(2)).
0

with Lo and ¢ as in Theorem 7.20, such that #PorySoL(¥, A, K) returns k with probability at least

1/2ifr <27V and |z - m|| < sy Uf 7 has only integer coefficients, it holds:

T2 4 Dy -10g(2) + 10520, 7)) + (K + 1) - 10g(otz, 7))

di
- : Dy
=O(K+1)"-Dg - [DF + 1 - max d_])
¢

L* = O(Dg - max i
1

Proof. For the first part, we proceed similarly as in the proof of Theorem 7.20, however, we
work with the system @ instead of the initial system #. From Line 7 in the algorithm, we
already know that @ has exactly k solutions with (||.||-) norm less than r/n, whereas all other
solutions have norm at least nnr. Now, when considering a random rotation matrix S € Sp,,,
the corresponding rotated system ®* = ® o S~! has exactly k solutions with norm less than
r/\/n, whereas all other solutions have norm at least v/ - r. We may now further write

Res(D*, x¢) = ye1- Py + -+ Ven - Oy (7.23)

with polynomials y¢,; € C[x]. From Part d of Lemma 7.2 and Corollary 7.11 we conclude
that
(Dcp* +n

) -Bgr > sup |yg,j(x)| forall ¢, ;.
Dg+

x:||x]|<1
In addition, since 7I(A\/L;(O),Res(®*,xg)) = (Trug, k,,LB;) and 7.(A,7,(0), Res(®*, x¢)) =

(TrUE, k7, LB;) for all £ (Line 10), we conclude from Lemma 7.18 that

| Res(®", x¢)(x)| > min(LB,, LB;) for all i and all x with |x,| = # or |x¢| = Vnr.

¢We remark that ¥ [z] <x does not necessarily have to be zero-dimensional. Rouché’s Theorem only guarantees
that the polydisc As,(0) contains exactly k zeros of F[z]<k.
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Hence, using (7.23), this shows that

[P ) = Nt for all x with [|x|| = —= or x|
x)|| > or all x with ||x|| = — or ||x|| = Vnr.
n- (D[')q+”) - Bg» \Vn

Since a holomorphic mapping cannot take its minimum or maximum in the interior of some
domain, it thus follows that the above inequality even holds for any x with ﬁ < |Ix|| < Vnr.

It thus follows that
ming-y,..., min(LB,, LB})

n- (Dg;j”) - Boy»

||| = for all x with ||x|| = 7.

According to (7.11), UB(m, r) constitutes an upper bound on the error || [m](x) — ®(x)|| for
any x with [|x|| < 1. Hence, in particular, we also have

|F [m](x) — ®(x)|| < UB(m, r) for all x with x with ||x]| = r.
Hence, using Rouché’s Theorem, we conclude that ¥ [m] and @ have the same number of
solutions in the polydisc A,(0). This shows the first part.

It remains to prove the second claim. For this, suppose that ¥ has a k-fold solution at z

with [|m —z|| < m and that

n
L :=[log w] > L := max(Lo, log 1 + log[2048 - n?- (2n’Dg (K +1)")%?))
r 60
. (7.24)
=O(Lo+ log 5 +n? log D¢ ),
0
with §g = % as defined in Theorem 7.20. Let ® be an approximation of ¥ [m]<x as

defined in Theorem 7.20. Then, ® has k solutions z1, ...,z of norm ||z;|| <4-27F < r/(2n),

whereas all remaining solutions, denoted by 21, ...,Z;, have norm ||z;|| > 69 > 2nr. We

thus conclude that the if-condition is satisfied in Line 7. Now, when choosing a random

rotation matrix S € Sp,,, the solutions z; near the origin are mapped to solutions z} := S o z;
. 1 s * L r .. .

of @ = ®oS™" withnorm [|z}|| < 4y/n-27L < Tovn (e whereas the remaining solutions are

mapped to solutions Z; of ®* with norm ||Z; | > 60//n > 2+/nr. In addition, with probability
more than 1/2, we have

|23 (| > Izl - (2n%De ) 1" > 60 - @2n*(K + 1)) 71" > 16 - Vi - (K + 1)*"r

forall j € [m] and all ¢ € [n]. This implies that each of the resultant polynomials Res(®*, x¢)

has k roots of absolute value less than ————, whereas all remaining roots are of absolute
16(K+1)"yn

value larger than 16 - 1 - (K + 1)*"r. Notice that each polynomial Res(®*, x;) has degree
(K +1)", and thus Lemma 7.18 guarantees success in Line 10 of the algorithm. Now, recall
the lower bounds LB, and LB; for | Res(®*, x¢)| on the boundary of A, syi(0) and A 7,(0),

respectively, as computed in Line 11. For arbitrary x € C with |x| = r/+/n, we have

