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Abstract

The shortest distance/path problems in planar graphs are among the most fundamental
problems in graph algorithms and have numerous new applications in areas such as intel-
ligent transportation systems which expect to get a real time answer or a distance query
in large networks. A major new approach to address the new challenges is distance oracles
which keep the pre-computed distance information in a data structure (called oracle) and
provide an answer for a distance query with the assistance of the oracle. The preprocessing
time, oracle size and query time are major criteria for evaluating two-phase algorithms.
In this thesis, we first briefly review the previous work and introduce some preliminary re-
sults on exact and approximate distance oracles. Then we present our research contributions,
which includes improving the preprocessing time for exact distance oracles for planar graphs
with small branchwidth and providing the first constant query time (14 €)-approximate dis-

tance oracle with nearly linear size and preprocessing time for planar graphs.
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Chapter 1

Introduction

Finding the distance between two vertices in a graph is a fundamental computational prob-
lem and has wide range of applications. For this problem, there is a rich literature of
algorithms. This problem can be solved by a single source shortest path algorithm such as
the Dijkstra and Bellman-Ford algorithms. The running time in this case, however, may
not be sufficiently small for certain applications. In many applications, it is required to
compute the shortest path distance in an extreme short time. One approach to meet such
a requirement is to use distance oracles.

A distance oracle consists of a data structure that keeps the pre-computed distance
information and a query algorithm that provides the distance between any given pair of
vertices efficiently. There are two phases in the distance oracle approach. The first phase is
to compute the distances between vertices for a given graph G and a data structure (called
oracle) to store the distances. The second phase is to provide an answer for a query on
the distance between a pair of vertices in G based on the information in the data structure
(answer the query by calling the oracle). The efficiency of distance oracles is mainly measured
by three criteria: the time to create the data structure (preprocessing time), the time to
answer a query (query time), and the memory space required for the data structure (oracle
size). A simple approach to compute a distance oracle for a graph G of n vertices and m
edges is to solve the all pairs shortest paths problem in G and keep the distances in an
n x n distance array. This gives a simple oracle, the preprocessing time of the oracle is the
time it takes to solve the all pairs shortest path problem (e.g., O(mn+n?logn)), the query
time is O(1) and the oracle size is O(n?). The large oracle size is a major disadvantage of
this approach. Another simple approach is to run a single source shortest path algorithm
(e.g., Dijkstra’s algorithm) to answer the query, which gives an oracle with no preprocessing
time and O(m) oracle size. But the query time in this approach is the running time of the
single source shortest path algorithm that can be too large for a distance query. Typically,
there is a trade-off between the query time and the oracle size. Main research topics include
minimizing the product of the query time and oracle size, minimizing the query time subject

to a given oracle size, and minimizing the oracle size subject to a given query time. Improving



Oracle Oracle size Query time Preprocessing time
Dijidjev [32] S € [n,n2] 0(n2/5) 00(2%025 E [j:n 22/]2)
Djidjev [32] S € [n*/3,n? O(nlog(n/V'S)/V'S) O(nV/S)
Mozes and Sommer [65] | S € [nloglogn,n?] O(n/V'S) O(S)
Cohen-Addad et al. [27] S € [n3/2,n?] O(%5 logn) O(S)
Gawrychowski et al. [38] S € [n,n? O(max{1,n'5/S}) O(min{Sy/n},n?)

Table 1.1: Exact distance oracles for planar digraphs with different trade-offs between the
query time and the oracle size. S is the oracle size and O(+) notation hides the logarithmic
factors.

the preprocessing time subject to a given oracle size and query time is also studied. Oracles

with constant query time and size smaller than O(n?) have received much attention.

1.1 Related Works

1.1.1 Exact Distance Oracles for Planar Graphs

Planar graphs are an important model for many networks such as the road networks. In
this thesis we focus on distance oracles for planar graphs. Distance oracles for planar graphs
have been extensively studied. An exact distance oracle is a data structure which provides
exact shortest path distances for queries.

Some important exact distance oracles for planar digraphs are listed in Table 1.1. Djid-
jev proves that for any size S € [n,n?], there is an exact distance oracle with O(n?/9)
query time for planar digraphs with non-negative edge lengths [32]. The preprocessing
time is O(S) for S € [n%2,n? and O(nV/S) for S € [n,n%?). There are several exact
distance oracles for weighted planar digraphs with more efficient query times for smaller
ranges of S. For example, Djidjev [32] improves the query time for size S € [n4/ 3 n?] to
O(nlog(n/v/'S)/V/'S). The preprocessing time is O(nv/S) for this distance oracle. Mozes
and Sommer show an oracle with O((n/v/S)log®® n) query time, O(S log?n) preprocessing
time for size S € [nloglogn,n?] [65]. This distance oracle works for a larger range of S than
[32] without increasing the query time or preprocessing time when logarithmic factors are
ignored. Cohen-Addad et al. give an oracle with O(logn) query time, O(n?) preprocessing
time and O(n®/3) size [27]. This is the first exact distance oracle with O(logn) query time

and truly subquadratic (i.e. O(n?~¢) for some € > 0) size. They also show a distance oracle



Oracle Oracle size Query time Preprocessing time
Thorup [78]
O(ne'logn O(1/e O(ne2log®n
Klein [59] ( ) (1/e) ( g’ n)
Thorup [78], directed O(ne 'log Alogn) O(1/e +log A) O(ne2log Alog®n)

Kawarabayashi et al. [51] O(n) O(e %log?n) O(nlog?n)

Kawarabayashi et al. [57] O(nlogn) O(1/¢) O(ne2log n)
O((loglogn)?/e?
Whulff-Nilsen [83] O(n(loglogn)?/e + loglogn/e?)) ((loglogn)”/e"+ _ N/A
log log n+/loglog((log log n)/€2) /€?)

Table 1.2: (1 + €)-Approximate distance oracles for planar graphs with different trade-offs
between the query time and the oracle size. A is the largest finite distance between any pair
of vertices in the directed graph. O hides loglogn factors and log(1/¢) factors.

with oracle size S € [n3/2 n?, O(gZ—g logn) query time and O(S) preprocessing time, which

improves the previous trade-offs for a smaller range of .S. This work is further improved by
Gawrychowski et al. [38] which shows that there is an exact distance oracle for S € [n, n?]
with O(max{1,n'®/S}) query time. This is currently the best trade-off for the entire range
of S and the distance oracle can be constructed in O(min{Sy/n},n?) time. Readers may

refer to Sommer’s survey paper [75] for more information.

1.1.2 Approximate Distance Oracles for Planar Graphs

Approximate distance oracles have been developed to achieve fast query and near linear size
for planar graphs. For any vertices v and v in a graph G, let dg(u,v) denote the distance
between u and v. A distance oracle is called an («, 3)-approximate oracle for « > 1,5 > 0
if it provides a distance d(u,v) with dg(u,v) < d(u,v) < adg(u,v) + 8 for any u and v in
G, here « is called the (multiplicative) stretch and  is called the additive stretch. An oracle
with stretch « and additive stretch 0 is called an a-approximate distance oracle.

Some important (1 4 €)-approximate distance oracles are listed in Table 1.2. For € > 0,
Thorup gives a (14 ¢€)-approximate distance oracle with O(1/¢) (resp. O(1/e+1log A), where
A is the largest finite distance between any pair of vertices in G) query time, O(ne~!logn)
(resp.O(ne ! (log A)logn)) size and O(ne2(logn)?) (resp. O(ne=2(log A)(logn)?)) prepro-
cessing time for undirected (resp. directed) planar graphs with non-negative edge lengths
[78]. A similar result for undirected planar graphs is found independently by Klein [59].
Kawarabayashi et al. [51] give the first linear size (1 + €)-approximate distance oracle with
O(polynomial(1/e€)) query time. The preprocessing time is O(nlog?n). Kawarabayashi et
al. give a (1 + €)-approximate distance oracle with O(1/€) query time, O(nlogn) size and
O(ne? log? n) preprocessing time for undirected planar graphs with non-negative edge
lengths, where O is defined to hide loglogn and log(1/¢) factors [57]. This distance or-



acle has a better trade-off between the query time and the oracle size than the one in
[59, 78] when loglogn factors and log(1/e) factors are ignored. Recently, Wulff- Nilsen
gives a (1 + €)-approximate distance oracle with O(n(loglogn)?/e + loglogn/e?)) size and

O((loglogn)3 /€% + loglog ny/loglog((loglogn)/€2)/€?) query time for undirected planar
graph with non-negative edge lengths [83]. This result has a better trade-off between the
query time and the oracle size than those in [57, 59, 78].

1.1.3 Tree-/Branch-Decomposition Based Distance Oracles

For graphs with small tree-/branchwidth (see related definitions in section 2.2), there are
efficient distance oracles based on tree-/branch-decompositions. Let k be the branchwidth
of the graph and let T'(n, k) be the time complexity of computing a branch-decomposition
with width O(k). Chaudhuri and Zaroliagis [23] give an oracle for weighted general digraphs
with O(k3a(n)) query time, O(k®n) size, and O(k®n + T(n, k)) preprocessing time where
a(n) is the inverse of Ackermann function [3] and is a very slowly growing function. For
size S € [nloglogk,n?], Mozes and Sommer give a distance oracle for weighted planar
digraphs with O(min{k lognlog? k loglog k, n\/nlog®° n} query time and O(T'(n, k) logn +
S log? n) preprocessing time [65]. This distance oracle has better query time for graph with
branchwidth O(n°) for S € [nloglogk,n'°) than the oracle in [38].

1.1.4 Distance Oracles for General Graphs

Cohen et al. [26] give a 2-hop cover labeling scheme for general digraphs in which each
vertex v is associated with a set of landmarks L(v) (called a label) such that for any pair
of vertices x and y, L(x) and L(y) contains at least one vertex on a shortest path between
z and y. By keeping the distances between each v and its landmarks, a distance query can
be answered in O(|L(x)| + [L(y)|) time for any vertices z and y. Let £ = X, cy (@) L(v) be
the total label size. This yields an exact distance oracle with O(L) size and O(L/n) average
query time. There is no absolute guarantee on L or the maximum label size. However
O(log n)-approximates for the total landmarks with the minimum size (and thus the size
of the oracle) [26] and the maximum label size (and thus the query time) [10] can both be
computed in polynomial time.

Thorup and Zwich [79] show that for any integer k > 1 there is a (2k — 1)-approximate
distance oracle for general graphs with O(mn'/¥) preprocessing time, O(an%) size and
O(k) query time for weighted undirected graphs. The size is essentially optimal for the
stretch. Chechik [24] improves the query time to O(1). Wulff-Nilsen [82] improves the pre-
processing time to almost proportional to the oracle size. Patrascu and Roditty [68] show
that a 2-approximate distance oracle for general graphs can be computed in O(poly(n))
time with O(m!/?n*/3) size and O(1) query time. For unweighted graphs, Abraham and
Gavoille [2] give a (2k — 2, 1)-approximate distance oracle with O(nHﬁ) size, O(k) query
time and O(poly(n)) preprocessing time for any integer k > 1.

4



1.1.5 Dynamic Distance Oracles

There is a vast literature on dynamic distance oracles that can handle one or more edge/vertex
updates. A dynamic distance oracle is said to be incremental if it only handles insertion
updates, decremental if it only handles deletion updates and fully dynamic if it handles
both types of updates. King [58] give a fully dynamic exact distance oracle with O(1) query
time and O(n??°\/M logn) update time for general digraphs with edge length drawn from
[1,2,..., M]. Demetrescu and Italiano [31] give a fully dynamic exact distance oracle for
general digraphs with non-negative edge length with O(1) query time and amortized up-
date time O(n?). There are also works on incremental /decremental distance oracles (see e.g.
[7, 11]).

Let D denote the sum of all edge lengths. For planar graphs with non-negative edge
length, Klein and Subramanian [62] give a fully dynamic (1 + €)-approximate distance
oracle that has O(e 'nlog?nlog D) preprocessing time, O(n + (¢ 'n?/3lognlog D)) size,
O(e'n?/31og? nlog D) query time and amortized update time. Abraham et al. [1] give a
fully dynamic O(1 + €)-approximate distance oracle for planar graphs with edge lengths
drawn from [1,2,..., M] with O(e 'nlog®n) preprocessing time, O(nlogn(e~! + logn))

size, O(e 'n'/?log? nlog(nM)(e~* + logn)) query time and worst case update time.

1.2 Research Questions and Contributions

In this thesis we study both exact and approximate distance oracles for planar graphs. More

specifically we study the following two questions.

1.2.1 Improving the Preprocessing Time for Branch-Decomposition Based
Exact Distance Oracles

For graphs with small treewidth/branchwidth, tree-/branch-decompositions are a com-
monly used tool for developing distance oracles. The preprocessing time of tree-/branch-
decomposition based distance oracles are often dominated by the computation of a desired
tree- /branch-decomposition. In Chapter 3 we give an algorithm [42, 45] that for an in-
put planar graph G of n vertices and an integer k, in min{(nlog®n),O(nk?)} time either
constructs a branch-decomposition of G of width at most (2 + )k, where 6 > 0 is a con-
stant, or a (k4 1) x [%W cylinder minor of G implying bw(G) > k, where bw(G) is the
branchwidth of G. This is the first O(n) time constant-factor approximation for branch-
width/treewidth and largest grid/cylinder minors of planar graphs and improves the previ-
ous min{O(n'*¢), O(nk?)} (where ¢ > 0 is a constant) time constant factor approximations.
For a planar graph G and k = bw(G), a branch-decomposition of width at most (2 + )k
and a g x § cylinder/grid minor with g = %, where § > 2 is a constant, can be com-
puted by our algorithm in min{O(nlog®nlogk); O(nk?logk)} time. Using this algorithm,

we improve the preprocessing time of the branch-decomposition based distance oracle in [65]



from O(n'*<+Slog?n) to O(min{O(nlog? nlogk); O(nk?lognlog k)}+Slog? n), where S €
[nloglog k,n? and € > 0 is a constant. For S € [nloglog k, min{nlog? nlog k,nk?log k/logn}],
the new preprocessing time is better. Branch-decompositions are an important tool for devel-
oping efficient algorithms for many problems in graphs. Our result has independent interests

in graph algorithms as well.

1.2.2 Improving the Query Time for Approximate Distance Oracles

Distance oracles with constant query time are of both theoretical and practical importance
[24, 28]. Many (1+e¢)-approximate distance oracles that have have O(1/¢) query time and size
nearly linear in n have been proposed before our result yet none of them have constant query
time independent of e. In Chapter 4, we give a (1 + €)-approximate distance oracle [43, 44|
with O(1) query time for an undirected planar graph G' with n vertices and non-negative
edge lengths. For ¢ > 0 and any two vertices u and v in G, our oracle gives a distance J(u, v)
with stretch (1 + ¢) in O(1) time. The oracle has size O(nlogn(log"/®n + logn/e + f(¢)))
and preprocessing time O(nlogn((log®n)/e? + f(€))), where f(e) = 20(1/<). This is the first
(1 + €)-approximate distance oracle with O(1) query time independent of € and the size
and preprocessing time nearly linear in n, and improves the query time O(1/¢) of previous
(1 + €)-approximate distance oracle with size nearly linear in n.

We compute our distance oracle in three steps. In the first step we compute a basic dis-
tance oracle DOg with O(eD) additive stretch and O(1/¢) query time using some commonly
used techniques. In the second step, we show how to use some classification scheme to reduce
the query time of DOg and get our second distance oracle DOy with O(eD) additive stretch
and O(1) query time. And in the final step, we use some scaling techniques to reduce the
stretch of DO; and get a distance oracle DO2 with (1 + €) stretch and O(1) query time. In
order to make the scaling techniques work for our needs, we present a data structure that

is critical to guarantee O(1) query time while maintaining nearly linear (in n) oracle size.

1.3 Thesis Organization

The rest of the thesis is organized as follows. Chapter 2 contains preliminaries that are
related to both Chapter 3 and 4, such as basic definitions and a more detailed review of
previous work and main techniques for distance oracles. Chapters 3 and 4 explain the main
contributions of this thesis, as outlined in Section 1.2. In Chapter 3 and 4, we first give an
introduction of the problem that is studied and then introduce some basic definitions and
notations that are used in the corresponding chapter before elaborating our work. The final

section gives conclusions and future works.



Chapter 2

Definitions and Previous Works

2.1 Basic Definitions on Graphs

Definition 2.1.1. A graph G = (V, E) consists of a set V' of vertices and a set E of edges,

where each edge e € E is a subset of V' with two elements.

Definition 2.1.2. A directed graph (digraph) G = (V, A) consists of a set V of vertices
and a set A of directed edges (also called arcs), where each arc d € A is an ordered pair of

vertices in V.

Definition 2.1.3. An (edge-)weighted graph is a graph G = (V, E) associated with a weight
function w : E — R. A vertex-weighted graph is a graph G' = (V', E') associated with a
weight function w' : V' — R.

Definition 2.1.4. Two vertices u and v in a graph G are adjacent if {u,v} is an edge in
E(G). For any vertex u, a vertex v is a neighbour of u if u and v are adjacent. The degree

of a vertex v, denoted as deg(v), is the number of neighbours of v.

Definition 2.1.5. A graph G' = (V',E’) is a subgraph of another graph G = (V, E) if
V'CV and E' CE.

Definition 2.1.6. Let G = (V, E) be a graph. Let V' C 'V be any subset of V and let E' C E
be any subset of E. The vertex induced subgraph G[V'] of G is the graph with vertex set
V' and edge set {(u,v) € E|lu,v € V'}. The edge induced subgraph G[E'] of G is the graph
with edge set E' and vertex set V' = {v|v € Ugepre}.

For any subgraph G’ of G, let G\G’ denote G[E(G)\E(G’)] and let G — G’ denote
G[V(G)\V(G")]. For any subset A C E(G), let A denote E(G)\A and let 9(A) denote the
vertex set V(G[A]) N V(G[A]). The pair (4, A) is called a separation of G and the order of
separation (A, A) is |0(A)|.

Definition 2.1.7. A walk in G is a sequence of edges ey, ..,ex, where e; = {vi_1,v;} for

1 <4 <k. A path is a walk in which all the vertices are distinct.
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Definition 2.1.8. A cycle is a walk in which the first vertex and the last vertex are the
same and the number of edges in the walk is more than one. A simple cycle is a cycle in

which all the vertices except the first and last vertices are distinct.

Let I(e) be the edge weight (length) of edge e in G. The length of path Q = ey, ..., ey is
Z(Q) = Z1gi§k l(ei)'

Definition 2.1.9. Let Q,, be the set of all paths in G between wvertices uw and v. The
distance between u and v in G is dg(u,v) = QmiQn 1(Q). A path Q' € Quy is a shortest path
€

between u and v if 1(Q") = dg(u,v).

We may write dg(u,v) as d(u,v) when G is clear from context. We say path Q intersects
path @' (at vertex v) if V(Q) N V(Q') # 0 (and v € V(Q) N V(Q')). We say that two
paths Q1 = (v1,..., 01,0, Vig1...,0;;) and Q2 = (U1, ..., Ujim1, Vi, Uit ] - - -, Ujy) CTOSS With
each other at vertex v; if edges/arcs {v;—1,v; }, {ui—1,v;}, {vi,vit1}, {vi—1,ui+1} appear in
clockwise (or counterclockwise) order.

Definition 2.1.10. The radius of G is r(G) = min max dg(u,v). The diameter of G
ueV(G)veV(Q)

s d(G) = diste (u, v).

5 4(0) = ey @y () o)

Definition 2.1.11. A tree is a graph in which any two vertices are connected by exactly

one path. A forest is a disjoint union of trees.

For a tree T, any vertex r € V(1) can be selected as the root of T'. For any v € V(T),
the depth of v is the number of edges of the path between v and the root in T'. The depth
of T is the largest depth of any vertex in T

Let T be a rooted tree. For any vertex v € V(T'), the path between the root of T" and v,
denoted as T'(v), is called the root path of v. For any vertex v € V(T') that is not the root
of T, the parent of v is the vertex that is connected to v in the root path of v. A child of a
vertex v is a vertex whose parent is v. A leaf in a rooted tree is a vertex with no children.

A leaf in an unrooted tree is a vertex with degree one.

Definition 2.1.12. A binary tree (resp. ternary tree) is a tree T where every v € V(T)

has no more than two (resp. three) children.

Definition 2.1.13. An unrooted binary tree is an unrooted tree T where every v € V(T

that is not a leaf has degree three.

Definition 2.1.14. A spanning tree T of a graph G is a subgraph of G that is a tree which
includes V(G). A shortest path spanning tree rooted at vertex r is a spanning tree T of G
such that for any v € V(Q), dr(r,v) = dg(r,v).

Definition 2.1.15. A graph G is connected if there is a path between any pair of vertices
in G. G is biconnected if for any v € V(G), G[V(G)\{v}] is connected.

8



N\ 3 =\ 4
® G, G

Figure 2.1: A plane graph with 7 nodes and 11 edges

Definition 2.1.16. A vertex cut set in a graph G is a subset S of V(QG) such that G[V (G)\S]
is not connected. A verter cut set is said to be a (a-)balanced (vertex) separator if each
connected component of G|V (G)\S] has no more than an vertices for some previously fized

constant o > 0.

Let ¥ be a sphere. For an open segment s homeomorphic to {z|0 < =z < 1} in X,
we denote by cl(s) the closure of s. A planar embedding of a graph G is a mapping p :
V(G)U E(G) — X U 2% such that

e for u € V(G), p(u) is a point of 3, and for distinct u,v € V(G), p(u) # p(v);

e for each edge e = {u,v} € E(G), p(e) is an open segment in ¥ with p(u) and p(v) the
two end points in cl(p(e)) \ p(e);

e for distinct e1,es € E(G), cl(p(e1)) Ncl(p(e2)) = {p(u)|u € e1 Nea}.

Definition 2.1.17. A graph G is planar if it has a planar embedding p, and (G, p) is called
a plane graph.

We may simply use G to denote the plane graph (G, p), leaving the embedding p implicit.

Figure 2.1 gives an example of plane graph.

Definition 2.1.18. A curve is a continuous image of a closed unit line segment. A curve
is simple if it does not intersect itself. For a plane graph G, a curve p on ¥ is normal if p

does not intersect any edge of G. The length of a normal curve u is the number of connected

components of u\ Upev(c){p(v)}-

Definition 2.1.19. A noose of a plane graph G is a closed normal curve on ¥ that does

not intersect itself.



Definition 2.1.20. A face of a plane graph G is a connected component of X\ (Uecp(a)cl(p(e)))-

We denote by V(f) and E(f) the set of vertices and the set of edges incident to face f,
respectively. We say that face f is bounded by the edges of E(f). For two faces f and g, a
cycle separates f and g if the cycle separates Y into two regions, one region contains f and
the other region contains g.

Given a plane graph GG, we can specify any face of G as the outer face f,,+ of G. A planar
graph G is triangulated (resp. almost triangulated) if every face in G (resp. other than the

outer face) is incident to exactly three edges.

Definition 2.1.21. For two faces f and g, a minimum (f, g)-separating cycle C' is a cycle

separating f and g with the minimum length. We also call C a minimum face-separating
cycle (for f and g).

Let C' be a simple cycle in G. Then £\ (Ueeg(c)cl(p(e))) contains exactly two connected
components, one containing fo,, called the external region of C, and the other called the

internal region of C.

Definition 2.1.22. For an assignment W () of non-negative weights to faces, edges, and
vertices of G, a simple cycle C' is a balanced cycle separator if the total weight of faces,
edges, and vertices embedded in the external/internal region of C' is no more than a constant
fraction of the total weight of G.

2.2 Tree-/Branch-Decompositions

The notions of tree-decomposition and branch-decomposition are introduced by Robertson

and Seymour [71, 72, 73] in graph minor theory.

Definition 2.2.1. A tree-decomposition of G = (V, E) is a pair (T, B) where T is a tree
and B is a function that maps each node v € V(T') to a subset of V', called a bag, such that

1. UVEV(T)B(V) =V
2. for each e = (u,v) € E, there exists a v € V(T) such that u,v € B(v)
3. for eachv € G, I, ={v € V(T)|v € B(v)} induces a subtree of T.

The width of a tree-decomposition (T, B) is the size of its largest bag minus 1. The
treewidth of a graph G, denoted as tw(G), is the minimum width among all possible tree-

decompositions of . Figure 2.2 gives an example of tree-decomposition.

Definition 2.2.2. A branch-decomposition of G = (V, E) is a pair (T', ), where T is a

unrooted binary tree and ¢ is a bijection from the set of leaves of T' to E.
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Figure 2.2: A tree-decomposition with width 2 for the graph in Figure 2.1

For a branch-decomposition (77, ¢), we refer to the vertices of 7" as nodes and the edges
of T" as links to distinguish them from the vertices and edges of G. Removing any link
e € E(T") partitions 7" into two subtrees T} (e) and Ty(e). Let Li(e), La(e) C V(T") be the
sets of leaves of Tj(e), T5(e) respectively. Then for i = 1,2, ¢(L;(e)) = E(G)\¢(Ls—i(e))
and 0(¢(L;(e))) is a vertex cut set of G if O(p(Li(e))) # (¢(Li(e))). We say that the
separation (¢(Li(e)), ¢(La(e))) is induced by link e. The width of a branch-decomposition
(T', ¢) is the largest order of the separations induced by links of T’. The branchwidth of
G, denoted by bw(G), is the minimum width of all branch-decompositions of G. In the
rest of this paper, we identify a branch-decomposition (¢, 7”) with the tree 7", leaving the
bijection implicit and regarding each leaf of T” as a edge of G. Figure 2.3 gives an example
of branch-decomposition.

For a graph G with more than one edge, the branchwidth and the treewidth are linearly
related: max{bw(G),2} < tw(G)+1 < max{|3bw(G)], 2}, and there are simple O(ntw(G))
time translations between branch-decompositions and tree-decompositions that meet the
linear relations [73]. Therefore we use only the terms branch-decomposition and branchwidth

for the rest of this thesis for ease of representation unless otherwise stated.

2.3 General Techniques and Results for Exact Distance Or-
acles for Planar Graphs

2.3.1 Portals

Portals are a set of carefully selected vertices and are commonly used in both exact and
approximate distance oracles. Portals can be either global portals which are computed for
all the vertices, or local portals which are computed for some specific vertex. Portals must
be selected such that for every pair of vertices s and t in the graph, at least one portal is in
the (approximate) shortest path between s and ¢. Common ways of selecting portals include

random sampling, high-degree vertices, and vertices on separators etc. [75]. The distances
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Figure 2.3: A branch-decomposition with width 3 for the graph in Figure 2.1. 9(¢(L1(e)))
for each e is shown.

from each vertex to certain portals (usually those that are close to the vertex) and distances
among the portals are pre-computed and stored in the distance oracle, either explicitly or
implicitly. In each query, these pre-computed distances are used to find out (the portals in,
and therefore the length of) the desired shortest path.

2.3.2 Small Balanced Separators and r-division

Lipton and Tarjan [63] prove that any n vertex planar graph has a balanced separator
with O(y/n) size and that the separator can be computed in O(n) time. Using this small
balanced separator theorem recursively and with additional care, Frederickson [34] shows
that a planar graph can be divided in a balanced way to an r-division with some nice
properties. Given a parameter r, an r-division of a graph G is a division of G into edge
induced subgraphs, called regions, that are edge disjoint from each other. A vertex v is a

boundary vertez of the r-division (and the regions v is in) if it is in more than one region.

Definition 2.3.1. An r-division s a division of G into 6(n/r) regions such that each region
has O(r) vertices and O(;/r) boundary vertices.

In distance oracles for planar graphs, the given graph is usually divided into smaller
regions and the boundary vertices are usually selected as portals. By dividing the input
graph using small balanced separators recursively, choosing the vertices in the separators as
portals and storing the distances from/to the portals, Djidjev [32] presents a distance oracle
with O(n®/?) preprocessing time, O(n?/?) oracle size, and O(y/n) query time for weighted
planar digraphs. Djidjev also gives a representative result in [32] based on r-division which
presents a general trade-off between the space requirement and the query time for weighted
digraphs. It’s proved that any query can be answered in O(n?/S) time using O(S) space for
S € [n,n?]. The preprocessing time is O(S) for S € [n*/2,n?] and O(n\/S) for S € [n,n?/?).
A similar result for S € [n3/2,n?] is proved concurrently by Arikati et al. [6].
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Note that these distance oracles do not rely on planarity except for using small sep-
arator, r-division and the linear time single source shortest path (SSSP) algorithm in
[48]. Therefore they can be modified to work for other minor-closed graph classes with
O(+/n) size balanced separator, such as bounded-genus graphs and H-minor-free graphs for
fixed |H| = O(1). More specifically, the trade-off between the space requirement and the
query time remains the same for minor-closed graph classes that satisfy two conditions:
the existence of O(y/n) size balanced separator and a O(n'~¢) size balanced separator
can be computed in O(n) time. And for these graphs, the the preprocessing time is in-
creased to max{O(n%/?logn),0(S)} for S € [n%/2,n?] and max{O(n*?logn), O(nv/'S)} for
S € [n,n3/?).

For biconnected triangulated planar graphs, Miller [64] proves that a balanced simple
cycle separator of size O(y/n) can be computed in O(n) time. By adding dummy vertices
and dummy edges and then using Miller’s simple cycle separator instead of Lipton and
Tarjan’s separator, Klein and Subramanian [62] show that an r-division of a planar graph
can be computed such that the boundary vertices of each region lie on the boundary of a

constant number of faces (called holes). This division is called an r-division with few holes.

2.3.3 Monge Property and FR-Dijkstra

In this subsection, we introduce some distance oracles that further exploit planarity. Recall
that in the query phase, distances from/to/between the portals are examined /relaxed to find
a shortest path. For planar graphs, Djidjev [32] takes advantage of topological properties
of planar graphs and shows how to examined such distances more efficiently. For ease of
presentation, let us assume that for every pair of vertices there is exactly one shortest path
between them. For any two vertices u and v in the graph, let @, , be the path from u
to v. For any triangulated planar graph G, the boundary vertices of each region in an r-
division of G form a union of simple edge-disjoint cycles [32]. Let Rj, Rz be two regions
in such an r-division containing vertices u and v respectively. Let C1,Cs be two boundary
cycles in Ry, Ro respectively that separate v and v. Then every path from u to v must
contain some vertex in C; and some vertex in Cs. The shortest path can be computed by
examining every pair of vertices in Cy and Cq, which is O(|V (C1)||V(C2)|) vertices pairs.
This can be improved for planar graphs by taking advantage of planarity. See Figure 2.4a
for illustration. For every vertex = on (1, define Q(u,v,x) to be the set of paths from
u to v which go through x with x being the last vertex in the path that is in C;. Let
Q(u,v,z) be the path that has minimum length among all the paths in Q(u,v,x) and let
[(z) be any vertex in V(Q ) NV (C2). Let x1, z2 be any two vertices in C. Then for any
vertex  in C; such that x1, x, z2 appear in clockwise (resp. counterclockwise) order, there is
always some vertex y € V(Qg) NV (C2) such that I(z1),y, (z2) appear in counterclockwise
(resp. clockwise) order. Therefore not every subpaths from = to v needs to be examined to

compute Q(u,v,x) and the problem of finding Q(u, v, z) for every = € V(C7) can be solved
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in a divide-and-conquer way. By exploiting this non-crossing property, Djidjev [32] improves
their trade-off between the space requirement and the query time for size S € [n4/ 3 n?] to
O(nlog(n/v/S)/V'S) query time. The preprocessing time is O(ny/S).! Chen and Xu [25]
give a similar result to for undirected planar graphs.

A similar idea is depicted as the Monge property in [33]. Let A, B be two ordered sets and
d: Ax B — R be a function between pairs of elements in A and B. Then function d is said
to have the Monge property if for all a; < a in A and b; < by in B, d(ay,b1) + d(az,b2) <
d(ay,bs) + d(az,b1). Let f be a face in a plane graph G such that E(f) form a simple cycle
C(f). Then for any vertices vj, , vi,, iy, Vi, that appear in clockwise/counterclockwise order
in C, dg(viy,vi,) + da(Viy, vig) < dg(viy, vig) + da(viy, vi,) (see Figure 2.4b). Therefore if we
split and rank the vertices in V'(f) into two consecutive ordered sets A and B according to
their position in C(f), the distance function between vertices in A and B has the Monge
property. And the problem of finding the best "counterpart' in B for every element in A can
be solved in a divided-and-conquer way. This is called the Monge property of planar graph.

Let R be a region in an r-division and R be the set of boundary vertices of R. The dense
distance graph of R is the complete graph on OR such that the weight of each edge (u,v)
equals dr(u,v). Fakcharoenphol and Rao [33] observe that the dense distance graph can
be decomposed to O(logn) bipartite graphs where Monge property holds (see Figure 2.4c)
and show that all edges in the dense distance graph of any region in an r-division with few
holes can be relaxed in time nearly linear in the number of vertices, instead of edges, in the
dense distance graph. More specifically, they show that for any graph H which consists of a
set of dense distance graphs of regions in an r-division with few holes, a shortest path tree
in H from any vertex can be computed in O(|V(H)|log?n) time. This is called the FR-
Dijkstra algorithm and yields an exact distance oracle for planar digraphs with O(n log? n)
preprocessing time, O(y/nlog?n) query time and O(nlogn) size [33]. This distance oracle
has better query-preprocessing time product and query-size product than previous results.
Using FR-Dijkstra algorithm, Mozes and Sommer [65] and Nussbaum [67] independently
give a distance oracle with O(nlogn) preprocessing time, O(n) space and O(n'/?*¢) query
time for any constant € > 0. These are the first linear space exact distance oracles with
provably sublinear query time.

A partial Monge array is an array that may have some blank entries and the non-blank
entries satisfy the Monge property when we view its rows as ordered set A and columns as or-
dered set B. It is known that for certain mxn partial Monge arrays, the minimum /maximum
non-blank entry can be found in O(m + n) time if each entry can be accessed in O(1) time

[4]. Note that for a partial Monge array remains a partial Monge array if we add a constant

!The original result in [32] is a distance oracle with O(n+v/S) preprocessing time, O(nlogn/v/'S) query
time for S € [n*/3,n3/?]. However the same distance oracle works for S € [n*/3,n?] and the query time is
actually O(nlog(n/v/S)/+/S). This is first pointed out in [67].

14



() C2

(a) For z1,x,x2 appear in clockwise order, there is a y € V(Qy,,NCa)
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d(viy,viy) < d(vg,, vi,) + d(viy, vi, ). three bipartite graphs where Monge

property holds

Figure 2.4: Monge Property

to all the non-empty entries in an entire row or an entire column. Consider the same ex-
ample in Figure 2.4a. To find the distance from vertex u to vertex v, it suffices to find the
portal pair z € C1 and y € Cy that minimize dg(u, ) + da\(r,ury) (T, ¥) + da(y,v). Tt is
observed in [67] that the distances between the portals can be divided into to two classes
such that the distances in each class form a partial Monge array. Therefore the distance from
u to v can be found in O(|V(C1)| + |V (C2)|) time by using the minimum entry searching
algorithm in [4] directly if the distances to/from/among the portals are precomputed. Using
this method, Nussbaum [67] improves the trade-off between space requirement and query
time in [32] and gives an exact distance oracle with O((S%/2/y/n)log? n) preprocessing time,
O(S) size and O(n/v/'S) query time for S € [n*/3,n?].
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Klein gives a multiple-source shortest path (MSSP) data structure [60] for planar di-
graphs with non-negative edge weights. Given an n-vertex plane digraph G with non-
negative weights and a face f in G, the MSSP data structure answers the distance from
any vertex of G to any vertex incident to f in O(logn) time. The preprocessing time and
space requirement for MSSP are O(nlogn). Note that this result can be used to compute
the dense distance graph of a region in an r-division with few holes in O(rlogn) time
and instantly removes a O(logn) factor in the preprocessing time of Fakcharoenphol and
Rao’s distance oracle in [33]. Combing r-division with few holes and FR-Dijkstra algorithm,
Mozes and Sommer [65] extend MSSP so that it answers distance from any vertex of G
to all vertices on a cycle (as opposed to a vertex incident to a face in MSSP) of size ¢ in
O(clog? cloglog c) time. This data structure is called the cycle MSSP and has O(nloglog c)
size and O(nlog®n) preprocessing time. Note that the query to a single vertex of the cycle
and the query to all vertices on the cycle have the same time complexity. For small cycles,
the amortized query time is better than MSSP.

Combining the linear space exact distance oracle [65] and the cycle MSSP data structure,
Mozes and Sommer give an exact distance oracle [65] with O(S) size and O(S) preprocessing
time, that answers a distance query in O(n/v/S) time for S € [nloglogn,n?], where the O
notion hides poly-logarithmic factors. This extends the range of S for the trade-off in [32]
without increasing the preprocessing time or query time when poly-logarithmic factors are

ignored.

2.3.4 Voronoi Diagram and Point Location Structure

Recently, a series of breakthroughs have been made following Cabello’s [20, 21] novel use of
Voronoi diagrams in planar graphs. Let {s1, s2,...,sn} be a set of points, called sites, in a
plane. A Voronoi Diagram is a partition of the plane into Voronoi cells such that each cell
Vor(s;) contains the points on which s; has more influence than any other site. Consider
a region R in an r-division with few holes, a hole H in R, and a vertex u ¢ V(R). Each
boundary vertex on H can be viewed as a site s; with a weight w(s;) that equals dg(u, s;).
The vertices of R can be partitioned into Voronoi cells (with respect to H and u), one cell
Vor(s;) for each s;. Each Voronoi cell Vor(s;) contains all the vertices v in P such that s;
minimizes w(s;) + dp(s;,v) among all sites in H for v. We say s; is the site of every vertex
in Vor(s;) with respect to u and H. Note that there is a hole H' in R and a site sy € V(H')
of v (with respect to H' and u) such that dg(u,v) = w(sy) + dp(sy,v). The dual of the
edges whose endpoints are in different Voronoi cells form the Voronoi diagram of R with
respect to H and u. To represent a Voronoi diagram compactly, each maximal path whose
interior vertices have degree two is replaced by a single edge. Each Voronoi diagram has
O(y/r) vertices and if R is almost triangulated, the Voronoi diagram of R is a ternary tree
[38].
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An wu-independent data structure called the point location structure is computed for
each region R and each hole H in R such that given any vertex u ¢ V(R) and v € V(R), it
returns the site of v with respect to v and H efficiently. To answer a query for a given source
u ¢ V(R) and destination v € V(R), the distance oracle uses the point location structure
to find out the site of v with respect to u and each hole H in R. The value w(s;) + dp(si, v)
is computed for each site s; of v with respect to each H and the minimum value is the
distance from u to v in G.

Consider a vertex u ¢ V(R), a vertex v € V(R), a hole H in R and the site s; of v with
respect to v and H. Let s;,,s;, be two sites in . We say that sites s;, and s;, cover s;
if s;,, 84, 8i, appear in clockwise order along H. The general idea of how a point location
structure works is that it answers the basic question in time ¢: do s;, and s;, cover s;7 And
then by a binary search the point location structure finds s; in O(tlogr) time. To answer
the basic question in constant time, Cohen-Addad et al. [27] define a set of boundaries
with respect to each edge in R and each pair of sites in H such that if s; is covered by s;,
and s;, then v is enclosed by the boundary determined by edge (z,y) and s;,, s;,, where
(z,y) is an edge determined by w. This reduces the total number of boundaries that need
to be considered to O(r?). A simple method to answer the basic question in constant time
is to store for each vertex v’ in R and every possible boundary whether v’ is enclosed by
the boundary, which leads to O(r3) space requirement. To reduce the space requirement to
O(r?), the point location structure stores a constant number of indices for every vertex v’
with respect to every edge €’ in R, such that the indices represents ranges of sites and can
be used to determine whether s; is covered by s;, and s;, in constant time by comparing
Siy, Si; with the indices. This leads to an exact distance oracle for directed planar graphs
with O(n®/3) preprocessing time, O(n°/3) space and O(logn) query time, which is the first
exact distance oracle for planar graphs with truly subquadratic size that answers a query
in O(l) time. The paper also provides a trade-off between the space requirement and the
query time: for size S € [n3/2,n?], the query time is O(gz—glog n) and the preprocessing
time is O(S). This improves the trade-offs in [32, 65] for S > n3/2.

Gawrychowski et al. [38] significantly simplify and improve the point location structure
in [27] by reducing the space requirement for each region R from O(r2) to O(r3/?) without
increasing the time complexity of answering the basic question. Instead of storing indices
for each vertex v’ with respect to edge €', they store a shortest path tree from each of the
sites. It is observed that whether v is enclosed by a boundary can be determined in O(1)
time by checking the preorder number of v in the shortest paths trees. This improves the
result in [27] to a distance oracle with O(n?) preprocessing time, O(n!-?) space and O(logn)
query time. A trade-off between the space requirement and the query time is also given: for
size S € [n,n?], the query time is O(max{1,n!®/S}). This trade-off is currently the best
(up to polylogarithmic factors) for the entire range of S and improves all the previously

known trade-offs for the range S € [n,n°/3] by polynomial factors [38].
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2.3.5 Tree-/Branch-Decomposition

As stated in section 2.3.2, small balanced separator and r-division are important tools used
in distance oracles for planar graphs. As we know, any graph with branchwidths O (bw(G))
have balanced separators of sizes O(bw(G)) and these balanced separators can be easily
found if given a branch-decomposition with width O(bw(G)) (see section 2.2). For planar
graphs that are with branchwidth o(y/n), using the balanced separators achieved from a
branch-decomposition instead of the O(y/n) size small balanced separators in [63, 64] may
result in a better distance oracle. Gu and Tamaki [40] show that a branch-decomposition T°
with width O(bw(G)) for G can be computed in O(n!*¢) time for any constant e > 0. Using
balanced separators achieved from branch-decomposition together with Miller’s balanced
cycle separators, Mozes and Sommer present a variant of r-division with few holes, called
the [r, k]-division with few holes which can improve distance oracles for planar graphs with

small treewidth.