(K+1)"—k

LB; > | Res(D*, x¢)(x)] S | LC(Res(®", x¢))| ( ’ )k . (50 - (2n2(K + 1)")-16n

5 5 o2\ 2
" 2 -32n(K+1)"  _k  <(K+1)"
> | LC(Res(D*, x¢))| - (2n?(K + 1))~ 32nEK+D" k. 5 2007
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Using the fact LB} > M for all x with |x| = 24/nr, an analogous computation shows
that LB fulfills the same bound, that is,

LB} > | LC(Res(®", x0))| - (2n*(K + 1)) 20"k e,

From Lemma 7.9 and our construction of ®@*, the leading coefficient of each polynomial
Res(®*, x¢) is a non-zero integer, hence we obtain that

iny—; _, min(LB7, LB+ S
LB(m, r) = — 22— (LB, LB,) L 7k,
n- ( gqﬁ ) . 2B+ n(ZnZ(K + 1)n)32n(K+1) . ( gqﬂ ) . DBg+
=:C

Notice that, for small , LB(m, r) scales like C - rk with a constant C that does not depend on
r. The upper bound

UB(m, r) = r**1 - dz"27*2[M(m) - (n + dg)?]%"

=C’

scales like C” - ¥X*1, and thus our algorithm succeeds if r fulfills the condition in (7.24) (i.e.
[log M‘l > L) and rK-*+1 < % Both condition are fulfilled if

log(1/r) > L* := max(L1, log %) =O(Lo+ (K+1)" -logél + dg - log(z)).
0

The claimed bound on L* for the special case where ¥ is defined over the integers follows
directly from the corresponding bound on Ly from Theorem 7.20 and our bounds on log(z),
log(o(z, F)™'), and log(d(z, F)~') from Lemma 7.19. O

7.5 Application: Computing the Zeros of a Bivariate System

In this section, we report on an application of our technique in the context of elimination
methods for the bivariate case. More precisely, we incorporate the algorithm #PorySoL as an
inclusion predicate in the Bisorve algorithm [Ber+13; KS15b]. Comparing SaGe implementa-
tions of the original Bisorve algorithm and its modified variant, we empirically show that the
idea of truncating the original system with respect to the multiplicity of the solution yields a
considerable performance improvement. BisoLve is a classical elimination method for com-
puting the real [Ber+13] or complex [KS15b] zeros within a given polydisc A = A; X Ay C C?
of a bivariate system

F = fi(x1,x2) = fa(x1, x2) = 0, with polynomials fi, f> € Z[x1, x2].

Itachieves the best known complexity bound (i.e. O(d6¢+d§, -1 ) bit operations for computing

all complex solution) that is currently known for this problem, and its implementation shows
superior performance when compared to other complete and certified methods. As we aim
to modify the BisoLve algorithm at some crucial steps, we start with a brief description of the
original version.

BisoLve in a Nutshell. In an initial projection phase, BisoLve computes a set C of candidate
regions using resultant computation and univariate root finding. More specifically, we first
compute the hidden-variable resultants R¢(x) := Res(F, x¢) for £ = 1,2. Then, for each root
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z¢,; in A¢, we compute an isolating disc A¢; such that 74(A¢,i, R¢) = (Trug, k¢ ;, LBy ;). That
is, the 7x-test succeeds and yields the multiplicity of z;; as a root of Ry as well as a lower
bound for |R¢| on the boundary of A ;. By taking the pairwise product of any two discs A1 ;
and A, j, we obtain a set C of polydiscs 4;; := A1 X Ay j in C2. Notice that each solution z
in A of ¥ must be one of the candidate solutions z;; := (z1,i, z1,j) as each coordinate of z is a
root of the corresponding polynomial R,. Hence, each solutions must be contained in one
of the candidate regions, even though most candidate regions do not contain any solution.
In addition, each candidate region 4A; ; contains at most one solution, which must be z; ;