Definition 2.3.2. An [r, k]-division with few holes of a graph G with branchwidth k is a
division of G into 0(n/r) regions such that each region has O(r) vertices and min{O(/r), k}
boundary vertices and the boundary vertices of each region lie on the boundary of a constant

number of faces/holes.

When computing a division of a graph, either Miller’s cycle separator for planar graphs
or the separator from branch-decomposition is chosen as a balanced separator, whichever
is of smaller size. Such a division can be computed in O(n'*¢logn + nlogr + nr=2 logn)
time using Gu and Tamaki’s branch-decomposition. Recall that by using r-division and FR-
Dijkstra algorithm, Mozes and Sommer give an exact distance oracle with O(S) size and
O(S) preprocessing time, and query time O(n/v/S) for S € [nloglogn,n?]. By using [r, k|-
division instead of r-division for graphs with branchwidth k, the query time is improved
to O(min{klognlog? kloglog k,nS~/?1og®® n} for graphs with small branchwidth and the
preprocessing time is O(n'™¢ 4+ Slog®n) [65)2.

2.3.6 Price Function

A price function [52] f is a function that maps the set of vertices to a set of real numbers.
The reduced cost function [y induced by price function f is a function that assigns each arc
(u,v) a new length: l¢(u,v) = l(u,v) + f(u) — f(v). A price function is feasible if and only
if all reduced arc lengths are non-negative. Note that the reduced cost function preserves
negative cycles and shortest paths. By using a feasible price function, we can adapt an
exact distance oracle for directed graphs with non-negative arc lengths to work for directed

2The original result in [65] is size O(S), query time O(min{klog? kloglog k, n.S~'/?10g®® n} and prepro-

cessing time O(n'™¢ 4 Slog®n) for S € [nloglogk,n?]. However the result is wrong and is corrected by its
author.
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graphs with negative arc lengths. A feasible price function can be obtained from computing a
shortest path tree from an arbitrary vertex u and for every v in the graph set f(v) = d(u,v).

For planar graphs, this can be done in O(nlog? n/loglogn) time using the algorithm in [66].

2.4 General Techniques and Results for Approximate Dis-
tance Oracles for Planar Graphs

Approximate distance oracles are computed similarly as exact distance oracles for planar
graphs. Generally speaking, the input graph is divided into smaller regions using balanced
separators. Vertices on the separators are selected as portals and shortest paths are com-
puted as the concatenation of the shortest paths in regions and between portals. The key
difference is that approximate distance oracles do not consider every possible shortest paths.
More specifically, not all vertices on the separators are selected as portals. This, however,
would introduce error/detour for the shortest paths. Therefore the separators and portals

need to be selected carefully such that the error introduced is not too big.

2.4.1 Shortest Path Separator

Lipton and Tarjan [63] observe that for any rooted spanning tree T" of an undirected n-vertex
planar graph G, there are two vertices u and v such that V(T'(v) UT(v)) is a %—balanced
separator of G, where T'(u) and T'(v) are the root paths of u and v respectively. Moreover u
and v can be found in O(n) time. Thorup [78] uses this result on a shortest path spanning
tree to find balanced separators that consist of a constant number of shortest paths. Each
such separator is called a shortest path separator. Unlike the small balanced separator in
2.3.2, shortest path separators can have as many as O(n) vertices. However, the property
of shortest path makes it possible to select a small subset of vertices in the separator as

portals without introducing too much error/detour.

2.4.2 Vertex Dependent Portal Set

For any two vertices v and v in G, let @y, denote a shortest path between u and v.
Consider a shortest path ) in a shortest path separator and a shortest path ), . that
intersects path @ at some vertex p. Now suppose we are willing to accept an additive
error of O(ed(u,v)) for Q. The general idea is to find two portals p1,ps in @, such that
d(u,p1)+d(p1,p) < d(u,p)+ed(u,v)) and d(p, p2) + d(p2,v) < d(v,p) + ed(u,v)). And then
Qu,» can be approximated as the concatenation of Qu p,, Qp, p» @ppss @ps.v- For a portal p;
and a vertex p in a path Q, we say that p; e-covers p with respect to a vertex u if for any
shortest path Q. that contains p, d(u,p;) + d(ps,p) < d(u,p) + ed(u,v)) holds. For each
path @ in a separator and each vertex u in G, it is remained to find a set of portals P(Q, u)
such that for any p € V(Q), there is a portal p € P(Q, u) that e-covers p with respect to w.
Let pp € V(Q) be the vertex in @ that is closest to w. It is observed that [78] any shortest
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path @y, that intersects @) is no shorter than @, p,. Therefore P(u, Q) can be selected by
first adding pg as a portal, and then traverse along @) towards each end point of @) and
add a vertex p;+1 as a portal as long as d(u, p;) + d(pi, pi+1) > d(u, pit+1) + ed(u, po), where
p; is the previously added portal. Every time a portal p; is added, it reduces the value of
d(u,p;) + d(p;,a) by at least ed(u,pg), where a is the corresponding end point of Q. Using
this and the fact that for any p;, d(u, p;) > d(pi, po) — d(po, u), the total number of portals
is O(1/¢) [78].

By dividing the input graph into regions using shortest path separators recursively, and
then storing for each vertex u in G a vertex dependent portal set (as well as the distance to
the portals) for each of the O(logn) separators that separates u from the rest of the graph,
Thorup [78] give an efficient (1 + €)-approximate distance oracle for planar graphs with
O(n(log®n)/e?) preprocessing time, O(n(logn)/e) space and O(1/¢) query time. Note that
when € is a constant, the query time is constant. A similar result is found independently by
Klein [59].

Vertex dependent portal set can also be used for planar directed graphs. However, portals
can not be selected the same way as in undirected planar graphs because edges are directed
and some properties that are used to bound the number of portals no longer hold. To solve
this problem, paths of different lengths are handled separately: paths with the same source
but different length ranges need to use different vertex dependent portal sets. Let A be the
sum of lengths of all edges in the given directed graph 8 For each directed path 67 in 8,
there is a scale vy = 27,4 = 0,1,2,...,2¢,...,2M198 A1 guch that v < l(@) < 27v. We say that
Q_f is in scale . For each scale v, a collection of subgraphs of 8 are computed to handle
the directed shortest paths in scale v such that for each vertex u and each shortest path 5
in the separators the size of the portal set is O(1/¢).

Using this method, Thorup [78] gives a (1 + ¢)-approximate distance oracle for di-
rected graphs with O(n(log®n)(logA)/e?) preprocessing time, O(n(logn)(log A)/e) space
and O(1/e + loglog A) query time.

2.4.3 Global Portal Set

Let @ be a path of length [(Q) in an undirected graph G. Klein and Subramanian [62]
show that a set P(Q) of O(1/¢) equally spaced vertices on ) can be selected as the portals
such that for any shortest path that intersects @, the error/detour caused by using only the
portals instead of all the vertices on the @ is no more than €l(Q). More specifically, for any
pair of vertices u and v whose shortest path intersects @, dg(u,v) < min,ep(Q) distg(u,p)+
distg(p,v) < dg(u,v) + €l(Q). Note that when using global portal set instead of vertex
dependent set, the error/detour introduced is proportional to the length of the path @ on
which the portals are computed. Therefore, it is also needed to compute O(log A) different
scales when using global portal sets in planar undirected graphs, where A is the sum of the

lengths of all edges.
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2.4.4 Sparse Neighbourhood Cover

Sparse neighbourhood cover [19] is an essential tool for global portal set to work. To answer
the approximate length of a path @Q’, it needs to be guaranteed that the paths in the
shortest path separators are of length O(I(Q’)). For v > 0, Busch et al. [19] show that a
set of subgraphs of G (sparse neighbourhood cover) of total size O(n) can be computed
such that the diameter of each subgraph is O(~) and for each vertex v € V(G) there is at
least one subgraph that contains all its neighbours within distance . Using this tool with
scales v =20 =0,1,2,...,2¢,...,2M188] where A is the sum of lengths of all edges, and
precomputing a distance oracles for each subgraph in each scale, one can handle shortest
paths of different lengths. Moreover, it is observe [57] that when computing each scale
(and the corresponding distance oracles), edges that are short enough can be contracted
as they do not introduce much error. This reduces the total number of edge in all scales
from O(nlogA) to O(nlogn) and therefore reduces the total size of the distance oracle.
Note that this edge contraction technique can not be applied on directed graphs as it may
introduce fake paths that do not exist in the original graph, see Figure 2.5 for an example.

Combining the shortest path separators, global portal sets, sparse neighbourhood cover
and cycle MSSP, Kawarabayashi et al. [57] give a (1 + €)-approximate distance oracle
for undirected planar graph with O(ne=2log*n) preprocessing time, O(nlogn) space and
O(1/€) query time, where O hides loglogn and log(1/e) factors. This oracle has a better

trade-off between space and query time than the oracles in [59, 78].

2.4.5 Classification Scheme

Let G be an undirected planar graph and R be a region of G. Let ), denote a shortest path
between vertices v and v in G. Let OR = {p1,p2,...,pr} be the set of boundary vertices
of R. Now consider a vertex v € R and a vertex u € V(G\R). Then the shortest path
between u and v must contain some boundary vertex p; € R. Notice that p; is completely
determined by the distances between v and each p;,j = 1,2,..., k and the distances between
w and each p;,j =1,2,..., k. More specifically, dg(u, p;) — da(u,pj) < da(v,pj) — da(v, p;)
holds for every j,j = 1,2,..., k. Therefore for any two vertices u; and uy in G\ R such that
dg(u1,p;) — da(ui,p1) = dg(u,p;) — da(uz,p1),7 = 1,2,...,k holds, there is a py € OR
that is in both Qy, and Qu,. Therefore we can define a map ¢ : u € (V(G\R)) — R*
by ¢(u)[j] = da(u, pj) — da(u, p1) such that any two vertices u; and us with ¢(u1) = ¢(ug)
share a same boundary vertex of R on their shortest paths to any vertex in R (notice that
the shared boundary vertex differs for different vertices in R). This property can be used
to speed up the computation of distances for graphs by classifying the vertices that are
mapped into a same value by ¢ into a class and do the time consuming computation such
as finding a boundary vertex of R on their path to some vertex in R only once. For this

method to work efficiently, it is also required that the vertices outside of R are mapped
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(a) A directed graph with a short arc from vertex D to vertex B

E)

(BB

(b) The graph obtained from contracting the arc
from vertex D to vertex B. The path from vertex
C to vertex E in this graph is a fake path that
does not exist in the original graph

Figure 2.5: An example showing that the edge contraction technique can not be applied on
directed graphs
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into a small number of values by ¢. By adapting the distances between pairs of vertices to
leD,2eD, ..., %eD, Weimann and Yuster [80] show that the vertices outside of R can be
mapped into O(20(1/¢)) different values while restraining the errors introduced to O(eD),
where D is the diameter of G. This allows them they to compute the (1 + €)-approximate
diameter of G in O(nlog*n/e* +n201/9) time.

Recall that to compute (1 + €)-approximate distance for any pair of vertices u and v we
are willing to accept an additive error of O(ed(u,v)). Also recall that sparse neighbourhood
covers can be used to compute a set of smaller graphs with different diameters to handle
shortest paths of different lengths. Now suppose we are computing (1 + €)-approximate dis-
tances between vertices u and v in a graph G’ with diameter D’ = O(d(u,v)), the distances
between pairs of vertices in G’ can be adapted to 1eD’,2eD’, ..., LeD’ while restraining
the errors introduced to O(ed(u,v)). Therefore the classification scheme can be adopted in

computing (1 + €)-approximate distance oracles.
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Chapter 3

Imporoving Preprocessing Time
for Exact Distance Oracle for
Planar Graphs

3.1 Introduction

Planar graphs are known to have small balanced cycle separators and this property is heavily
relied on in developing distance oracles for planar graphs. A commonly used tool for exact
distance oracle for planar graphs is the r-division with few holes, in which the given planar
graph G is decomposed into O(n/r) regions such that each region has size O(r), O(\/r)
common vertices with the rest of the graph and these common vertices lie on a constant
number of faces of the region. A recursive r-division with few holes can be computedin O(n)
time [61].

It is observed that for a planar graph with branchwidth k, the r-division with few
holes can be improved such that each region has O(min{y/r,k}) common vertices with
the rest of the graph. This is called the [r, k]-division. Based on the [r, k]-division, Mozes
and Sommer give a distance oracle for weighted directed graphs with size O(S), query
time O(min{k lognlog? kloglog k, n.S~/?log®® n} and preprocessing time O(T'(n, k) log n+
Slog®n) for S € [nloglogk,n?] [65], where T(n, k) is the time complexity of computing
a branch-decomposition with width O(k). This distance oracle has better query time for
graph with branchwidth O(n°)) for S € [nloglogk,n’%) than the oracle in [38]. For
planar graphs, we improve the time complexity of computing a constant-factor approx-
imate branch-decomposition from O(min{n'*¢logk,nk3logk}), where ¢ > 0 is a con-
stant, to O(min{nlog®nlogk,nk?logk}). Therefore we improves the preprocessing time
for Mozes and Sommer’s distance oracle to O(min{O(nlog? nlogk), O(nk?lognlogk)} for
S € [nloglog k, min{nlog? nlog k,nk?log k/logn}].

Now we focus on the improvement of the time complexity of computing a constant-
factor approximate branch-decomposition for planar graphs. We first introduce some related

results. Fast algorithms for computing small width branch-/tree-decompositions of planar
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graphs have received much attention. Given a planar graph G of n vertices, Tamaki gives
an O(n) time heuristic algorithm for branch-decomposition [76]. Gu and Tamaki give an
algorithm that for an input planar graph G of n vertices and an integer k, either constructs a
branch-decomposition of G with width at most (¢c+1+40)k or outputs bw(G) > k in O(n1+%)
time, where ¢ is any fixed positive integer and 6 > 0 is a constant [40]. By this algorithm and
a binary search, a branch-decomposition with width at most (¢ + 1+ 0)k can be computed
in O(nH% log k) time, where k = bw(G). Kammer and Tholey give an algorithm that for
input G and k, either constructs a tree-decomposition of G with width O(k) or outputs
tw(G) > k in O(nk?) time [53, 54]. The time complexity of the algorithm is improved to
O(nk?) later [55]. This implies that a tree-decomposition with width O(k) can be computed
in O(nk?log k) time, where k = tw(G). Computational study on branch-decomposition can
be found in [13, 14, 15, 49, 50, 74, 76]. Fast constant-factor approximation algorithms for
branch-/tree-decompositions of planar graphs have important applications such as that in
shortest distance oracles in planar graphs [65].

Grid minor of graphs is another notion in graph minor theory [70]. A k X k grid is a
Cartesian product of two paths, each of k vertices. For a graph G, let gm(G) be the largest
integer k such that G has a k x k grid as a minor. Computing a large grid minor of a graph
is important in algorithmic graph minor theory and bidimensionality theory [30, 29, 70]. It
is shown in [70] that gm(G) < bw(G) < 4gm(G) for planar graphs. Gu and Tamaki improve
the linear bound bw(G) < 4gm(G) to bw(G) < 3gm(G) and show that for any a < 2,
bw(G) < agm(G) does not hold for planar graphs [41]. Other studies on grid minor size
and branchwidth/treewidth of planar graphs can be found in [16, 39]. The upper bound
bw(G) < 3gm(G) is a consequence of a result on cylinder minors. A k x h cylinder is a
Cartesian product of a cycle of k vertices and a path of h vertices. For a graph G, let cm(G)
be the largest integer k such that G has a k x [%W cylinder as a minor. It is shown in [41] that
cm(G) < bw(G) < 2ecm(G) for planar graphs. The O(n”i) time algorithm in [40] actually
constructs a branch-decomposition of G with width at most (c+1+d)k or a (k+1) x [%W
cylinder minor.

We propose an O(n) time constant-factor approximation algorithm for branch-/tree-

decompositions of planar graphs. Our main result is as follows.

Theorem 3.1.1. There is an algorithm that given a planar graph G of n vertices and an
integer k, in min{O(nlog>n), O(nk?)} time either constructs a branch-decomposition of G
with width at most (2+ &)k, where § > 0 is a constant, or a (k+1) x [%W cylinder minor
of G.

The O(nlog®n) time result is randomized and can be made deterministic with an addi-
tional log3 n factor in the running time. Theorem 3.1.1 gives an O(n) time constant-factor
approximation for branchwidth/treewidth and largest grid/cylinber minor of planar graphs.
Since a (k+1) x [%w cylinder has branchwidth at least k + 1 [41], a cylinder minor given
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in Theorem 3.1.1 implies bw(G) > k. Therefore, for a planar graph G and k = bw(G),
by Theorem 3.1.1 and a binary search, a branch-decomposition of G with width at most
(2 + 0)k can be computed in min{O(nlog®nlogk),O(nk*logk)} time.

Corollary 3.1.1.1. There is an algorithm that given a planar graph G of n wvertices, in
min{O(nlog3nlogk), O(nk?logk)} time constructs a branch-decomposition of G with width
at most (24 0)k, where 6 > 0 is a constant and k = bw(G).

This improves the previous result of a branch-decomposition with width at most (¢ +
1+0)k in O(nH% log k) time [40]. It is shown (Statement (5.1)) in [73] that given a branch-
decomposition of G with width k, a tree-decomposition of G with width at most 1.5k can
be computed in O(nk) time. By this result, Theorem 3.1.1 implies an algorithm that for an
input planar graph G and an integer k, in min{O(nk + nlog®n),O(nk?)} time constructs
a tree-decomposition of G with width at most (3 + 0)k or outputs tw(G) > k. Similarly, for
a planar graph G and k = tw(G), a tree-decomposition with width at most (3 + §)k can be
computed in min{O(nk 4 nlog3nlogk), O(nk?logk)} time.

Corollary 3.1.1.2. There is an algorithm that given a planar graph G of n wvertices, in
min{O(nk + nlog®nlogk), O(nk?logk)} time constructs a tree-decomposition of G with
width at most (3 + )k, where § > 0 is a constant and k = tw(G).

Kammer and Tholey give an algorithm that computes a tree-decomposition of G with
width at most 48k + 13 in O(nk®logk) time or with width at most (9 + &)k + 9 in
O(nmin{},k}k3logk) time (where 0 < § < 1) [53, 54]. They also give an algorithm for
computing the weighted treewidth for vertex weighted planar graphs [55]. Applying this al-
gorithm to a planar graph G, a tree-decomposition of G with width at most (15+09)k+O(1)
can be computed in O(nk?log k) time. This improves the result of [53, 54]. Our O(nk?log k)
time algorithm is an independent improvement over the result of [53, 54]' and has a better

approximation ratio than that of [55]. Our algorithm can be used to compute a g x [§] cylin-

der (grid) minor with g = bwﬁ(G), where 3 > 2 is a constant, and a g X g cylinder (grid) minor
with g = bwﬂ(G), where 8 > 3 is a constant, of G in min{O(nlog®nlogk), O(nk*logk)} time.

This improves the previous results of g x [§] with g > bWB(G), B> (c+1),and g x g with

g > 55 (24 1), in O(n'* log k) time.

Our algorithm for Theorem 3.1.1 uses the approach in the previous work of [40] described

below. Given a planar graph GG and an integer k, let Z be the set of biconnected components
of G of a normal distance (a definition is given in Section 3.2) h = ak, where a > 0 is a
constant, from a selected edge ey of G. For each Z € Z, a minimum vertex cut set 9(Az)
which partitions E(G) into edge subsets Az and Az = E(G) \ Az is computed such that

'The O(nk?logk) time algorithm in [55] was first announced in July 2015 [56] while our result was
reported in March 2015 [46].
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all edges in Z are in Az and ey € Ay, that is, (Ay) separates Z and eg. If |0(Az)| > k
for some Z € Z then bw(G) > k is concluded. Otherwise, a branch-decomposition of graph
H obtained from G by removing all Ay is constructed. For each subgraph G[Az| induced
by Az, a branch-decomposition is constructed or bw(G[Az]) > k is concluded recursively.
Finally, a branch-decomposition of G with width O(k) is constructed from the branch-
decomposition of H and those of G[Az] or bw(G) > k is concluded.