In the validation phase, the algorithm checks for every candidate region A; ; whether it
contains a solution or not. In other words, we check whether the corresponding candidate
solution z = z; ; is actually a solution or not. The approach used in BisoLve shares many
similarities to the algorithm #PovrySoL that we proposed here. That is, we write

Re=ge1-fi+ Qe fowithgei, 800 €Z[x,yland € =1,2

and compute an upper bound UB for [g¢,i(x)| for £ = 1,2, i = 1,2, and arbitrary x € 4, ;.
Similar as in #PorySot, this is achieved without actually computing the polynomials g¢ 1
and g¢p, but by exploiting the fact that these polynomials can be written as determinants

of “Sylvester-like” matrices’; see [KS15b] for details. Together with the lower bounds LBy ;

and LB,; as computed above this yields a lower bound LB* = % for ||F|| =

max(|f1l, |f2|) on the boundary of 4, ;.

Now, in order to discard or certify z as a solution, BisoLve proceed in rounds, where a
2"-bit approximation C of z is computed at the beginning of the m-th round. As an exclusion
predicate, interval arithmetic is used in order to compute a superset O f7(Ay-n (C)) of fr(Ap-n(C))
for £ = 1,2. If we can show that either f; or f, does not vanish, the candidate is discarded.
As an inclusion predicate the above lower bound LB" on the boundary of A; ; is compared to
the values that f; and f, take at the approximation C of the candidate z. More specifically, if
max(|f(C)[,1g(C)]) < LB, then A; ; contains a solution; see Theorem 4 in [Ber+13]. If neither
the exclusion nor the inclusion predicate applies, we proceed with the next round.

The BisoLvePLus Routine. Notice that, even though BisoLve computes the set

Z:={z;j€A: fi(zi;) = fa(zi;) = 0}

of all solutions of ¥ within A, it does not reveal the multiplicity k of a specific solution
z = z;; = (21,i,22,j) € Z. However, due to the properties of the resultant polynomials, it
holds that k = pi(z1,;, R1) if the following two conditions are both fulfilled:

degx2 f1 =deg f1 and degx2 fr=deg f> (7.25)
Vxo € C\ {22,]'} : fl(zl,i, X2) # 0 or fz(Zl,i, xz) #0 (7.26)

The first condition guarantees that there is no solution of ¥ at infinity above any z € C,
whereas the second condition guarantees that there is no other finite (complex) solution of #
that shares the first coordinate with z. We remark that it is easy to check the first condition,
however, checking the second condition is more difficult. This is due to the fact that z might
be the only solution in A of ¥ with x1 = z1,;, but there is a another solution of ¥ with x, = z; ;

"Notice that this is one crucial point, where our novel approach differs from Bisorve. Namely, for #PorySoL, we
use the results from [DKS13] on the arithmetic Nullstellensatz to derive corresponding bounds on the cofactors
g¢,j- This was necessary for generalizing the method to arbitrary dimension. Another crucial difference is that
no truncation of the system is considered in BisoLve.
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Algorithm 7.2: BisoLvePLus

Input :Zero-dimensional bivariate system ¥ : fi(x1, x2) = f2(x1, x2) = 0 with

fi, f» € Q[x], polydisc A,(m)
Output: Z* such that Z* = {(z, k) : fi(z) = fo(z) =0, k = u(z, ¥)}.

forp:=1,2,4,....do
Choose a matrix S € Sp, and compute ¥~ = (f;, ;) =F 0S5~}
if deg, f =deg fand deg, f,; = deg f; then

Call Bisorve with input 7 and Ay, (m) to compute (for £ = 1, 2):
e Discs A¢j, i =1,...,1¢ thatisolate the roots z¢ ; of Ry := Res(F*, x¢).

e The multiplicity k¢ ; = p(z¢,i) of z¢,; as a root of Ry.
* ThesetZ :={z;; = (z1,i,22,j) : f{(2i,j) = f;(zi,;) = 0} of all solutions of F.

for each solution z = z; ; € Z do
for{=1,2do
Compute disjoint discs Dy 1, . .., D¢ s, of radius less than 277 such that

* Each disc D¢ s contains at least one root of f; (zi, x2) € C[x2].
o UL, D¢, contains all roots of f;(z;, x2) € C[xz].
Determine the set
D" :={Di;5: 3Dy withD1s N Dy # 0}

of all discs D1 s that have non-empty intersection with one of the discs Dy .