The algorithm in [40] computes a minimum vertex cut set (Az) for every Z € Z in
all recursive steps in O(nH%) time. Our main idea for proving Theorem 3.1.1 is to find a
minimum vertex cut set d(Az) for every Z € Z more efficiently based on recent results for
computing minimum face-separating cycles and vertex cut sets in planar graphs. Borradaile
et al. give an algorithm that in O(n log* n) time computes an oracle for the all pairs minimum
face-separating cycle problem in a planar graph G [18]. The time for computing the oracle
is further improved to O(nlog®n) [17]. For any pair of faces f and g in G, the oracle in
O(|C]) time returns a minimum (f, g)-separating cycle C' (i.e., C' cuts the sphere on which
G is embedded into two regions, one contains f and the other contains ¢). By this result,
we show that a minimum vertex cut set 9(Ay) for every Z € Z in all recursive steps can

be computed in O(nlog®n) time and get the first result.

Theorem 3.1.2. There is an algorithm that given a planar graph G of n vertices and an
integer k, in O(n log® n) time either constructs a branch-decomposition of G with width at

most (2+0)k or a (k+1) x [%1 cylinder minor of G, where § > 0 is a constant.

For an input G and integer k, Kammer and Tholey give algorithms that construct a
tree-decomposition with width O(k) or outputs tw(G) > k as follows [53, 54, 55] (related
definitions are given in Section 3.4): Convert G into an almost triangulated planar graph
G. Use crest separators to decompose G into subgraphs such that each subgraph contains
one crest with a normal distance k from a selected set of edges called the coast. For each
crest compute a vertex cut set of size at most 3k — 1 to separate the crest from the coast. If
such a vertex cut set can not be found for some crest then the algorithms conclude tw(é) >
k. Otherwise, the algorithms compute a tree-decomposition for the graph H obtained by
removing all crests from G and works on each crest recursively. Finally, the algorithms
construct a tree-decomposition of G from the tree-decomposition of H and those of the
crests.

Viewing each biconnected component Z € Z as a crest and eg as the coast, we get an
O(nk?) time algorithm for Theorem 3.1.1 by applying the ideas of triangulating G and crest
separators in [53, 54] to decompose G into subgraphs such that each subgraph contains one
Z € Z. Instead of finding a vertex cut set of size at most 3k — 1 for each crest, we apply
minimum face-separating cycle techniques to find a minimum vertex cut set 9(Az) in each
subgraph. We show that either a vertex cut set 9(Az) with |0(Az)| < k for every Z € Z
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in all recursive steps or a (k + 1) X [k—;lw cylinder minor can be computed in O(nk?) time

and get the result below.

Theorem 3.1.3. There is an algorithm that given a planar graph G of n vertices and an
integer k, in O(nk?) time either constructs a branch-decomposition of G with width at most
(2+0)kora(k+1)x {%W cylinder minor of G, where 6 > 0 is a constant.

Theorem 3.1.1 follows from Theorems 3.1.2 and 3.1.3.
The next section gives the preliminaries of this chapter. We prove Theorems 3.1.2 and

3.1.3 in Sections 3.3 and 3.4, respectively. The final section concludes the chapter.

3.2 Definitions and Notations

In this chapter, it is convenient to view a vertex cut set 9(Az) in a graph as an edge in a

hypergraph in some cases.

Definition 3.2.1. A hypergraph H is an ordered pair H = (V, E) with a set V of vertices
and a set E of edges, where each edge e € E is a subset of V with at least two elements. H

is a graph if every e € E' has ezactly two elements.

A biconnected component of a graph G is a maximal biconnected subgraph of G. It
suffices to prove Theorems 3.1.2 and 3.1.3 for a biconnected graph G because if G is not
biconnected, the problems of finding branch-decompositions and cylinder minors of G can

be solved individually for each biconnected component.

Definition 3.2.2. For a plane graph G and vertices u,v € V(G), the normal distance
ndg(u,v) is the smallest length of a normal curve between p(u) and p(v). The normal

distance between two vertez-subsets U,W C V(G) is ndg(U, W) = min,cpyvew ndg(u, v).

Figure 3.1 (a) shows a normal curve and the normal distance between two vertices in
a plane graph. We also use ndg(U,v) for ndg(U, {v}) and ndg(u, W) for ndg({u}, W). A
noose v of G separates Y. into two open regions Ry and Rs and induces a separation (4, A)
of G with A = {e € E(G) | ple) C R} and A = {e € E(GQ) | p(e) C Ro}. We also say v
induces edge subset A (or A) (see Figure 3.1 (a) for an example). A separation (resp. an edge
subset) of G is called noose-induced if there is a noose which induces the separation (resp.
edge subset). A noose v separates two edge subsets A; and Ag if v induces a separation
(A, A) with Ay C A and A2 C A. We also say that the noose-induced subset A separates
A and As.

Recall that a noose is a closed normal curve on 3 that does not intersect itself. For a plane
graph G and a noose v induced subset A C E(G), we denote by G|A the plane hypergraph
obtained by replacing all edges of A with edge 9(A) (i.e., V(G|A) = (V(G)\ V(A)) UI(A)
and E(G|A) = (E(G) \ A) U{9(A)}). An embedding of G|A can be obtained from that
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Figure 3.1: (a) A plane graph G. Solid segments are edges of G. A normal curve with the
smallest length between vertices u and v in G is expressed by blue thick dashed segments.
The normal distance ndg(u, v) = 2. A noose v in G is expressed by red thin dashed segments.
Noose v induces an edge subset A and the edges of A are expressed by green solid segments.
(b) A plane hypergraph G|A. A normal curve with the smallest length between vertices u and
v in G|A is expressed by blue thick dashed segments. The normal distance ndg4(u, v) = 3.

of G with p(d(A)) an open disk (homeomorphic to {(z,y)|z? + y* < 1}) that is the open
region separated by v and contains A. For a collection A = {4, .., 4, } of mutually disjoint
noose induced edge-subsets of G, (..(G|A1)|..)| A, is denoted by G|.A. The normal curve and
normal distances in a plane hypergraph are defined from the definitions for the normal curve
and normal distances in a plane graph by replacing a plane graph with a plane hypergraph.
Figure 3.1 (b) gives a normal curve and the normal distance between two vertices in a plane

hypergraph.

3.3 O(nlog’n) Time Algorithm

We give an algorithm to prove Theorem 3.1.2. Our algorithm follows the approach of the
work in [40]. Let G be a plane graph (hypergraph) of n vertices, ey be a given edge of G,
and k, h > 0 be integers. Let Z be the set of biconnected components of the subgraph of G
induced by the vertices with normal distance at least h. We first try to separate eg and the
set Z.

Definition 3.3.1. A good-separator A for Z and eq is a set of noose-induced subsets with

the following properties:
1. for every Az € A, |0(Az)| < k;
2. for every Az € A, G|Ayz is biconnected;
3. for every Z € Z, there is an Ay € A that contains Z and separates Z and eq;

4. for distinct Az, Az € A, AN A, =0.
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For each Z € Z, our algorithm computes a minimum noose (and the noose-induced
subset Az that contains Z) separating Z and eq. If for some Z € Z, |0(Az)| > k then the
k+1

2

algorithm constructs a (k+ 1) x [ W cylinder minor of G in O(n) time by Lemma 3.3.1

proved in [40]. Otherwise, a good-separator A is computed.

Lemma 3.3.1. [/0] Given a plane graph G and integers k,h > 0, let X and Z be edge
subsets of G satisfying the following conditions: (1) each of separations (X, X) and (Z,7)
is noose-induced; (2) G[Z] is biconnected; (3) ndg(V(X),V(Z)) > h; and (4) every noose
of G that separates X and Z has length > k. Then G has a (k+ 1) x h cylinder minor and
given (G|X)|Z, such a minor can be constructed in O(|V(X NZ)|) time.

Given a good-separator A for Z and eg, our algorithm constructs a branch-decomposition
of the plane hypergraph G|.A with width at most k + 2h by Lemma 3.3.2 shown in [41, 76].
For each Az € A, the algorithm computes a cylinder minor or a branch-decomposition for
the plane hypergraph G|Az recursively. If a branch-decomposition of G|Az is found for
every Az € A, the algorithm constructs a branch-decomposition of G with width at most
k + 2h from the branch-decomposition of G|.A and those of G|A; by Lemma 3.3.3 which is

straightforward from the definitions of branch-decompositions.

Lemma 3.3.2. [41, 76] Let k > 0 and h > 0 be integers. Let G be a plane hypergraph with
each edge of G incident to at most k vertices. If there is an edge ey such that for any vertex
v of G, ndg(ep,v) < h then given eqy, a branch-decomposition of G with width at most k+2h
can be constructed in O(|V (G)| + |E(G)|) time.

The upper bound k + 2h is shown in Theorem 3.1 in [41]. The normal distance in [41]
between a pair of vertices is twice of the normal distance in this paper between the same
pair of vertices. Tamaki gives a linear time algorithm to construct a branch-decomposition
with width at most k + 2h [76].

The following lemma is straightforward from the definition of branch-decompositions

and allows us to bound the width of the branch-decomposition of the whole graph.

Lemma 3.3.3. Given a plane hypergraph G and a noose-induced separation (A, A) of G,
let Ta and T be branch-decompositions of G|A and G|A respectively. Let Ta+ T to be the
tree obtained from Ty and Ty by joining the link incident to the leaf O(A) in Ty and the link
incident to the leaf O(A) in Ty into one link and removing the leaves O(A). Then Ty + T3
is a branch-decomposition of G with width max{|0(A)|,ka, kz} where ka is the width of T's
and k— is the width of T.

To make a concrete progress in each recursive step, the following technique in [40] is

used to compute A. For a plane hypergraph G, an edge ey of G and an integer d > 0, let
reachg (e, d) = U{v € V(G)ndg(eo,v) < d}
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Figure 3.2: (a) A plane graph G with two (level 1) biconnected components X and X'.
X contains two (level 2) biconnected components Z and Z'. (b) A layer tree for G and
components X, X', Z, 7',

denote the set of vertices of G with the normal distance at most d from ey.

Definition 3.3.2. For an arbitrary constant o > 0 and integer k > 2, the layer tree
LT(G,eq, k, a) is defined as follows:

e the root of the tree is G;

e cach biconnected component X of G[V(G) \ reachg(ep, [%k-‘ —1)] is a node in level 1
of the tree and is a child of the root;

e cach biconnected component Z of G[V (G)\reachg(eg, h—1)], where h = [%ﬂ + [%W,
is a node in level 2 of the tree and is a child of the biconnected component X in level
1 that contains Z.

Figure 3.2 gives an example of a layer tree.

Recall that Z is a set of biconnected components of the subgraph induced by the vertices
with normal distance at least h from eg. Then, Z is the set of leaf nodes of LT (G, e, k, @)
in level 2. For a level 1 node X in LT(G, e, k, ) that is not a leaf, let Zx C Z be the set
of child nodes of X. Based on the plane hypergraph (G|X)|Zx, we find a minimum noose
in G separating Z and X for every Z € Zx to get a good-separator Ax for Zy and X.
If a minimum noose in G separating Z and X for some Z € Zx has length > k then we
compute a (k+ 1) x [%W cylinder minor of G by Lemma 3.3.1. Otherwise, we compute a
good-separator Ay for Zx and X and the union of Ay for every X gives a good-separator
A for Z and eg.

Notice that if Z is a single vertex then Z will not be involved in any further recursive
step; and if Z is a single edge then there is a noose of length 2 < k separating Z and X,
and it is trivial to compute the branch-decomposition of Z. So we assume without loss of

generality that each Z € Zx has at least three vertices.
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Figure 3.3: (a) A plane hypergraph (G|X)|Zx (Zx = {Z,Z'}). The nooses defining the
embeddings of 9(X), 9(Z) and 9(Z’) are expressed by red dashed segments. (b) The plane
graph Gx constructed from (G|X)|Zx. (c¢) The weighted plane graph Hy constructed from
Gx. The new added vertices and edges are expressed in red.

To compute Ay, we convert (G|X)|Zx to a weighted plane graph Hx and compute
a minimum noose (and the noose-induced subset Az that contains Z) separating every
Z € Zx and X by finding a minimum face-separating cycle in Hy. We use the results by
Borradaile et al. [17, 18] to compute the face-separating cycles.

We first convert the hypergraph (G|X)|Zx into a plane graph Gx as follows (see Fig-
ure 3.3): Remove p(9(X)). For each edge 9(Z) in (G|X)|Zx, let vz be a noose which induces
the separation (Z,Z) in G. Then Ez = {vz \ p(u)lu € (Z)} is a set of open segments.
Replace edge p(0(Z)) by the set of edges which are segments in E7. Gx has a face which
contains p(9(X)) and we denote this face by fx. For each Z € Zx, the embedding p(8(Z))
of edge 9(Z) becomes a face f7 in Gx with E(fz) = Ez. A face in Gx that is not f+ or any
of fz is called a natural face in G x. Notice that G x is a minor of G when the embeddings of
the graphs are not considered because every Z € Zx is biconnected and has at least three
vertices.

Next we convert Gx to a weighted plane graph Hx (see Figure 3.3): For each natural
face f in Gx with [V (f)| > 3, we add a new vertex uy and new edges {uy,v} in f for every
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vertex v in V(f). Each new edge {uy,v} is assigned the weight 1/2. Each edge of Gx is
assigned the weight 1. Notice that |V (Hx)| = O(|V(Gx)|).

A noose in Gy is called a natural noose if it intersects only natural faces in Gx. It
is shown (Lemma 5.1) in [40] that for each Z € Zx, there is a minimum noose in Gx
separating F(fz) and E(fx) that is a natural noose. If for any Z € Zx, a minimum natural
noose separating E(fz) and E(f) has length > k, then by Lemma 3.3.1, we can compute
a(k+1)x [%W cylinder minor of G'x that is also a minor of G. Otherwise, we find a
good-separator Ay for Zx and X. By Lemma 3.3.4 below, a minimum natural noose v
separating E(fz) and E(f) can be computed by finding a minimum (fz, fx)-separating
cycle C' in Hx. The subsets of E(G ) induced by noose v are also called cycle C' induced

subsets.

Lemma 3.3.4. Let Hx be the weighted plane graph obtained from Gx. For any (fz, fx)-
separating cycle C in Hx, there is a natural noose v that separates E(fz) and E(fx) in
Gx with the same length as that of C. For any minimum natural noose v in Gx separating
E(fz) and E(fx), there is a (fz, fx)-separating cycle C in Hx with the same length as
that of v.

Proof. Let C be a (fz, fx)-separating cycle in Hx. For each edge {u,v} in C' with u,v €
V(Gx), {u, v} is incident to a natural face f because fz is not incident to f by ndeg (V(X),V(Z)) =
[%W We draw a simple curve with u, v as its end points in face f. For each pair of edges
{u,us} and {uy,v} in C with u,v € V(Gx) and uy € V(Hx) \ V(Gx), we draw a simple
curve with u,v as its end points in the face f of Gx where the newly added vertex uy
is placed. Then the union of the curves form a natural noose v that separates E(fz) and
E(f+) in Gx. Each edge {u,v} with u,v € V(G x) has weight 1. For a newly added vertex
uy, each of edges {u,us}, {us, v} has weight 1/2. Therefore, the lengths of v and C are the
same.

Let v be a minimum natural noose separating E(fz) and E(f) in Gx. Then v contains
at most two vertices of G x incident to a same natural face of G x, otherwise a shorter natural
noose separating E(fz) and E+ can be formed. The vertices on v partition v into a set of
simple curves such that at most one curve is drawn in each natural face of Gx. For a curve
with the end points v and v in a natural face f, if {u, v} is an edge of Gx then we take {u, v}
in Hy as a candidate, otherwise we take edges {u,us},{us,v} in Hx as candidates, where
uy is the vertex added in f in getting Hx. These candidates form a (fz, fx)-separating
cycle C' in Hx. Because each edge of Gx has weight 1 and each newly added edge has
weight 1/2 in Hy, the lengths of C' and v are the same. O

We use the results by Borradaile et al. for computing minimum face separating cycles

[17, 18] to compute Ay for every X.

Definition 3.3.3. A minimum cycle basis tree (MCB tree) [18] for a plane graph G is an
edge-weighted tree T such that
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o there is a bijection from the faces of G to the nodes of T';

e removing each edge e from T partitions T into two subtrees T and Ts; this edge e
corresponds to a cycle that separates every pair of faces f and g with f in Ty and g

in Ts; and

o for any distinct faces f and g, the minimum-weight edge on the unique path between

f and g in T has a weight equal to the length of a minimum (f,g)-separating cycle.

It is shown in [18] that an MCB tree T of a plane graph G can be computed in O(n log* n)
time and a minimum (f, g)-separating cycle C' can be found in O(|C|) time, where |C] is
the number of edges in C, from T for distinct faces f and g in G. By the result in [17],
the time for computing 7" is improved to O(nlog®n). The next lemma gives a base for our

O(nlog®n) time algorithm.

Lemma 3.3.5. [17, 18] Given a plane graph G of n wvertices with positive edge weights,
a MCB tree of G can be computed in O(n log® n) time. Further, for any distinct faces f
and g in G, given a minimum weight edge in the path between f and g in the MCB tree,
a minimum (f, g)-separating cycle C can be obtained in O(|C|) time, |C| is the number of

edges in C.

A cycle C' in Hx partitions ¥ into two regions and one region contains face f. We
denote by ins(C) the region that does not contain f+. The minimum face separating cycles
in the MCB tree of Hx computed by Lemma 3.3.5 have the following property which is

important for computing a good-separator Ax.

Observation 1. [17, 18] Let T be an MCB tree of Hx computed using Lemma 3.8.5. For
any Z,7' € Zx, let C be the minimum (fz, fx)-separating cycle and C' be the minimum
(fz', fx)-separating cycle obtained from T. Then ins(C') Nins(C’) = @ or ins(C) C ins(C")
or ins(C") C ins(C).

Lemma 3.3.5 requires that there is a unique shortest path between any two vertices in
the input graph [17, 18]. This requirement can be guaranteed with high probability by a
random perturbation on the edge weight of the input graph, making the O(nlog®n) time
for computing the MCB tree randomized [17], or guaranteed deterministically, increasing
the time for computing the MCB tree to O(nlog®n) [18]. Using Lemma 3.3.5 to compute
an MCB tree T of Hx and thus Ax, our algorithm is summarized in Algorithm 1 below.

Now we prove Theorem 3.1.2 which is re-stated below. The O(nlogn) time result in
the theorem is randomized and can be made deterministic with an additional log® n factor

in the running time.

Theorem 3.1.2. There is an algorithm that given a planar graph G of n vertices and an
integer k, in O(n log® n) time either constructs a branch-decomposition of G with width at

most (24 0)k, 6 > 0 is a constant, or a (k+ 1) x [k—;l—‘ cylinder minor of G.
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Algorithm 1: Branch-Minor-MCB-Based(G|U, 0(U), k, o)

N =

© 00 N O Uk W

10
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13
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15
16
17
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21
22
23
24
25

26

27
28

Input: Integer k > 2; constant o > 0; a biconnected plane hypergraph G|U with

0(U) specified, where |0(U)| < k and every other edge has two vertices.

Output: Either a branch-decomposition of G|U with width at most k + 2h, where

h = [%’ﬂ + [%W, ora (k+1) x [%W cylinder minor of G.

if ndgy(0(U),v) < h for every v € V(G|U) then

return a branch-decomposition of G|U with width at most k£ + 2h by Lemma
3.3.2;

Ise

compute the layer tree LT(G|U,9(U), k, a);

for every level 1 node X of LT(G|U,0(U), k,«) that is not a leaf do

compute Gx, Hx from (G|X)|Zx, where Zx is the set of child nodes of X;

compute an MCB tree T' of Hx by Lemma 3.3.5;

while T' contains any fz for Z € Zx do

find a face fz, Z € Zx, in T by a breadth first search from J5 such that
the path between fz and f+ in T does not contain fz for any Z' € Zx
with Z' # Z;

find the minimum weight edge ez = {u, v} in the path between fz and
J5> and the cycle C from edge ez;

if C has length > k then

return a (k+1) x {%W cylinder minor by Lemma 3.3.1;
else
compute the cycle C' induced subset Az that contains F(fz) and

include Az to Ax; for~each node f of T, if edge ez is in the path
between f and f+ in T then delete f from T}

end
end

end
Let A= Uy X is a level 1 node of LT(G|U76(U),I<:,O¢)‘Ax;
for A€ Ado
Let T4 = Branch-Minor-MCB-Based(G|A, 9(A), k, a);
if Ty isa (k+1) x [%—‘ cylinder minor then
‘ return 7Tu;
end
end
construct a branch-decomposition Ty of (G|U)|A with width at most k + 2h by
Lemma 3.3.2;
combine Ty and T4, A € A into a branch-decomposition T of G|U with width at
most k 4+ 2h by Lemma 3.3.3;
return T’

end
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Proof. The input hypergraph G|A of Algorithm 1 in each recursive step for A € A is
biconnected. In Line 12 the algorithm returns a (k + 1) x [%1 cylinder minor of GG. For

the Ax computed in Lines 5 — 17, obviously we have
1. for every Az € Ax, |0(Az)| < k;
2. because G|U is biconnected and 9(Az) € E((G|U)|Az), (G|U)|Ay is biconnected;

3. from the way we find the cycles from the MCB tree, for every Z € Zx, there is exactly

one noose-induced subset Ay € Ax separating Z and X;
4. from the unique shortest path in Hy, for distinct Az, Az € Ax, Az N Az = 0.

Therefore, by Definition 1, Ay is a good-separator for Zx and X. From this, A is a good

separator for Z and U and Algorithm 1 computes a branch-decomposition or a (k+1)x [%W

cylinder minor of G. The width of the branch-decomposition computed is at most

k+2h:k+2([“ﬂ +[

ak

e ELEE (B ERCE EE R

2

where ¢ is the smallest constant with 0k > ak + 4.

Let M, m, and m be the numbers of edges in G[reachg;(0(U),h)], (G|X)|Zx and
Hx, respectively. Then m = O(m;). In Line 4, the layer tree LT(G|U,9(U), k,«) can be
computed in O(M) time. For each level 1 node X, it takes O(m) time to compute 9(X), Gx
and Hy (Line 6). By Lemma 3.3.5, it takes O(mlog®m) time to compute an MCB tree T
of Hx (Line 7). All executions of Line 9 take O(m) time. It takes O(m) time to compute a
cylinder minor by Lemma 3.3.1 (Line 12). From Property 4 of a good-separator (Definition
1), each edge of Hx appears in at most two cycles that induce the subsets in Ax. So it
takes O(m) time to compute Ax (Lines 8 — 16). Therefore, the total time for Lines 6 — 16
is O(mlog®m). For distinct level 1 nodes X and X', the edge sets of subgraphs (G|X)|Zx
and (G|X")|Zx are disjoint. S0 3.+ X is a level 1 node Mz = O(M). Therefore, the total

time for Lines 4 — 17 is
Z O(mglog® my) = O(Mlog® M).
x:X is a level 1 node of LT(G|U,8(U),k,x)

The time for other steps in Algorithm 1 is O(M). In every recursion call, only the vertices in

reachq(O(U), h) are involved. So the number of recursive calls in which each vertex of G|U

1
a

is involved is O(2) = O(1). Therefore, the running time of the algorithm is O(nlog3n). O
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3.4 O(nk?) Time Algorithm

To get an algorithm for Theorem 3.1.3, we follow the framework of Algorithm 1 in Section 3.3
but use a different approach from that in Lines 7-16 to compute face-separating cycles and
a good separator for Zx and X. We first introduce some notions for our approach.

Given Zx and Hx as those in Algorithm 1, for each Z € Zx the edges incident to face
fz in Hx form a (fz, fx)-separating cycle, denoted by Cz and called the boundary cycle
of Z. Notice that |[E(Cz)| = |0(Z)|. Given a plane graph G, we choose an arbitrary face as
the outer face fy of G. A cycle C' in G partitions ¥ into two regions and exactly one region

contains fp. Let ins(C') denote the region that does not contain fj.

Definition 3.4.1. Two cycles C and C' in a plane graph cross with each other if they

satisfy the following conditions:
1. ins(C) Nins(C") # 0;
2. ins(C) \ ins(C") # 0;
3. ins(C’) \ ins(C) # 0.

A set C of at least two cycles is crossing if there are two cycles C,C" € C such that C' and

C' cross with each other, otherwise C is non-crossing.
Our approach has the following major steps:

(s1) Foreach Z € Zx with |Cz| < k, we take Cz as a "minimum" (fz, f+)-separating cycle
and the cycle C'z induced subset Z as a candidate for a noose induced edge subset
Az that separates Z and X.

(s2) Let Wx ={Z € Zx | |Cz| > k}. We apply the techniques in [53, 54] to decompose
Hx into subgraphs that are called extended components, each extended component

contains face fz for exactly one Z € Wx.

(s3) For each extended component containing one fz with Z € Wx, we find a minimum

(fz, fx)-separating cycle using the approaches in [18, 69].

(s4) From the (fz, fx)-separating cycles computed above, we find non-crossing face-separating

cycles to get a good separator for Zx and X.

As shown later, the set of boundary cycles Cz for Z € Zx is non-crossing. The approach
in [69] is a basic tool for Step (s3). The efficiency of the tool can be improved by pre-
computing some distances between the vertices in the vertex cut set that separates the
extended component from the rest of the graph as in [18]. The subgraphs computed in
Step (s2) have properties that allow us to use a scheme in [53, 54] to pre-compute some

distances (called pseudo shortcut set in [53, 54]) for every extended component to further
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improve the efficiency of the tool when it is applied to the extended components. To get an
O(nk?) time algorithm, we can not use the techniques in [18] to guarantee unique shortest
paths deterministically as in section 3.3. Therefore the set of separating cycles computed
in Step (s3) may not be non-crossing. We develop a new technique to clear this hurdle.
New ingredients in our approach also include: To find separating cycles, we simply take
Cz as a "minimum" (fz, f5)-separating cycle for Z with |Cz| < k and use the complex
techniques only for Z with |Cz| > k instead of every Z € Zx as in [53, 54]. This reduces
the time complexity by a O(k) factor for finding the separating cycles. Combining the
approaches of [18, 69] for finding the minimum face-separating cycles, the scheme in [53, 54]
for pre-computing the pseudo shortcut set and a newly developed technique to extract non-
crossing separating cycles from the cycles computed in Steps (s1)-(s3), we find non-crossing

separating cycles of length at most k instead of 3k — 1 as in [53, 54, 55].

3.4.1 Review on Previous Techniques

We now briefly review some notions and techniques introduced in [53, 54] for plane graphs
without vertex weight. These notions and techniques are also used in [55] but are described
for vertex weighted plane graphs. We review these notions and techniques in their form for
plane graphs without vertex weight as our algorithm uses these notions and techniques for
such graphs.

Let G be a plane graph and fy be the outer face of G.

Definition 3.4.2. The height of a vertez u in G is hg(u) = ndg(V (fo),u).
For any integer k > 1, G is k-outerplanar if hg(u) < k for every vertex u in G.

Definition 3.4.3. The depth of a face f of G is dg(f) = min,cy(f) ha(u). The depth of
a path L in G is dg(L) = min,ey (1) ha(u).

Definition 3.4.4. A crest in G is a mazimal connected set Z C V(G) such that every
vertex of Z has the largest height in G.

Recall that a plane graph is almost triangulated if every face of the graph other than
the outer face is incident to exactly three vertices and three edges. Let G be an almost
triangulated graph. For each u with hs(u) > 0, an arbitrary vertex v adjacent to u with
hg(v) < hg(u) (such a v always exists) is selected as the down vertex of u and the edge
{u,v} is called the down edge of u. When the down edge of every vertex in G is selected,

each vertex v in G has a unique down path consisting of the selected down edges only.

Definition 3.4.5. Let v be any vertex in G. The down path of v is the unique path between

v and some vertex of fo, where fy is the outer face of G, that contains only down edges.

Definition 3.4.6. Let Z and Z' be two crests in G. A ridge between Z and Z' is a path R
between Z and Z' such that R has the mazximum depth among all paths between Z and Z'.
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Figure 3.4: (a) A plane graph Gx. (b) An almost triangulated plane graph Gx constructed
from Gx. The added edges are expressed by red thin segments. Gx has two crests Z and
Z'" expressed by red squares. (c) A ridge R (expressed by blue thick segments) between Z
and Z’ and a crest separator S (expressed by green thick dashed segments). Vertices u and
v are the top vertices, and edge {u, v} is the top edge of S.

Definition 3.4.7. A crest separator is a subgraph S = L1 ULy of G, where Ly is the unique
down path of a vertex u and Lo is a path composed of the edge {u,u'} and the unique down

path of u', where u' is not in Ly and hp(u') < he(u).

Vertices in S of the largest height are called the top vertices and edge {u,u'} is called
the top edge of S. Figure 3.4 gives an almost triangulated plane graph with two crests, a
ridge R between the two crests and a crest separator. Notice that each crest separator S
has t € {1,2} top vertices. The height hp(S) of a crest separator S is the height of its top
vertices. We say a crest separator S = L1 U Lo is on a ridge R if a top vertex u of S is on
R and hy(S) = da(R). A crest separator S = L1 U Ly is called disjoint if path L; and the
down path of u/ do not have a common vertex, otherwise converged. For a converged crest
separator S, the paths L and Lo have a common sub-path from a vertex other than u to
a vertex w in V(fp). The vertex v # u in the common sub-path with the largest height is
called the low-point and the sub-path from v to w is called the converged-path of S, denoted
by cp(S). )

For the outer face fy of G on the sphere X, let fy be the region of ¥\ fy. Given two

crests Z and Z' in G, We say a crest separator S separates Z from Z’ if removing S from
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fo cuts fo into two regions, one region contains Z and the other contains Z’. Given a set
of r — 1 crest separators Si,..,S,_1, removing Si,..,S,_1 from fy cuts fy into r regions
Ry, ..,R,. Let P;,1 <i <r, be the subgraph of G consisting of the edges of G in R; and the
edges of every crest separator with its top edge incident to R;. Each P; is called an extended
component.

Crest separators of minimum height are important in computing extended components

with some properties required by our algorithm.

Definition 3.4.8. A critical crest separator for crests Z and Z’ in G is a crest separator

S that satisfies the following conditions:
e S is on a ridge between Z and Z' and
e S separates Z from Z' in G.

The crest separator in Figure 3.4 is a critical crest separator for Z and Z’.
The next observation summarizes some properties of a set of crest separators. These
propterties are implicit in the proofs of Lemmas 6-8 of [54] and explicit in Lemmas 3.8-3.12

of [55], and give a base for our algorithm.

Observation 2. [54, 55] For any subset W of v crests Z1, .., Z, in G, there is a set S of

r — 1 crest separators with the following properties:

(A) The crest separators of S decompose G into extended components Py, ..., P, such that
each extended component P; contains exactly one crest Z; € W. Moreover, no crest

separator in S contains a vertex of any Z; in W.

(B) For each pair of extended components P; and Pj, there is a critical crest separator
S €S8 for Z; and Z;. Moreover, S has the minimum number of top vertices among

all critical crest separators for Z; and Z;.

(C) Let Ts be the graph that V(Ts) = { P, ..., P.} and there is an edge {P;, P;} € E(Ts)
if there is a crest separator S = E(P;) N E(Pj) in S. Then Ts is a tree.

The tuple (G,S, W) is called a good mountain structure tree (GMST). We call Ts the
underlying tree of the GMST (G,S,W). For each edge {P;, P;} in Ts, the S € S with
E(S) = E(P;) N E(F;) is called the crest separator on edge {P;, P;}. The following result is
implied implicitly in [54] and later stated in [46] and [55]. Our algorithm will use this result
for computing a GMST.

Lemma 3.4.1. [46, 54, 55] Given an arbitrary subset W of crests in an O(k)-outerplanar
G, a GMST (G, S8, W) can be computed in O(|V(G)|k) time.
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Figure 3.5: Graph @’ obtained from cutting @ along cp(S).

Given a GMST (é,S,W), we choose an arbitrary vertex P; in Ts as the root. Each
crest separator S € S decomposes G into two subgraphs, one contains P;, called the upper
component by S, and the other does not, called the lower component by S. An extended
component P is enclosed by a converged crest separator S if P\ cp(S) does not have any
edge incident to fy. For vertices u and v in an extended component P, let distp(u,v) denote
the length of a shortest path in P between u and v. For vertices u and v in a disjoint crest
separator S, let distg(u,v) be the length of the path in S between u and v. For vertices u
and v in a converged crest separator S, let distg(u,v) be the length of the shortest path in
S between u and v if at least one of w and v is in ¢p(S), otherwise let distg(u,v) be the
length of the path in S between u and v that does not contain the the low-point of S.

A disjoint crest separator .S decomposes G into two extended components P and Q. For
P (resp. @), let Ggp (resp. Gsg) be the weighted graph on the vertices in S such that for
every pair of vertices w and v in S, if dist p(u, v) < distg(u,v) (resp. distg(u,v) < dists(u,v))
then there is an edge {u,v} with weight distp(u,v) in Ggp (resp. with weight distg(u,v)
in Ggg). Edge {u, v} is called a pseudo shortcut. If P is the upper component by S then
Ggsp is called the upper pseudo shortcut set of S, denoted by upPSS(S) and Ggg the lower
pseudo shortcut set of S, denoted by lowPSS(S), otherwise Ggp is called the lowPSS(S)
and Ggg the upPSS(S).

A converged crest separator S decomposes G into two extended components and exactly
one extended component P is enclosed by S. For P, let Ggp be defined as in the previous
paragraph. Let @ be the other extended component that is not enclosed by S. A plane
graph Q' can be created from @ by cutting @ along cp(S): create a duplicate v' for each
vertex v in c¢p(S) and create a duplicate ¢’ for each edge e in cp(S) (see Figure 3.5). Let
S’ be the subgraph induced by the edges of S and the duplicated edges. For every pair of
vertices u, v in S’, let distg/(u,v) be the length of the path in S’ between u and v. For @',
let Gsqr be the weighted graph on the vertices on S’ such that for every pair of vertices u
and v, if distg/(u,v) < distg/(u,v) then there is an edge {u,v} with weight distg/(u,v) in
Gsq . If P is the upper component by S then Ggp is called the upPSS(S) and Gg¢ the
lowPSS(S), otherwise Ggp is called the lowPSS(S) and Ggg the upPSS(S).

Each crest separator S € & decomposes G into two extended components P and Q

and we assume P is the upper component and () is the lower component. For each edge
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e = {u,v} in upPSS(S) (resp. lowPSS(S)), the weight of e is used to decide whether a
minimum face-separating cycle should use a shortest path between u and v in P (resp. Q)
or not, and if so, any shortest path between u and v in P (resp. ()) can be used (there
may be multiple shortest paths between u and v in P (resp. @)). So we say edge {u,v}
in upPSS(S) (resp. lowPSS(S)) represents any shortest path between v and v in P (resp.
Q). The computation of upPSS(S) (resp. lowPSS(S)) also includes computing one shortest
path between u and v in P (resp. Q) for every edge {u, v} in upPSS(S) (resp. lowPSS(S)).

The next observation summarizes some properties that provide a base for our algorithm.

Observation 3. [54, 55] For down path, GMST (G, S, W), upPSS(S) and lowPSS(S), the
following properties hold:

(I) For any pair of vertices u and v in G, dista(u,v) > |hea(u) — he(v)].

(1) For any pair of vertices u and v in a same down path of S, dists(u,v) = |ha(u) —
he(v)] = dist s (u, v).

(I11) If G is O(k)-outerplanar then for every S € S, there are O(k) vertices and O(k) edges
in S and every edge in upPSS(S) (lowPSS(S)) has weight O(k).

(IV) If G is O(k)-outerplanar, ¥ p,crs |E(P)| = |E(G)| + O(|S]k).

(V) For every S € S and each edge e = {u,v} in upPSS(S)/lowPSS(S), any shortest path
represented by e has length smaller than distg(u,v) and any path between u and v
with length smaller than dists(u,v) contains no vertex of height greater than h:(S)

and no more than t — 1 vertices of height h(S), where t is the number of top vertices

of S.

(VI) Let S be the crest separator on edge {P;, P;} in Ts. Assume that Z; and Z; are in
the upper component P and lower component QQ by S, respectively. For every edge
e = {u,v} in upPSS(S)/lowPSS(S), any shortest path represented by e has length
smaller than distg(u,v) and for any path P, between u and v in P (resp. Q) with
length smaller than dists(u,v), P. and the segment of S between u and v that contains

a top vertex of S form a cycle which separates Z; (resp. Z;) from fy.

Properties (I)-(IV) in Observation 3 are straightforward from the related definitions.
Property (V) is shown in Lemma 12 of [54] and Property (VI) is proved in Lemma 19 of
[54] and Lemma 5.2 of [55]. From the properties in Observation 3, the pseudo shortcut sets
upPSS(S) and lowPSS(S) can be computed as shown in the next lemma (Lemma 4.12 of
[55] and stated in [46]). Our algorithm will use Lemma 3.4.2 for computing the pseudo

shortcut sets.

Lemma 3.4.2. [55] Given a GMST (G‘,S,W), upPSS(S) and lowPSS(S) for all S € S
can be computed in O(|V(G)|k + |W|k3) time.
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3.4.2 Algorithm for Theorem 3.1.3

For a level 1 node X and the set Zx of child nodes in the layer tree LT(G|U,0(U), k, «)
in Algorithm 1, recall that Gx is the plane graph converted from the plane hypergraph
(G|X)|Zx and Hx is the weighted plane graph computed from Gx as described in Sec-
tion 3.3. Recall that Wy = {Z € Zx | |Cz| > k}. We apply the techniques in [53, 54] to
decompose Hx into extended components such that each extended component contains face
fz of Hx for exactly one Z € Wx. It may not be straightforward to decompose H x directly
by the techniques of [53, 54] because some of the techniques are described for (unweighted)
graphs while Hx is a weighted graph (edges have weight 1/2 or 1). To get a decomposition
of Hx as required, we first construct an almost triangulated graph Gx from Gy with each
Z € Zx represented by a crest of Gy; then by the techniques of [53, 54] find a GMST
of Gx that decomposes G x into extended components, each extended component contains
exactly one crest; next construct an almost triangulated weighted graph Hy from Hx with
each Z € Zx represented by a crest of Hy; and finally compute a set of crest separators
in H x based on the GMST of G x to decompose H x into extended components such that
each extended component H x contains exactly one crest Z € Wy (and thus each extended
component of Hx contains exactly one face fz).

We first describe the construction of Gx. Let Jx be the outer face of G'x. For every
Z € Zx, we add a vertex, also denoted by Z, and edges {u, Z} for every u € V(fz) to
face fz in Gx. For every natural face f of Gx with |V(f)| > 3, we select an arbitrary
vertex v of V(f) with hg, (v) = da, (f) (hgy (v) is the height of vertex v and dg, (f) is
the depth of face f) as the low-point of f, denoted by Ip(f), and we add edges {u,1p(f)} to
face f for every u € V(f) and not adjacent to Ip(f). Let Gx be the graph obtained from
adding the vertices and edges above. Then Gy is almost triangulated. Figure 3.4 shows a
Gx constructed from a Gy.

Gx is a subgraph of Gx. For every u € V(Gx) NV (Gx), hgy(u) = ha, (u). Every
vertex Z added to face fz of Gx is a crest of Gx and every crest of Gx is a vertex Z added
to fz. Recall that Wx = {Z € Zx | |Cz| > k} is a subset of crests in Gx. By Lemma 3.4.1,
we can find a GMST (Gx,S, Wy).

Next we describe how to construct H x from Hx. For every Z € Zx, we add a vertex,
also denoted by Z, and edges {u, Z} for every u € V(fz) to face fz of Hx. We assign
each edge {u,Z} weight 1. Let Hy be the graph computed above. Then Hy is almost
triangulated. Notice that V(Gx) C V(Gx) C V(Hx), V(Hx) C V(Hx), E(Gx) C E(Gx),
E(Gx) C E(Hx) C E(Hy) and |V (Hx)| = O(|]V(Gx)|). Each vertex u € V(Hy) is either
a vertex in Gy or a vertex added to a natural face of Gx. We define the height & 7, (w) of

each vertex u of H x as follows:
o hy (u) =hg, (u)ifuc V(Hx)NV(Gx).
o hy (u)=da(f)+ % if u = uy is the vertex added to a natural face f of Gx.
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Then each vertex Z is a crest of H x and each crest of H x is a vertex Z. The height of
a crest separator, the depth of a path and a face, and a ridge in Hy are defined based
on h Ay (u) similarly as those in Section 3.4.1. Notice that for every edge e of Gx, either
e € E(Gx)NE(Hx) or e is an edge added to a natural face f of Gx during the construction
of Gx.