if for all D1 ,; € D™ it holds that D1 s C A; then
L Set b;,; = TRUE

IEAI,] bz‘,]‘ then
L return {(S~!o zij,ki):zij € Zand z;;j € A,(m)}

that is not contained within A. We aim to address this problem by the following approach
(see also Algorithm 7.2):

Let L € Nbe fixed non-negative integer. In a first step, we check whether (7.25) is fulfilled.
If this is not the case, we return Favsg, otherwise, we proceed. Now, for each solution z; ; € Z
and each ¢ € {1, 2}, we use a complex root finder® to compute a set of pairwise disjoint discs
Dy, of radius less than 27 such that each disc contains at least one root and the union of
all discs Dy,; contains all complex roots of f¢(z1,;, x2) € C[x]. Then, we determine all discs
Dy,jy, ..., Dy,j, that have a non-empty intersection with one of the discs Dy, o It follows that
each common root of f(z1,;, x2) and f(z1,;, x2) must be contained in one of the discs Dy, ;.
Hence, if each of these discs is contained in Ay, then x = z5; is the unique solution of
f(z1,i,x2) = f(z2,i, x2) = 0, and thus (7.26) is fulfilled. In this case, we may conclude that
p(z1,i, R1) equals the multiplicity of z. If we succeed in computing the multiplicities for

8Each of the methods in [Bec+16; MSW15] and the method from the previous chapter apply to polynomials
with arbitrary complex coefficients. Also, for computing only approximations of the roots, there are no re-
strictions on the multiplicities of the roots. In our implementation, we use a strongly simplified variant of the
algorithm from the previous chapter.



158 Chapter 7. Counting Solutions of a Polynomial System Locally and Exactly

all solutions in Z, we return the solutions together with their corresponding multiplicities.
Otherwise, we return FaLsE.

Obviously, the above approach cannot succeed if one of the above conditions is not
fulfilled. However, even if both conditions are fulfilled, it may still fail due to the fact that p
has not been chosen large enough.

Lemma 7.23. Suppose that both conditions (7.25) and (7.26) are fulfilled. Then, there existsa Lo € N
such that Algorithm 7.2 succeeds for all L > Ly.

Proof. Let € be a lower bound on the distance between any distinct roots of f1(z1,;, x2) and
f2(z1,i, x2). Now, if 27L < £/4, then two discs Dy,j» and D5 j» can only intersect if they contain
a common root of f1(z;1,x2) and f(z; 1, x2). Since z; is the only common root, we thus
conclude that each of the discs Dy j, must contain z; ;. Hence, if L is large enough, then A,
contains Dy j, . O

The problem with this approach is that we do neither know in advance whether the
condition (7.26) is fulfilled nor do we know whether p has been chosen sufficiently large. In
order to overcome this issue, we consider a rotation of the system by means of a rotation
matrix S € Sp,. Then, with probability at least 1/2, both conditions (7.25) and (7.26) are
fulfilled for the rotated system F* := ¥ o S~1. We now proceed in rounds (numbered by ),
where, in each round, we choose a matrix S € Sp,. at random and run Algorithm 7.2 with
input % = F o S7! and p := 2. Since there are only finitely many different choices for S
and since the conditions (7.25) and (7.26) are fulfilled for at least the half of the systems ¥,
Lemma 7.23 guarantees that, for sufficiently large p, Algorithm 7.2 returns the solutions of
¥ in A together with the corresponding multiplicities with probability at least 1/2.