Lemma 3.4.3. Let Z and Z' be two crests in Gx and Hy. For any ridge R in Gx and any
ridge R in Hx between Z and Z', either dg (R') = dg, (R) ordy (R') =dg (R)+ 1.
Proof. For ridge R, if we replace every edge e = {u,v} of R that is added to a natural
face f with edges {u,us} and {uys,v} in Hy, where uys is the vertex added to face f when
constructing Hy from Gy, we get a path Q between Z and Z’ in Hy. Since hHX(“f) =
min{hy (u),hy (v)}+ 1, di, (Q) = dg  (R), that is, @ and R have the same depth. Recall
that a ridge between Z and Z’ is a path between Z and Z’ that has the maximum depth
among all paths between Z and Z'. dy; (R') > dg, (R).

Ridge R’ can be partitioned into subpaths such that each subpath either is an edge
e € E(Gx)N E(Hx) or has two edges {u,ur}, {us, v}, where uys is the vertex added to a
natural face of Gx when constructing Hx from Gx. Since hy (uy) = day (f) + %, for each
subpath {u,us}, {ug,v} in R, there is a path Py between v and v in Gx with de (Pr) =
de (f) =hg (uy) — 1. If we replaAce every subpath {u,us}, {ug, v} of R’ by path Py, we
get a path P between Z and Z’ in Gx with dy (R') =dg (P) or dy (R') =dg (P)+ 3.
From this and dy (R') > dg, (R), either dy (R') = dg (R)ordy (R') =dg, (R)+3. O

Similar to the down vertex and down edge in G x, we define the down vertex and
down edge for each vertex of Hy. Recall that any vertex v adjacent to vertex u with
hi h
each u of Hx as follows:

(v) < hg, (u) can be selected as the down vertex of u. We choose the down vertex for

e if u € V(Gx) and the down edge {u, v} of u in Gy is in E(Gx) N E(Hy), then let v

be the down vertex of u in Hy;

e if u € V(Gyx) and the down edge {u,v} of u in Gx is an edge added to a natural face
f of Gx, then let the vertex uy added to f in Hy be the down vertex of u;

e otherwise, u is not in G x and is the vertex uy added to a natural face f of Gx in

Hy; then let the low-point Ip(f) be the down vertex of w.

The edge between vertex u and its down vertex is the down edge of u.

Given a GMST (G’ x,S, Wx), for every crest separator S € S, we convert each S € S
into a subgraph D of Hyx as follows: for every edge e = {u,v} in S, if e is also an edge
of Hy then e is included in D, otherwise edges {u,ur}, {us,v} of Hy are included in D,
where u; is the vertex added to face f of Gx when Hy is created from Gx. D is called the
H -converted graph of S.
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Lemma 3.4.4. Let S € S be a critical crest separator for crest Z and Z' in Gx such that
S has the minimum number of top vertices among the critical crest separators for Z and
Z'. Let D be the Hx-converted graph of S. Then either

e D is a critical crest separator for Z and Z' in fIX, and D has the minimum number

of top vertices among the critical crest separators for Z and Z'; or

e D is a crest separator that separates Z from Z', hy (D) =dg (R')+1/2, and every

critical separator for Z and Z' in Hy has two top vertices.

Proof. Recall that a crest separator S in S consists of two paths L and Ly, where Ly is the
down path of some vertex u and Lo is composed of the top edge {u, '} and the down path
of u', where v’ is not in Ly and hy (u’) < hy (u). Let {u,u'} be the top edge of S. The
Hx-converted graph of S (i.e. D) consists of two paths L] and L5. There are three cases:

1. {u,v/} € E(Hx) N E(Gx). L is the down path from vertex u in Hy and L} is
composed of the top edge {u,u'} and the down path from v in Hy.

2. {u,u'} € E(Gx)\E(Hx) and ha, (W) = he, (u')+1. L] is the down path from vertex
win Hy and L5 is composed of the top edge {u,us} and the down path from uy in
Hy.

3. {u,u'} € E(Gx)\ E(Hx) and hg, (u) = hg (u'). Ly is the down path from vertex
uy. If u = Ip(f) then Lj is composed of the top edge {us, '} and the down path from

v/, otherwise, Lo is composed of the top edge {uf,u} and the down path from u.

In all cases, D is a crest separator that separates Z from Z’ in Hy. Let R be a ridge between
in Gx and R’ be a ridge in Hy between Z and Z'. By Lemma 3.4.3, di (R) = dg (R).
Since D separates Z from Z’ in Hyx, D intersects R', implying h iy (D) = dg. (R'). Because
S is a critical crest separator for Z and Z’ in G, ha, (S) =dg  (R). Therefore, hy (D) =
dHX(R') > dGX(R) = héX(S).

In Cases 1 and 2, hy (D) = hg (S), implying hﬁx(D) = dgy (R) = ds (R) =
he (S). So D is a critical separator for Z and Z’' in Hx. In these two cases, D has the
same number of top vertices as that of S. In Case 2, S has one top vertex and thus D has
the minimum number of top vertices. In Case 1, if S has one top vertex then D has the
minimum number of top vertices. Assume that S have two top vertices and there is a critical
crest separator D’ for Z and Z' in Hx with one top vertex. Because di (R) = dg (R),
there is a critical separator S’ for Z and Z’ in G'x with one top vertex, contradicting with
the fact that S is a critical crest separator for Z and Z’ with the minimum number of top
vertices. Therefore, D has the minimum number of top vertices among all the critical crest
separators for Z and Z'.

In Case 3, S has two top vertices and hyy (D) = hg (S)+5 = e, (R)+3. If dg (R) =
dg  (R) + 1, then hi (D) =dg (R') and D is a critical crest separator for Z and Z’ in
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Hx with exactly one top vertex. Otherwise, by Lemma 3.4.3, dﬁX(R’) = dg (R) and
hy (D) =dg (R') + 1/2. Assume that there is a critical crest separator for Z and Z’ in
Hx with one top vertex. Then there is a critical crest separator in for Z and Z’ in G x with
one top vertex, contradicting with the fact that S has two top vertices and is a a critical

crest separator for Z and Z’ with the minimum number of top vertices. ]
The next lemma is straightforward from Observation 2 and Lemma 3.4.4.

Lemma 3.4.5. Given a GMST (Gx,S,Wx), let D = {D|D is the Hx -converted graph of S
for every S € 8} and assume that Wx has r crests Z1, .., Z,. Then the following properties
holds for D:

(A) The crest separators of D decompose Hy into r extended components Py, ..., P. such
that each extended component P; has exactly one crest Z;. Moreover, no crest separator
D in D contains a crest in Wx, that is, each extended component contains the edges
in E(fz) of Hx for exactly one Z € Wx.

(B) For each pair of extended components P; and P;, either

(B1) there is a critical crest separator D € D for Z; and Z; such that D has the
minimum number of top vertices among the critical crest separators for Z; and
Zj in ﬁx; or

(B2) D is a crest separator that separates Z from Z', and hy (D) =dg (R') +1/2;

and every critical crest separator for Z and Z' in Hy has two top vertices.

(C) Let Tp be the graph that V(Tp) = {Pi, ..., P,} and there is an edge {P;, P;} € E(Tp)
if there is a crest separator D = E(P;) N E(Pj) in D. Then Tp is a tree.

Definition 3.4.9. The tuple (fIX, D, Wx) is called a pseudo good mountain structure tree
(pseudo GMST) for Wx.

For each D € D and vertices u,v of D, distp(u,v), upPSS(D) and lowPSS(D) are
defined similarly as distg(u, v), upPSS(S) and lowPSS(S) for crest separator S and u,v of
S in Section 3.4.1. As shown in the next lemma, Properties (I) to (VI) in Observation 3
hold for a pseudo GMST, upPSS(D) and lowPSS(D).

Lemma 3.4.6. Properties (I) to (VI) in Observation 3 hold for a pseudo GMST (Hx, D, Wx),
upPSS(D) and lowPSS(D), D € D.

Proof. Property (I) and Property (II) hold trivially from the definition of h_(u) for vertex
u and the definition of down path.

If Hy is O(k)-outerplanar, then the height of D is O(k) and there are O(k) vertices and
O(k) edges in D because the weight of each edge in Hx is 1 or 1/2. From Property (II),
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every edge in upPSS(D) (lowPSS(D)) has weight O(k) because distp(u,v) = O(k) for any
uw and v in D. Thus, Property (III) holds.

Every D € D is the Hx-converted graph of an S € S and |E(D)| = O(|E(S)|). From
this, and [D| = |S|, Y p.er, |E(P;)| = |E(Hx)| + O(|D|k). Thus, Property (IV) holds.

From Property (II), for each edge e = {u,v} in upPSS(S)/lowPSS(S), u and v must
be in different down paths of D and distp(u,v) = 2hy (D) — hg (u) —hy (v) + (¢t — 1),
where ¢ € {1,2} is the number of top vertices of D. Any vertex w of height greater than
P, (D) in Hx has height at least hi, (D) + 1/2. From Property (I), any path between u
and v that contains w has length at least 2hy (D) +1—hpy (u) — hg (v) = distp(u,v).
Similarly, any path between u and v that contains t vertices of height h Ay (D) has length at
least distp(u,v). Therefore, any path between u and v with length smaller than distp(u,v)
contains no vertex of height greater than h Ay (D) and no more than ¢ — 1 vertices of height
hj (D). Thus, Property (V) holds.

We prove Property (VI) by contradiction. Let D € D be the crest separator on edge
{P;, P;} in Tp. We assume that Z; and Z; are in the upper component and lower component
by D, respectively. For each edge e = {u, v} in upPSS(D) (resp. lowPSS(D)), let P, be any
path between u and v in the upper component P (resp. lower component () with length
smaller than distp(u, v) and let D(u,v) be the subpath of D between u and v and containing
a top vertex of D. Then P, and D(u,v) form a cycle in Hx. Assume for contradiction that
the cycle formed by P, and D(u,v) does not separate Z; (resp. Z;) from f+. Let R’ be a
ridge between Z; and Z; in Hy. Let D' be the subgraph of Hy obtained by replacing D(u, v)
with P, in D. Then D’ separates Z; from Z; and thus, intersects with R’, and D’ contains at
least one vertex w with hy (w) = dy (R'). Notice that every vertex of D"\ P, has height
smaller than dy (R'). So Pe contains w. Consider Property (Bl) in Lemma 3.4.5 where
hi (D) =dg (R') and D has the minimum number of top vertices among all critical crest
separators for Z; and Z;. If D has one (t = 1) top vertex, from Property (V), P contains
no (t —1 = 0) vertex of height dy; (R'), a contradiction. If D has two top vertices then
every critical crest separator for Z; and Z; has two top vertices and w is the only vertex of
height d FIX(R/ ) in P.. However, this means that D’ is a critical crest separator for Z; and
Zj with one top vertex w, a contradiction. Consider Property (B2) in Lemma 3.4.5, where
hig (D) =dg (R') +1/2 and every critical crest separator for Z; and Z; in Hx has two
top vertices. As proved, if P. has one vertex of height d HX(R/ ), we have a contradiction. If
P. has two vertices of height greater than or equal to d HX(R’ ), the length of P, is at least
distp(u,v), a contradiction. This gives Property (VI). O

Given a GMST (@X, S, Wx), a pseudo GMST (Hx, D, W) can be computed in O(|S|k)
time. Lemma 3.4.2 holds for a pseudo GMST because the lemma only relies on Properties
(I)-(VI) in Observation 3. The computation of upPSS(D) and lowPSS(D) in Lemma 3.4.2
(implicitly) uses a linear time algorithm by Thorup [77] for the single shortest path problem
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in graphs with integer edge weight as a subroutine. If the unique shortest paths are required,
the techniques in Section 3.3 to guarantee the unique shortest paths will introduce addi-
tional time overhead for computing upPSS(D) and lowPSS(D). To avoid the additional
time overhead, we do not assume the uniqueness of shortest paths in the algorithm for
Theorem 3.1.3 when we compute minimum separating cycles. In Section 3.3, we do not
have crossing minimum separating cycles because of the uniqueness of shortest paths. How-
ever, two minimum separating cycles computed without the assumption of unique shortest
paths may cross with each other. We eliminate each crossing cycle set by exploiting some
new properties of pseudo GMST, upPSS(D) and lowPSS(D), and then compute a good
separator Ax.

Recall that Hy is constructed from Hy by adding vertex (crest) Z and edges {u, Z}, u €
V(fz), to face fz in Hx. Each extended component P of a pseudo GMST (ﬁx, D, Wx) con-
tains exactly one crest Z € Wyx. We show in the proof of Lemma 3.4.7 later that a minimum
(fz, f)-separating cycle can be computed based on (ﬁX, D, Wx), upPSS(D)/lowPSS(D),
D € D, and the approaches of [18, 69].

Given a set Wx of crests in Hy, our algorithm for Theorem 3.1.3 computes a pseudo
GMST (Hx, D, Wx), calculates upPSS(D) and lowPSS(D) for every crest separator D € D,
and finds a minimum (fz, f5)-separating cycle for every Z € Wy using the pseudo GMST,
upPSS(D) and lowPSS(D). More specifically, we replace Lines 7 — 16 in Algorithm 1 by
Procedure Separator-Based below.

Recall that for each Z € Zx, the boundary cycle Cy for Z is the cycle formed by all
edges incident to face fz. Procedure Separator-Based first tries to find (fz, f+)-separating
cycles from the boundary cycles C; of Z € Zx. The property of boundary cycles shown in
the next proposition implies that the set of boundary cycles is non-crossing and there are

O(m) edges in these cycles.

Proposition 1. For any distinct Z,Z' € Zx, Cyz and Cz share at most one common

vertezx.

Proof. Assume that Cz and Cz share more than one vertex. Then Z U Z’ is biconnected,
contradicting with the fact that each Z € Zx is a biconnected component (i.e., a maximal

biconnected subgraph). O
We now analyze the time complexity of Procedure Separator-Based.

Lemma 3.4.7. The time complexity of Lines 1 — 18 in Procedure Separator-Based is
O(|E(Hx)|k?).

Proof. Let m be the number of edges in Hy. Then |E(Gx)| = |E(Hx)| = O(m). So
Lines 1 — 2 takes O(m) time. By Proposition 1, 3~z [Cz| = O(m). Therefore, for all
Z € Zx \ Wx, the (fz, fx)-separating cycles can be found in O(m) time (Lines 3 — 5).
For each crest Z € Wx, Cz has more than k edges in Hx. Therefore, |[Wx| = O(m/k). By
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Procedure Separator-Based

© 0w N O s W N

-
- o

12
13
14
15
16
17
18
19

Input: A plane hypergraph (G|X)|Zx and an integer k > 2.
Output: Either a good separator Ax for Zx and X, or a (k+ 1) x [k—;ﬂ cylinder
minor of G.
compute Gx, Hy, Gx, Hx from (GIX)|Zx;
mark every Z € Zx as un-separated;
for every Z € Zx with |Cz| < k do
take Cz as a (fz, f+)-separating cycle and mark Z as separated;
end
let Wy ={Z € Zx | |Cyz| > k};
compute a GMST (éX,S, Zx) by Lemma 3.4.1;
compute a pseudo GMST (ﬁX,D, Wx) from (@X,S, Wx);
compute upPSS(D) and lowPSS(D) for every crest separator D € D by Lemma 3.4.2;
while not every Z € Zx is marked as separated do
choose an arbitrary un-separated Z, compute a minimum (fz, f)-separating
cycle C using the pseudo GMST (ﬁX,D, Wx), upPSS(D) and lowPSS(D);
if the length of C is greater than k then
‘ return a (k + 1) x [%1 cylinder minor by Lemma 3.3.1;

else
take C' as the minimum (fz, f+)-separating cycle for every Z € ins(C');
mark every Z in ins(C') as separated;

end
end
Compute Ax from the (minimum) face-separating cycles obtained in Lines 4 and 15.
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(b) (c)

Figure 3.6: (a) Extended component P of Hy, (b) extended component P’ of Hx and (c)
graph P(L).

Lemmas 3.4.1 and 3.4.2, a pseudo GMST (Hyx, D, Wx), upPSS(D) and lowPSS(D) for all
D € D can be computed in O(mk + [Wx|k3) = O(mk?) time (Lines 6 — 9).

For an un-separated crest Z € Wy, let P be the extended component in the pseudo
GMST (Hx, D, Wyx) containing Z (see Figure 3.6 (a)). By Property (A) in Lemma 3.4.5,
removing Z and the edges incident to Z from P gives an extended component P’ of Hx
containing face fz of Hx (see Figure 3.6 (b)). Let  be an arbitrary vertex in P incident to Z
and L be the down path from x to a vertex w € V/(f5). Then L is a shortest path between
xz and w in Hx and can be found in O(k) time. Let P(L) be the weighted plane graph
obtained from P’ by cutting along L: for each vertex u in L create a duplicate v/, for each
edge e in L create a duplicate ¢’ and create a new face bounded by edges of E(f+), E(fz),
L and their duplicates (see Figure 3.6 (c)). Let Hx(L) be the weighted graph obtained
from Hx by replacing P’ with P(L). For each vertex w in path L, let C, be a shortest
path between u and its duplicate v’ in Hx(L). Let y be a vertex in L such that Cy has
the minimum length among the paths C,, for all vertices v in L. Then C), gives a minimum
(fz, fx)-separating cycle in Hx [69].

For each extended component P in pseudo GMST (I:I x,D, Wx), let D be the crest
separator on the edge between P and its parent node and let Dp be the set of crest separators
on an edge between P and a child node of P in Tp. From Property (A) in Lemma 3.4.5,
Property (V) in Lemma 3.4.6, any shortest path represented by an edge in upPSS(D) or
lowPSS(D), D € D, does not contain any vertex of V(Hx )\ V (Hy). Therefore, C,, for every
u in L can be partitioned into subpaths such that each subpath is either entirely in P(L)
or is represented by an edge in upPSS(D) or lowPSS(D), D € Dp. Let P* be the weighted
graph consisting of the edges of P(L), upPSS(D) and lowPSS(D), D € Dp. Notice that
for every edge e in upPSS(f)) and lowPSS(D), D € Dp, a shortest path represented by e
is also computed. Then it is known (Section 2.2 in [18]) that a minimum face separating
cycle Cy can be computed in O(t(P*)log|V(L)| + [V(Cy)|) = O@(P*)logk + [V(Cy)|)
time, where t(P*) is the time to find a shortest path C, in P* for any u in L. For each
edge of P*, we can multiply the edge weight by 2 to make each edge weight a positive
integer. By the algorithm in [77], a shortest path C, can be computed in linear time, that
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is, t(P*) = O(|E(P*)]|). Therefore, from the fact that each crest separator has O(k) vertices
(Property (III) in Lemma 3.4.6), it takes

O((|E(P(L))| + |E(upPSS(D))| + | Upep, E(lowPSS(D))|)logk + [V (Cy)|)
= O((|E(P)| + A(P)k*)logk + [V(Cy)I)

time to compute a minimum (fz, f)-separating cycle, where A(P) is the number of edges
incident to P in Tp. If Cy has length at most k then |V (Cy)| = O(k), otherwise [V (C,)| =
O(m). Assume that C, for every Z € Wy has length at most k. From Property (C) in
Lemma 3.4.5, Property (IV) in Lemma 3.4.6 and |V (Tp)| = |[Wx| = O(m/k), the time for

computing the minimum (fz, f+)-separating cycles for all crests Z € Wx is

> O((EPP)|+ A(P)k)logk + k) = O((m+ [Wxl|k+|Wx|k*)logk + [Wx|k)
PeV(Tp)
= O(mklogk).

Therefore, Line 11 takes O(mklog k) time in the whole while loop.

If there is a minimum face-separating cycle C with length greater than k, it takes
O((|[E(P)| + A(P)k*)1logk + m) = O(mklogk)

time to compute this Cy and O(m) time to compute a cylinder minor (Lines 12 —13). Lines
15 — 16 is trivial and takes O(m) time in total.
Summing up, the total time for Lines 1 — 18 is O(|E(Hx)|k?). O

We now show how to compute a good separator Ax in Line 19 of Procedure Separator-
Based. By Proposition 1, any two boundary cycles do not cross with each other. Each
boundary cycle is the boundary of a face in Gx and faces are disjoint. The height of any
vertex in a boundary cycle is at least the height of any D € D. Therefore, from Property (B)
in Lemma 3.4.5 and Property (V) in Lemma 3.4.6, a boundary cycle does not cross with a
minimum separating cycle for any crest computed in Line 12 of Procedure Separator-Based.
However, a minimum separating cycle for one crest may cross with a minimum separating
cycle for another crest. The next lemma gives a base for eliminating crossing separating
cycles. We call C' computed in Line 12 of Procedure Separator-Based the cycle computed
for Z.

Lemma 3.4.8. Let Cy be the minimum (fz, fx)-separating cycle computed for crest Z in
Line 12 of Procedure Separator-Based. Let Cy be the minimum (fz, fx)-separating cycle
computed for crest Z' after Cy in Line 12 of Procedure Separator-Based. If Cy and Cy cross
with each other, then there is a cycle C' such that ins(C') = ins(C1) Uins(C2) and the length
of C is the same as that of Cs.
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Figure 3.7: A pair of crossing minimum separating cycles C7 and Cj.

Proof. Assume that P; and P, in the underlying tree T’p contain Z and Z’, respectively. Let
{P1, P2}, {P2, Ps},....{P_1, P;} be the path between P, and P, in Tp and let the crest in P,
be Z; for 1 <i <1 (Z =27, and Z' = Z;). It is shown in (Lemma 30) in [54] and (Lemma
5.9) in [55] that if Z; € ins(Ch) then every Z; € ins(Cy) for j < i, and if Z; € ins(Cy) then
every Z; € ins(Cs) for j > i. Because Cy is computed after C, Z’ ¢ ins(C1). So there is a
Zi, 1 <i <, such that Z; € ins(C1) but Z; ¢ ins(Cy) for j > i.

Let D be the crest separator for Z; and Z;11 in the pseudo GMST (see Figure 3.7). We
assume without loss of generality that Z (resp. Z') is in the upper component P (resp. lower
component @) by D. From Property (VI) in Lemma 3.4.6 and the fact that Z;; ¢ ins(Cy),
C} contains no (shortest path represented by) edge in lowPSS(D). Notice that that D
separates Z from Z' in Jii x. From the fact that C; and Cy cross with each other and the
fact that C contains no edge in lowPSS(D), Cy has a subpath Ca(u,v) represented by
an edge e = {u,v} in upPSS(D), where u and v are in different down paths of D. By
Property (VI) in Lemma 3.4.6, Z; € ins(Cs).

Since C1 and Cy cross with each other, they intersect at at least two vertices. Let u; and
v1 be the first vertex and last vertex at which cycle Cs intersects cycle C1, respectively, when
we proceed on C(u,v) from u to v. Subpath Cy(u,v) consists of three subpaths: Co(u, u1)
between v and uy, Co(ui,v1) between u; and v; and Co(v,v1) between v and v;. Because
cycle Cy separates Z; from Z;,1, it contains a subpath Cj(u1,v1) between u; and vy that
intersects the ridge between Z; and Z;1 ;. Figure 3.7 shows the subpaths above. Let P, be
the path between w and v consisting of subpaths Co(u,u1), C1(ui,v1) and Co(v,v1). Let
D(u,v) be the subpath of D between u and v that contains a top vertex of D. Then P, and
D(u,v) form a closed walk W. On the other hand, there is a curve between Z; and f such
that the curve intersects C1 and Cs at ((C1\Ci(u1,v1))UCs(ur,v1))\{u1,v1} only and does

not intersect D (see Figure 3.7). Therefore, the closed walk W does not separates Z; from
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Jx- From this and Property (VI) in Lemma 3.4.6, the length of P, is at least distp(u,v).
Let I be the length of P., Iy be the length of Cy(u,v) and Is be the sum of the length of
Cy(u,u1) and that of Ca(v,v1). Then the length of C(u1,v1) is [ — Is and the length of
Ca(uy,v1) is la — ls. Since Iy < distp(u,v) < Iy, the length of Cy(uq,v1) is smaller than
that of C1(uy,v1). Therefore, Z € ins(Cy) because otherwise, we can replace Cy(u1,v1) with
Cy(u1,v1) to get a separating cycle for Z with a smaller length, a contradiction to that C;
is a minimum separating cycle for Z.

For each connected region R in ins(Cq)\ins(C2), the boundary of R consists of a subpath
Ci(R) of Cy and a subpath C3(R) of Cy. The lengths of C;(R) and C2(R) are the same,
otherwise, we can get a separating cycle for Z or Z’ with length smaller than that of C; or
Cs, respectively, a contradiction to that 'y is a minimum separating cycle for Z and Cs is
a minimum separating cycle for Z’.

We construct the cycle C for the lemma as follows: Initially C' = C5. For every connected
region R in ins(Ch) \ ins(Cs), we replace C2(R) by C1(R). Then ins(C) = ins(C) Uins(C?)
and has the same length as that of Cs. O

By applying Lemma 3.4.8 repeatedly, we get the next lemma to eliminate a set of crossing

minimum separating cycles.

Lemma 3.4.9. Let C1,Cs,...Cy be a set of crossing minimum separating cycles computed
in Line 15 of Procedure Separator-Based such that every C;, 1 < i < t, is computed after
Ci—1. Then there is a cycle C such that ins(C) = ins(C1) U ...ins(Ct) and the length of C

s the same as that of Cy.

Given a set of separating cycles computed in Line 4 and Line 15 in Procedure Separator-
Based, our next job is to eliminate the crossing minimum separating cycles and find a
good separator Ax for Zy and X. The next lemma shows how to do this (Line 19 of

Procedure Separator-Based).

Lemma 3.4.10. Given the set of separating cycles of length at most k computed in Proce-
dure Separator-Based, a good separator Ax for Zx and X can be computed in O(|E(Hy)|)

time.

Proof. Let m = |[E(Hx )| and C be the set of (fz, f5)-separating cycles for all Z € Zx. Let
I" be the subgraph of Hx induced by the edges of all cycles in C. We orient each separating
cycle C' € C such that ins(C) is on the right side when we proceed on C' following its
orientation and give C' a distinct integer label A\(C'). We create a directed plane graph r
with V(T) = V(I') and

E(T) = {(u,0)xc) | {u,0} € BE(C),CeC,

and the orientation of C' is from u to v.}.
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(a) (b)

Figure 3.8: (a) embedding of I and (b) embedding of T.

Notice that if edge {u,v} of I" appears in multiple cycles then r may have parallel arcs
from u to v. For simplicity, we may use (u,v) for arc (u,v)y) when the label A(C') is not
needed in the context. For each cycle C € C, we denote the corresponding oriented cycle in
r by C'. The planar embedding of [ is as follows: For each vertex u in T', the embedding of
u is the point of ¥ that is the embedding of vertex u in I'. For each edge e = {u,v} in T,
let r. be a region in 3 such that e C r,, 1, does not have any point of I" other than e, and
re Nrer = () for distinct edges e and €’ of ' (see Figure 3.8 (a)). Each arc € = (u,v) () in r
is embedded as a segment in region r., e = {u,v} (see Figure 3.8 (b)). We further require
the embeddings of arcs in T satisfying the left-embedding property: For each edge e = {u,v}
in I, if there is at least one arc from u to v and at least one arc from v to u in T then for
any pair of arcs €= (u,v) and ¢ = (v, u), the embeddings of € and ¢’ form an oriented cycle
in e such that none of fz and f+ is on the left side when we proceed on the cycle following
its orientation (see Figure 3.8 (b)). I' has a face which includes f+ and we take this face
as the outer face fy of T. Since each edge of Hx appears in at most one boundary cycle
Cz, there are O(m) arcs (u,v)x,) for all Z € Zx \ Wx. Since [Wx| = O(m/k) and the
minimum separating cycle C for every Z € Wx has at most k edges, Z € Wx. Therefore,
[' can be computed in O(mn) time. For each face f in T, let E(f) be the set of arcs (u,v)
and (v,u) in T for each {u,v} € E(f) in T.

A search on arc € = (u,v) means that we proceed on arc € from u to v. For each arc
€= (u,v)x(c), we define its next arc nx(€) = (v, w)y () and previous arc pv(€) = (t,u)x(c)-
For arc € = (u,v)x), let C(€) be the oriented cycle that contains € and let L(€) = {hy =
nx(é’),..,f;;g}, t > 1, be the set of outgoing arcs from v that h;,2 < i < t, are on the
left side of C'(€) when we proceed on C(€) following its orientation. We assume that arc
f;;, 1 < i < t,in L(€) is the ith outgoing arc from v when we count the arcs incident
to v in the counter-clockwise order from nx(€) to & We define the leftmost arc from é,
denoted by lm(€), as the hi € L(é€) with the largest ¢ such that for every 1 < j < 4,
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Figure 3.9: For arc € = (u,v), nx(€) = (v,v1), L(€) = {(v,v1), (v,v2), (v,v3), (v,v4)} and
(@) = (v, vs).

pv(h;) € ins(C(hy))U--- Uins(C’(ﬁj_l)) holds (see Figure 3.9 for an example). For each arc
€= (u,v)x(), Im(€) can be found by checking the arcs in L(€), starting from nx(€), in the
counter-clockwise order they are incident to v. A search on a sequence of arcs €1, €3, .. is
called a leftmost search if every €41 is lm(é;) for i > 1.

By performing a leftmost search on arcs of f, starting from an arbitrary arc in E (fo),
we can find a separating cycle C, such that for any cycle C, C € C, if ins(Cy,) Nins(C) # 0
then ins(C) C ins(Cp,). We call Cy, a mazimal cycle. According to Lemma 3.4.9 and the
fact that every cycle C € C has a length at most k, the length of C,, is at most k.

After finding C,,, we delete arcs in cycles C from T if ins(C) C ins(Cy,) to update I'. We
continue the search on the updated I from an arbitrary arc in the updated E( fo) until all
arcs are deleted. Then for each Z € Zx, there is a unique maximal cycle which separates Z
and X. For every arc € in a maximal cycle C:n, all the arcs in ins(C':n) are deleted after C,,
is found. Each arc is counted O(1) time in the computation for all leftmost arc searches.
Therefore, the total time complexity of finding all the maximal cycles is O(m).

For each maximal cycle C:n in T computed above, let C}, be the cycle in Hx consisting
of edges corresponding to the arcs in Crn. For each Z € Zx, there is a cycle C,, which
separates Z and X. Let Az be the edge subset induced by C,,. Then the following holds.

1. |0(Az)| < k (if Az is induced by the boundary cycle Cz then |0(Az)| = |Cz| < k,
otherwise Ay is induced by a cycle Cp, of length at most k as shown in Lemma 3.4.8,
implying [0(Az)| < k).

2. Because G|U is biconnected and d(Ayz) € E((G|U)|Az, (G|U)|Az is biconnected.

3. Due to the way we find the maximal cycles above, for every Z € Zx, there is exactly

one subset Az € Ax separating Z and X.

4. For distinct Az, Az € Ax, Az N Az = 0.
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By Definition 1, Ay is a good-separator for Zx and X. O
We are ready to show Theorem 3.1.3 which is re-stated below.

Theorem 3.1.3. There is an algorithm that given a planar graph G of n vertices and an
integer k, in O(nk?) time, either constructs a branch-decomposition of G with width at most
(2+d0)k ora(k+1)x [%w cylinder minor of G, where § > 0 is a constant.

Proof. First, as shown in Lemma 3.4.10, a good separator Ay for Zx and X is computed
by Procedure Separator-Based. From this and as shown in the proof of Theorem 3.1.2, given
a planar graph G and an integer k, Algorithm 1 computes a branch-decomposition of G
with width at most (24 0)k or a (k+ 1) x [%W cylinder minor of G.

Let M, m,, m be the numbers of edges in Glreachg/(0(U), h)], (G|X)|Zx, Hyx, respec-
tively. Then m = O(m;). By Lemmas 3.4.7 and 3.4.10, Procedure Separator-Based takes
O(mk?) time. For distinct level 1 nodes X and X', the edge sets of subgraphs (G|X)|Zx
and (G|X')|Zx are disjoint. From this, Y y.x is a level 1 node M= = O(M). Therefore,
it takes 3y, ¥ is a level 1 node O(mzk?) = O(MFE?) time to compute a good separator A
when Procedure Separator-Based is used for computing Ax.

The time for other steps in Algorithm 1 is O(M). The number of recursive calls in which
each vertex of G|U is involved is O(1) = O(1). Therefore, we get an algorithm with running
time O(nk?). O

3.5 Conclusions

In this chapter, we discussed how to improve the construction time of branch-decomposition
for planar graphs and therefore improve the preprocessing time of branch-decomposition
based exact distance oracles for planar graphs. The practical efficiency of the algorithms for
Theorems 3.1.2 and 3.1.3 heavily depends on the efficiency of computing the minimum face
separating cycles, especially Line 7 of Algorithm 1 or Procedure Separator-Based. When
the size of Zx is small, it may be efficient in practice to compute the face-separating cycles
using a straightforward approach. Using the near-linear time constant-factor approximate
algorithm for branch-decomposition of planar graphs proposed in this chapter, we are able
to remove the bottleneck in the preprocessing phase of the branch-decomposition based
distance oracle in [65] and improve the preprocessing time from O(n'*€ + Slog?n), where
S € [nloglogk,n?] and € > 0 is a constant, to O(min{O(nlog* nlogk), O(nk*lognlog k)} +
Slog?n).

56



Chapter 4

Constant Query Time
Approximate Distance Oracle for
Planar Graphs

4.1 Introduction

In section 1.1.2, we introduced some representative results on approximate distance oracles.
The query times of those oracles are small but still at least O(1/¢). Distance oracles with
constant query time are of both theoretical and practical importance [24, 28]. In this chapter
we present the first O(1) query time (1 + €)-approximate distance oracle with nearly linear

preprocessing time and size for undirected planar graphs with non-negative edge lengths.

Theorem 4.1.1. Let G be an undirected planar graph with n vertices and non-negative edge
lengths and let € > 0. There is a (1 + €)-approzimate distance oracle for G with O(1) query
time, O(nlogn(log'/® n+logn/e+ f(e))) size and O(nlogn(log’n/e®+ f(€))) preprocessing
time, where f(e) = 200/¢),

The oracle in Theorem 4.1.1 has a constant query time independent of € and size nearly
linear in the graph size. This improves the query time that are (nearly) linear in 1/e for
non-constant € in the previous works [57, 78]. Wulff-Nilsen gives an O(1) time exact distance
oracle for G with size O(n?(loglogn)*/logn) [81]. For € with 1 < ¢qlogn for some constant
cp, our oracle has a smaller size.

The result in Theorem 4.1.1 can be generalized to an oracle described in the next

theorem.

Theorem 4.1.2. Let G be an undirected planar graph with n vertices and non-negative edge
lengths, € > 0 and 1 < n < 1/e. There is a (1 + €)-approzimate distance oracle for G with
O(n) query time, O(nlogn(log'/% n+logn/e+ f(ne))) size and O(nlogn(log® n/e+ f(ne)))
preprocessing time, where f(ne) = 200/())

Our results build on some techniques used in the previous approximate distance oracles

for planar graphs. Thorup [78] gives a (1 4 €)-approximate distance oracle for planar graph

57



G with O(1/¢€) query time. Informally, some techniques used in Thorup’s distance oracle
are as follows: Decompose G into a balanced recursive subdivision; G is decomposed into
subgraphs of balanced sizes by shortest paths and each subgraph is decomposed recursively
until every subgraph is reduced to a pre-defined size. Recall that a path @) intersects a path
Q it V(Q)NV(Q') # 0. A set Q of paths is a path-separator for vertices u and v if every
path between u and v intersects a path Q) € Q. Vertices u and v are shortest-separated by a
path @ if there exist a shortest path between u and v that intersects @. If vertices v and v
have a path-separator Q then u and v is shortest-separated by some path @) € Q. For each
subgraph X of G, let P(X) be the set of shortest paths used to decompose X. For each
path @) € P(X) and each vertex u in X, a set Pg(u) of O(1/¢) vertices called portals on
@ 1is selected. For vertices u and v that are shortest-separated by some path @ in P(X),
MiNye p, (u) g€ Po (v),QEP(X) dg(u,p)+da(p,q)+da(q,v) is used to approximate dg(u, v). The
oracle keeps the distances dg(u, p) and dg(p,v) explicitly.

The portal set Pg(u) above is vertex dependent. For any path @ in G of length d(Q),
there is a set Py of O(1/€) portals such that for any vertices u and v that are shortest-
separated by Q, minyep, da(u,p) + da(p,v) < dg(u,v) + ed(Q) [62]. Based on this and
a scaling technique, Kawarabayashi et al. [57] give another (1 + €)-approximate distance
oracle: Create subgraphs of GG such that the vertices in each subgraph satisfy certain distance
property (scaling). Each subgraph H of G is decomposed by shortest paths into a r-division
of H which consists of O(|V (H)|/r) subgraphs of H, each of size O(r). For each subgraph X
of H, let B(X) be the set of shortest paths used to separate X from the rest of H. For each
path @ € B(X), a portal set Py is selected. For vertices u and v that are shortest-separated
by some path @ € B(X), minye p, QeB(X) dg (u, p)+dg(p, v) is used to approximate dg (u, v).
This oracle does not keep the distances dy (u, p) and dg(p, v) explicitly but uses the distance
oracle in [65] to get the distances instead. By choosing an appropriate H, the oracle gets
an approximate distance for dg(U, V). By choosing an appropriate value r, the oracle has
a better product of query time and oracle size than that of Thorup’s oracle.

We also use the scaling technique to create subgraphs of G. We decompose each subgraph
H of GG into a balanced recursive subdivision as in Thorup’s oracle. For each subgraph X of
H and each shortest path @ used to decompose X, we choose one set Py of O(1/€) portals
on @ for all vertices in X. A new ingredient in our oracle is to use a more time efficient data
structure to approximate d¢(u,v) instead of min,ep, gep(x) dm(u,p) + du(p,v). Using an
approach in [80], we show that the vertices in V(X) can be partitioned into s = f(e€) classes
Ay, ..., As such that for every two classes A; and Aj, there is a key portal p;; € Pg and for
any u € A; and v € A;, if v and v are shortest-separated by @Q then dg(u,pij) + du(pij,v)
is used to approximate dg(u,v) and can be computed in O(1) time. Combining with a new
technique to select an appropriate subgraph H in O(1) time, we get a (1 + €)-approximate

distance oracle with O(1) query time.
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Our computational model is word RAM, which models what we can program using
standard programming languages such as C/C++. In this model, a word is assumed big
enough to store any vertex identifier or distance. We also assume basic operations, which
include addition, subtraction, multiplication, bitwise operations (AND, OR, NEGATION)

and left /right cyclic shift on a word have unit time cost.

4.2 Definitions and Notations

We now introduce some important tools that are used in this chapter.

4.2.1 Recursive Subdivision by Shortest Path

A basic approach in this distance oracle is to decompose graph G into subgraphs by shortest

paths.

Definition 4.2.1. Let P be any set of shortest paths in graph G and let W = UgepV (Q).
P is a shortest path separator of G if G[V(G)\W] has at least t > 2 connected nonempty

subgraphs G1, .., Gy of G. For a > 0, a shortest path separator P of G is called a-balanced
if [V(Gy)| < a|V(G)| holds for every subgraph G;.

Definition 4.2.2. An «a-balanced recursive subdivision of G is a structure in which G is
decomposed into subgraphs G1,..,G¢ by an a-balanced separator P and each G;, 1 <1 <'t,

1s decomposed recursively until each subgraph is reduced to a pre-defined size.

Let Q be any set of paths and let G’ be any subgraph of G. Q separates G' and
GIV(G)\V(G)] if for any vertex u in G’ and any vertex v in G[V(G)\V(G’)], any path
in G between u and v intersects a path in Q.

We now briefly describe the construction of a recursive subdivision. Readers may refer
to Section 2.5 in [78] for more details. When computing an a-balanced recursive subdivision
of GG, we are given a shortest path spanning tree T, of G rooted at any vertex r. Recall
that every path in 7, from the root r to any vertex is called a root path. A recursive
subdivision of G can be viewed as a rooted tree T with each vertex of T (called a node,
to be distinguished from a vertex of ) representing a subgraph of G and the root node
representing G. Figure 4.1 gives illustration for recursive subdivision. Each node in T with
node degree one is called a leaf node, otherwise an internal node. We identify subgraphs of G
with their corresponding nodes in T; when convenient. For each node X of T, let B(X) be
the minimum subset of root paths in 7T, that separates X and G[V(G)\V(X)] (B(G) = 0).
Let X UB(X) denote the subgraph of G induced by V(X)UV (B(X)). Let X +B(X) denote
the graph obtained by removing some vertices from X UB(X) as follows: for every vertex v
of B(X) that has degree two in X U B(X), its incident edges (u,v) and (v, w) are replaced
by edge (u,w) whose length is the sum of the length of (u,v) and that of (v, w). For each
internal node X, a %—balanced shortest path separator P(X) of root paths in 7, is used to
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decompose X into subgraphs X, .., X, t > 2, as follows: Let W = V(P(X)) and X7, .., X;
be the connected components of G[V (X + B(X)) \ W]. Then E(X;) = E(X) N E(X),
1 <4 < t. Note that P(X) separates X; from X; in X and B(X)UP(X) separates X; from
X;jin G for1 <i,5 <tandi# j.

We now state some important properties of the %—balanced recursive subdivision in the

next Lemma.