New Validation Phase. We are now ready to modify BisoLve by using an inclusion predicate
based on the algorithm #PorySor. More specifically, let C := {z; ;}; ; be the set of candidate
solutions and let A; j = A1 ; X Ay ; be the corresponding candidate regions as computed in
the projection phase of Bisorve. The validation routine, see also Algorithm 7.3, that is called
for each candidate solution z = z;; = (z1,;,z2,j) again works in rounds, where in round
m, we compute a L = 2"-bit approximation C = ({1, C2) of z such that ||C — z|| < 2L and
Agsmax(dy,dp)22-L(C) C Az j. The exclusion predicate is identical to the original BisoLve routine,
i.e., we check whether we can guarantee that f; or f, does not vanish on A,-.(C) by evaluating
interval extensions O f7(A,-1(C)) for £ = 1, 2 using interval arithmetic. The inclusion predicate
now works as follows. There is still one tiny detail that prevents us from directly plugging in
#PoLySoL as an inclusion predicate. Namely, even if the candidate solution would actually
turn out to be a solution of the system, we do not know the multiplicity k of this solution.
Thus, we have to search for the multiplicity k. As we have seen in the previous section that
#PorLySoL(F, Ay-1(C), K) actually succeeds for any K > k, we can use exponential search for k
by calling #PoLySoL(F, A,-.(C),K) for K = 1,2,4,..., 2Mog(min(ky k)1 ‘where k, for £ € {1,2}
is the multiplicity of z, as a root of R¢(x) := Res(¥, x¢). In the calls to #PoLySoL, we use the
above described BisoLvePLus-routine in order to implement the computation of the solutions
of the truncated system in Line 4 of Algorithm 7.1. We remark that our actual implementation
of the new inclusion predicate differs slightly from the description of #PorySoL in one more
detail. For efficiency reasons, we consider a partial change of order of the three considered
steps Solving the truncated system, Projection step, and Bound Computation and Comparison.

7.5.1 Setting

We performed experiments on a compute server with 48 Intel (R) Xeon (R) CPU E5-2680 v3
@ 2.50GHz cores and a total of 256 GB RAM running Debian GNU/Linux 8. All code was
implemented in SageMath version 7.6, release date 2017-03-25.
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Algorithm 7.3: VALIDATE

Input : Zero-dimensional system ¥ = (f1, f) with polynomials f1, f> € Z[x] of
degrees dq and d», respectively, polydisc A = A} X Ay C C2, candidate
z = (z1, z2) and multiplicities k¢ s.t. the multiplicity of z; as a root of
Re(x) := Res(F, x¢) is ke for € € {1,2}.

Output: k € Ny. If k > 1, then there is a unique solution z of ¥ = 0 of multiplicity k
within the polydisc A. Otherwise, A contains no solution.

forL=1,2,4,...do
Compute L-bit approximation C of z
if Ay-rLooiogiminge k1+6(C) C A then
if 0 ¢ Of1(Ay-1(C)) or 0 ¢ Of2(Ar-1(C)) then

L return 0
forK =1,2,4,...,2Mgminki k)] qo
if #PorLySor(F, Ay-1(C),K) = k > 1 then
L return k

7.5.2 Instance Generation

The instances on which we compared the implementations are generated as follows. Given
a trivariate polynomial P € Z[x, y,z]. There are several different ways of obtaining two
bivariate polynomials f, g from P that have solutions of higher multiplicity. The different
ways are encoded by the strings 0xx, 0xy, 0yy, x0y, yOx in the file names. The following table
summarizes the meaning of these abbreviations. We denote p, = d,p for any polynomial
p € R[v] for some ring R.

0xx f =Res(P, P;, z) g=fr fx
oxy f =Res(P, P, z) g§=fx fy
Oyy f =Res(P, Pz, z) 8§=fy fy
x0y  f=Res(P,P:,2) fu g=fy
yOx f =Res(P,P;,z)- fy 9= fx

From the resulting system f, ¢, we construct the sheared system f,g¢ « f(ax + by, cx +
dy), glax +by, cx +dy) with integers a, b, ¢, d drawn uniformly at random from [-2, 2]. This
is done in order to make degenerate situations where multiple solutions share the same x
or y-value less likely. We create an even larger set of instances by renaming the variables
of P from x,y,z to x,z,y or y,z,x (or equivalently considering P, and P, instead of P.).
We abbreviate this choice with xyz, xzy, and yzx. Now, let z be a solution of such a system
f, g of multiplicity k. We pick random polynomials p, g of increasing degrees and consider
the systems f - p, g - . This results in systems f;, g4 of increasing degrees d that have the
same solution z of multiplicity k. For each degree d, we create three such system f;, g4 by
multiplying f, ¢ with different random polynomials.

There are two different classes of instances that we consider depending on how the initial
trivariate polynomial P is chosen. In the first class, called herwig_hauser, we pick the
polynomial P from the set of polynomials given as three dimensional surfaces in the Herwig
Hauser Classics gallery [Hau]. In the second class, called random, we pick P randomly. In
the first class called herwig_hauser we let d = 10,12, ...,40, whereas in the second class
random, we let d = 16,32,...,4096. We note that in the latter case we pick the random
polynomial with which we multiply f, ¢ in order to get f;, g4 as sparse polynomials as
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Ficure 7.1: Evaluation for validation of k-fold roots, for k = 1,2,4,8. In all
plots the degree is on the horizontal axis. On the left the validation time is
on the vertical axis and on the right the precision demand is on the vertical
axis. The red dots correspond to the validation method of the original Bisorve
routine, called standard. The blue dots correspond to the validation method

that uses the new inclusion predicate, called truncate.

otherwise evaluating f, ¢ already becomes non-trivial.
The generated instances can be found on the project page.® A folder corresponding to

http://resources.mpi-inf.mpg.de/systemspellet/
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Ficure 7.2: Comparison of the dependence of the precision demand on the
degree for different values of k. For herwig_hauser-instances on the left, and
for random-instances on the right.

a candidate contains one file called orig.cnd, which refers to the polynomials f,g. The
remaining files correspond to the polynomials f;, g4 as described above. Every file contains
four lines, the first two contain the system, while the third and fourth contain the boundaries
x —r,x +rand y -,y + r such that the solution is contained within this range.

7.5.3 Experiments and Evaluation Results

In the first experiment, we compare the running time as well as the precision demand of the
two respective validation methods called standard for the method included in the original
Bisorve routine and truncate for the method using the new inclusion predicate on the
instance class herwig_hauser. In Figure 7.1, we can see the evaluation for validating k-fold
roots for k = 1,2,4,8. The measurements are repeated three times, for each method and
system. This results in 9 measurements (3 different random polynomials, 3 different runs)
per degree per method. On the left, the running times are on the vertical logarithmic axis,
whereas the degree of the systems is on the linear horizontal axis. On the right, the precision
demand is on the vertical logarithmic axis, whereas the degree of the systems is on the linear
horizontal axis. The error bars indicate 95%-confidence intervals.

We can see a clear advantage for our new method truncate. On average over all instances
of degree 40, we obtain an improvement of a factor of 43.6, 37.9, 29.8, 25.2 for k = 1,2,4,8
in the precision demand. In Figure 7.2 on the left, we can see the precision demand for the
herwig_hauser instances for different k = 1, 2,4, 8 for the truncate method. We can see that
the precision demand increases with k in a comparable amount as the theoretical worst-case
bounds predict, namely, we can roughly see a quadratic dependence between the precision
demand and the multiplicity k in Figure 7.2 on the left.

In Figure 7.2 on the right, we can see results for the same experiment for the random
instances. In this experiment, we only include the truncate method as the original method
does not scale well enough for solving instances of that degree. Here both axis are logarithmic
and the degree goes up to 4096. Fitting a linear model to the data points leads an estimate
for the exponent of 0.99 + 0.05 0.94 + 0.06, and 0.75 + 0.13 for k = 1,2,4. The coefficients
of determination lie above 0.94 in all three cases that is roughly 94% of the variance of the
data can be explained by the fitted power model. Thus, we may conjecture that the precision
demand depends at most linearly on d. We remark that the plot suggests that the impact of
the degree d dominates over the impact of k for very large d as we cannot see a difference
between the curves for different values of k for large d. Note that the impact of k for small d
explains the smaller exponent in the fitted linear model for k = 4 compared to k = 1, 2.



162 Chapter 7. Counting Solutions of a Polynomial System Locally and Exactly

The source code, the statistical data underlying the plots, the instances, and the script used for
benchmarking are available for download on the project page.

7.6 Conclusion

We have presented a novel symbolic-numeric algorithm for counting the number of zeros of
a polynomial system within a given region that can be seen as an extension of Pellet’s test
for counting roots of univariate polynomials. The efficiency of our method stems from the
fact that we relate the solutions of the input polynomial system to the solutions of a lower
degree truncated system. We have analyzed the precision requirement of our algorithm,
i.e., we have given a bound on the size of the region for which the algorithm is guaranteed
to succeed. We have shown that this bound is strongly dependent on the geometry of the
solutions of the polynomial system similar to what we have seen for the univariate case in
the previous chapter. We have seen that a Sace implementation of our approach for the
bivariate case can lead to a significant improvement when integrated into a state of the art
solver for bivariate systems.
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