Lemma 4.2.1. [78] Given a graph G and any shortest path spanning tree T, of G, a %—
balanced recursive subdivision T of G can be computed in O(nlogn) time such that for
each internal node X of T, |V(X;)| < [V(X)]/2 (1 <i<t) and |P(X)| = O(1), and for
each node X, |B(X)| = O(1). Moreover, for each node X of T¢; and each root path Q of T,
if Q € B(X), then Q € P(X') for some ancestor X" of X in Tg.

Note that since the size of a subgraph is reduced by at least a factor of 1/2, the depth
of T is bounded above by logn. For every vertex v € V(G), let X,, denote the node of
Tq of largest depth that contains v. For any u,v € V(G), we define X, ,, to be the nearest
common ancestor of X, and X, in Ti;. The next result of [47] shows the nearest common

ancestor of any two nodes in a tree can be found in O(1) time.

Lemma 4.2.2. [}7] Given a rooted tree T with n vertices and two vertices x and y in T,
there is an algorithm with O(n) preprocessing time and O(n) space that answers the near

common ancestor of x and y in O(1) time.

4.2.2 O(1/e) Query Time (1 + ¢)-Approximate Distance Oracle

Let @ be a shortest path in G and ¢ > 0. Thorup shows that for every vertex u in G,
there is portal set Po(u) € V(Q) of O(1/e€) portals such that for any vertices u and v
shortest-separated by @)

de(u,v) < min dg(v,p) +da(p,q) + da(q,v) < (14 €)da(u,v).
pEPQ(u),qEPQ(U)

For every subgraph X in a %-balanced recursive subdivision of G and every shortest path
Q € B(X)UP(X), by keeping the distance from each vertex u in X to every portal in Pg(u)

explicitly, Thorup shows the following result.

Lemma 4.2.3. [78] For graph G and € > 0, there is a (1 + €)-approximate distance oracle
with O(1/€) query time, O(nlogn/e) size and O(nlog®n/e®) preprocessing time. Especially
for € =1, there is a 2-approximate distance oracle for G with O(1) query time, O(nlogn)

size and O(nlog>n) preprocessing time.

Our oracles will use this oracle for e = 1 (any constant works) to get a rough estimation
of dg(u,v).
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()

Figure 4.1: (a) Root path T,(v;) and root path T)(v;,,) form a balanced separator of
G and decompose G into subgraphs G; (not shown in the figure) and Gy. G; is further
decomposed into G11 and Gz by T (u1) U T;(u2). For X = Gy, B(X) = T;.(vig) U Ty (viy,)
and P(X) = T,(u1) U T (uz). For vertices x € V(Gi2) and y € V(G11), the shortest path
between them must intersect some path in B(G1) UP(G1). (b) Gi1 + B(G1), vertices in Gy
that are not neighbours of vertices in B(G1) are not shown in the figure. (c) T representing

the recursive subdivision.
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4.2.3 Vertex Independent Portal Set

To reduce the query time to a constant independent of €, we will use a portal set Pp
independent of vertex u. For vertices u and v shortest-separated by a path @, dg(u,v) =
ming,ey () da(u, p) + da(p, v). For a P C V(Q), minge p, da(u,p) + da(p, v) approximates
dg(u,v). The following result will be used.

Lemma 4.2.4. [62] For a path Q in G, € >0 and D > d(Q), a set Py of O(1/€) vertices in
V(Q) can be selected in O(|V(Q)|) time such that for any pair of vertices w and v shortest-
separated by Q, dg(u,v) < minyep, da(u, p) + da(p,v) < da(u,v) +€D.

The set Pp in Lemma 4.2.4 is called the e-portal set (with respect to D) and every vertex
in Py is a portal. Given a path @) starting from a vertex r, e > 0 and D > d(Q), Pg can be
computed as follows: add r to Pp, traverse along @ from r and add a vertex v € V(Q) to
Py if dg(u,v) > €D /2, where u is the last added portal in Pg.

4.2.4 Sparse Neighborhood Covers

To apply the e-portal set to our oracle, we further need to guarantee dg(u,v) = Q(D) for

vertices v and v in question. We will use the sparse neighborhood covers introduced in
[8, 9, 19] of G to achieve this goal.

Lemma 4.2.5. [19] For G and v > 1, connected subgraphs G(v,1),...,G(v,ny) of G with

the following properties can be computed in O(nlogn) time:

1. For each vertex u in G, there is at least one G(7,1) that contains u and every v with
da(u,v) <.

2. Each vertex u in G is contained in at most 18 subgraphs.

3. Fach subgraph G(v,i) has radius r(G(v,1)) < 24y — 8.

4.3 Oracle with Additive Stretch

We first give a distance oracle DO; which for any vertices u and v in G, and any ¢y > 0,
returns d(u,v) with dg(u,v) < d(u,v) < dg(u,v) + Teod(G) in O(1) time. Based on the
scaling technique in [57], Lemma 4.2.5 and a technique to locate vertices in O(1) time, this

oracle will be extended to an oracle stated in Theorem 4.1.1 for G in the next section.

4.3.1 Additive Stretch Distance Oracle with O(1/¢) Query Time
We start with a basic distance oracle DOg that keeps the following information:

e A J-balanced recursive subdivision T¢; of G in which each leaf node has size O(2(1/<0))
(Lemma 4.2.1).
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e A table storing X, for every v € V(G).

e A data structure that answers the nearest common ancestor X, , for any pair of nodes
X, and X, in Tz in O(1) time. (Lemma 4.2.2).

e For each internal node X of T, keep an ep-portal set Py for every shortest path
Q € P(X)UB(X). For every Py, every u € V(X) and every portal p € Py, keep
distance d(u,p) with

de(u, p) < d(u,p) < da(u,p) + cod(G).

e For every leaf node X of T and every pair of v and v in X, keep

dx (u,v) = min{d i d(uwp)+dp.o).
x(v) = minfdx(uv),  min d(wp) +dp.v))

We now give the query algorithm for distance oracle DOy.

Algorithm 2: DOgy-Query(u,v)

(S VR VU

B

Input: vertices u and v in G
Output: distance d(u, v) such that dg(u,v) < d(u,v) < dg(u,v) + 3€d(G)
Find X, Xy, Xyuu;
if X,y is a leaf node of Tz then
‘ d(u,v) < dx (u,v);

else
dN b e i dA ) d\ b ;
(u v) pGPQ,QGB(I?(H,Iu)UP(Xu,D) (u p) + (p v)
end

return d(u,v);

Lemma 4.3.1. For any vertices u and v in G, DOq returns an approximate distance cz(u, v)
in O(1/eq) time such that dg(u,v) < d(u,v) < dg(u,v) + 3eod(G).

Proof. Given vertices u and v in G, X, Xy, Xy, can be found in O(1) time. If X, is a leaf
node of Tg, d(u,v) is computed in O(1) time. Otherwise d(u,v) is computed in O(1/eg)
time because |Pg| = O(1/¢p) and [B(Xyw) U P(Xyw)| = O(1).

In the case where X, is not a leaf node in Tz, v and v must be shortest-separated by

some path in B(Xy) UP(Xuw) Let P =Ugep(x, ., uP(Xu.) @ and we define

q= a“rngP mln{dg(u,p) + dG(pv ’U)}
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From d(u,q) < da(u,q) + ed(G), d(g,v) < da(q,v) + €0d(G) and Lemma 4.2.4,

de(u,v) < d(u,v) = i d(u,p) + d(p,v) < d(u,q) + d(q,
a(u,v) < d(u,v) pePo 0Bl P (u,p) +d(p,v) < d(u,q) +d(q,v)

< dg(u,q) + da(q,v) + 260d(G) < dg(u,v) + 3eod(G).

Similarly, dg(u,v) < d(u,v) = dx (u,v) < dg(u,v) + 3e0d(G) holds in the case where X,
is a leaf node in T¢. O

4.3.2 Additive Stretch Distance Oracle with O(1) Query Time

We first reduce the query time for internal nodes in DOg to a constant independent of ¢
and then analyse the preprocessing time of the distance oracle. For z > 0, let f(2) = 20(1/2),
Based on an approach in [80], we show that for each internal node X and each path @ €
B(X)UP(X), the vertices in V(X)) can be partitioned into f(ep) classes such that for any
two classes A; and Aj, there is a key portal p;; € Pg and for every v € A; and every v € A;
shortest-separated by Q, ci(u,pij) + a?(pz-j,v) < dg(u,v) + Tegd(G). By keeping the classes
and key portals, the query time is reduced to O(1). We first define the classes.

Definition 4.3.1. Let QQ be a shortest path in G, r(G) < D < d(G) and Py = {p1....pi }
be an eg-portal set (with respect to D) on Q. The vertices of G are partitioned into classes
based on J(u,pi),pi € Py as follows. For each vertex u, a vector T, = (a1, ...,a;) is defined
such that for 1 <i <1, a; = w(u,pi)/(eoD)] Vertices u and v are in the same class if and
only if Ty =T,.

The following property of the classes defined above is straightforward.

Property 1. Let QQ be a shortest path in G, r(G) < D < d(G) and Py be an eg-portal set
with respect to D on Q. Let A be any class of vertices in G defined in Definition 4.5.1. For
any two vertices u,v € A and any portal p € Pg, cZ(u,p) —eoD < (f(v,p) < d(u,p) + eoD.

We show more properties of the classes defined above in the next two lemmas.

Lemma 4.3.2. Let Q be a shortest path in G, r(G) < D < d(G) and Py be an ey-portal
set with respect to D on Q. Let A; and A; be any two classes of vertices in G defined in
Definition 4.3.1. There is a key portal p;; € Py such that for any vertices w € A; and v € A;
shortest-separated by Q, dg(u,v) < d(u, pi;) + d(pij,v) < da(u,v) + Teod(G).

Proof. Figure 4.2 gives an illustration for this proof. We choose arbitrarily a vertex = € A;
and a vertex y € A;. Let the key portal be p;; = arg, cp, min{d(z, p;) + d(pi,y)}. For any
u € A; and v € A; shortest-separated by @, let ¢ = arg, ¢ p, min{dc(u, p;) +d¢(pi, v)} and
let p = arg, cp, min{d(u, p;) + d(p;,v)}. Then

A A

d(u,p) +d(p,v) < d(u,q)+d(g,v)
< dg(u,q) + dg(q,v) 4+ 260d(G) < dg(u,v) + 3epd(G),

N
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Figure 4.2: Illustration for Lemma 4.3.2.  and y are arbitrary vertices in A; and A; re-
spectively. u and v are two vertices in A; and A; respectively that are shortest-separated
by shortest path (). Red dots are portal vertices in (). Solid black lines represents exact
distances in G and dashed red lines represents approximate distances d(, ).

because cf(u,q) < dg(u,q) + €d(G), cf(q, v) < da(q,v) + €d(G), Pg is an eg-portal set and
Lemma 4.2.4. From u,x € A;, Property 1 and D < d(G),

d(u, p;) < d(z,p;) + eoD < d(z, p;) + €0d(G) < d(u, p;) + 2e0d(G)
for every p; € Pp. The same relations hold for v,y because they are in A;. So

A A

d(u,pij) +d(pij,v) < d(z,pij) +d(pij, y) + 2€0d(G)

< d(z.p) +d(p.y) + 2¢0d(G) < d(u,p) + d(p,v) + 4eod(G).
Therefore,
de(u,v) < d(u,pig) + d(pij, v) < d(u,p) + d(p,v) + 4eod(G)
< dg(u,v) + Tepd(G).
This completes the proof of the lemma. O

Lemma 4.3.3. The total number of classes by Definition 4.3.1 is f(€o).

Proof. Essentially, this result is proved by Weimann and Yuster in [80] but somehow hidden
in other details. Below we give a self-contained proof of the lemma. For each vector T, =
(a1, .., @), let T* = (a1, (ag — a1), (a3 — ag), .., (g — ai_1)). Then Ty, = T, if and only if

[* = I'*. So we just need to prove that the total number of different I is f(eg). From
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Definition 4.3.1,

d(u, p; d(u, pi—
|ai _ai71| _ (u,p) o (uap 1)
EoD EoD
< d(u,p;) — d(u,pi—1) 11
EoD
< da(u,p;) — da(u, pi—1) o< da(pi-1,pi) ‘o
eoD eoD

Since Py is an ep-portal set, [ = O(1/ep). So

Z \ai — (li71| < W + 2l = 0(1/60).

2<i<l €0

Therefore there are 20(1/€0) different vectors of (ay, |az — a1, |as — ag|, .., |a; — a;_1]). The
i’th element of (a1, (a2 — a1), (a3 — az2), .., (a; — a;—1)) is either |a; — a;—1| or — |a; — a;—1].
Therefore, there are 201/<0) different T, O

Notice that we can assume that for each internal node X, the number of classes Defi-
nition 4.3.1 is at most |V (X)|? because otherwise, instead of partitioning the vertices into
classes, we can simply use a |V(X)| x |[V(X)] distance array to keep the shortest distance
between every pair of vertices in X.

Now we are ready to show a distance oracle DO; with Tepd(G) additive stretch. DOy

contains the information kept for DOg as well as the following additional information:

e For each internal node X of Tz and each shortest path @ € B(X)UP(X), let A?, . AQ
be the classes of vertices in V' (X') defined in Definition 4.3.1. For each vertex u € V(X),
we give an index Igg(u) with Igg(u) =iifue A?; and an s x s array Cg with Cgli, j]

containing the key portal pg for classes AZQ and A?.

Lemma 4.3.4. For any graph G with n vertices and eg > 0, the space requirement for data
structure DO1 is O(n(logn/ey + f(€o)))-

Proof. Let Tz be the recursive subdivision of G in DO; and b = 2(1/€0)  Bach leaf node
X has O(b) vertices and requires O(b?) space to keep the distances d(u,v) for u,v in the
node. From this and the fact that the sum of |V (X)| for all leaf nodes is O(n), the space
for all leaf nodes is O(nb) = O(nf(ep)). By Lemma 4.2.1, the sum of |V (X)| for all nodes
X in Tg is O(nlogn). From |B(X) UP(X)| = O(1) for every X and |Pg| = O(1/¢) for
each Q € B(X)UP(X), the total space for keeping the distances d(u,v) between vertices
and portals is O(nlogn/ep). By Lemma 4.3.3, the space for the classes A?, . AY
internal node X is f(eg) for every @ € B(X) U P(X). Since there are O(n) internal nodes,
the total space for the classes in all nodes is O(nf(ep)) = O(nf(eo)).

Therefore the space requirement for the oracle is O(n(logn/ey + f(€o)))- O

in each
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We now give the query algorithm and query time for distance oracle DOj.

Algorithm 3: DO;-Query(u,v)

Input: vertices u and v in G

Output: distance d(u, v) such that dg(u,v) < d(u,v) < dg(u,v) + Ted(G)

Find X, Xy, Xyu;

if X,y is a leaf node of Tz then

‘ d(u,v) + dx(u,v);

else

d(u,v) + oo;

for each path Q € B(X,,») UP(Xy,) do
i I9(), j  I3(0);
P+ Colis jl;

d(u,v) < min{d(u,v),d(u, p2) + d(py, v)};

© 00 N O bk W N

10 end

11 end
12 return d(u,v);

Lemma 4.3.5. For any vertices u and v in G, DOy returns an approximate distance J(u, v)
in O(1) time such that dg(u,v) < d(u,v) < dg(u,v) + Tegd(G).

Proof. Similar to the proof of Lemma 4.3.1, if X,, is a leaf node of Tz, DO; returns
da(u,v) < d(u,v) < dg(u,v)+3ed(G) in O(1) time. If X, is an internal node of Tg, u and
v are shortest-separated by some path in B(X, ) UP(X,,). Then by Lemma 4.3.2 and the

fact that [B(Xyu) UP(Xu.)| = O(1), DOy returns d(u,v) = min d(u, p) +
P2 QEB(Xu,w)UP(Xu,0)

d(p,v) < de(u,v) + Teod(G) in O(1) time. O

We now describe how to compute the distances ci(d, p) for internal nodes as defined in
DOyg. The method is essentially the same as in the fast construction in [78], but simpler as
the portal sets we use are not vertex dependent. We use Lemma 4.2.1 to get the recursive
subdivision T of G. Let T, be the shortest path spanning tree of G used in the computation
of T¢ (see section 4.2.1) and let D be the largest length of any root path of T,.. By a depth
first search of T). from r, we compute an ep-portal set Py (with respect to D) and an auziliary
(e0/logn)-portal set I'qy (with respect to D) for every Q € P(X)UB(X), X € V(T). We
compute the distances cZ(u,p) for every internal node X in a top-down traversal on T
from root G. We use Dijkstra’s algorithm to compute cZ(u,p) for every v in X and every
p € PpUTg, Q € P(X). Recall that X U B(X) denotes the subgraph of G' induced by
V(X)UV(B(X)). Let X « B(X) denote the graph obtained from X U B(X) as follows (see
Figure 4.3 for illustration): for every u in X and every p’ in Ugresx)Por UTg, add edge
{u,p'} with length ci(u,p’ ) for every w in X and every p/, and then remove degree two
vertices of B(X) as what we do for X + B(X). For the root node, the computation is on
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G. For an internal node X # G, the computation is on X » B(X). Note that X » B(X)
may not be planar and since |B(X)| = O(1), |V(X * B(X))| is linear in the number of
edges of GG incident to vertices of X plus the number of portals in each path. Notice that
Q' is in P(X') for some internal node X’ which is an ancestor of X in T. So the distances
d(u,p') have been computed when we construct X x B(X). Note that for some vertex u
and portal p, d(u,p) may be computed multiple times. But the value of d(u,p) does not
change: let H;,1 < i, be the graph on which J(u,p) is computed for the ith time; cz(u,p)
does not increase because the edge {u, p} is contained in H; for i > 2; and d(u,p) does not
decrease because H,; is a subgraph of H; for i > 2. For X with |V(X)| > logn/ey, we run
Dijkstra’s algorithm using every p € Py UT'g as the source. For X with [V (X)| < logn/eo,
we run Dijkstra’s algorithm using every w in X as the source. After the distances oi(u,p),
p € PoUT g, for all internal nodes have been computed, we only keep the distances J(u, P)
to the portals p € Pg for every internal node.

In the next lemma, we show that the distances ci(u,p) computed above meet the re-
quirement of DOy and DO;.

Lemma 4.3.6. For every internal node X of T, every vertex u in X and every portal

A

peE PpUlg, Q€ P(X), d(u,p) < dg(u,p) + €d(G).

Proof. For every internal node X of depth k in T, every vertex uw in X and every portal

p € PoUTg,Q € P(X), we prove by induction that cz(u,p) < dg(u,p) + ll(fgond(G). For the

A

root node (of depth 0), d(u, p) = dg(u, p) because the distances are computed on G. Assume
that for every internal node of depth at most k—1 > 0, d(u,p) < de(u,p)+ %d((l). Let
X be a node of depth k. For uw in X and p € PoUTg, Q € P(X), let P(u,p) be a shortest
path between u and p. If P(u,p) contains only edges in X then d(u,p) = dg(u,p) and the
statement is proved. Otherwise, P(u,p) can be partitioned into two subpaths P(u,y) and
P(y, p), where every vertex of P(u,y) except y is in X and y is a vertex of a path Q" € B(X).
Note that y is incident to some vertex of X so y appears in X % B(X). From the way I'¢y
is computed and the fact that D < d(G), where D is used for computing I'¢y, there is a
portal p, € ' such that dg/ (y,py) = da(y,py) < 2lf)‘;;nd(G). Let X’ be an ancestor of X
such that Q" € P(X’). Note that d(u,p,) is computed in X'+ B(X') and that y, p, and X

(and therefore P(u,y)) are all contained in X’ x B(X'). Therefore,

R €0

d(u,py) < d(P(u,y)) + dg(y, py) < d(P(u,y)) + d(G)

2logn
and
€

d6(py: ) < d(P(y,p)) + do(ypy) < d(P(y:p)) + 53 - d(G).
The distance ci(py, p) has been computed in a node X’ which is an ancestor of X and has
depth at most k—1. So a?(py,p) <dg(py,p)+ %d(G). Because edges {u,py} and {py,p}
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(a) X UB(X). Edges in X are not shown. (b) X UB(X) and the edges added between
Blue dots in B(X) are portals. Red dots in vertices in X and the portals (only edges in-
B(X) are vertices with neighbours in X. cident to vy are shown).

(¢) X = B(X). Edges between vertices in X
are not shown. Edges between v;,7 = 2,3,4
and the portals are not shown.

Figure 4.3: Ilustration for X * B(X).
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with lengths d(u,py) and c?(py,p) are contained in the graph X x B(X),

d(u,p) < d(u,p,) + d(py,p)
< AP )+ g AP + e+ ()
= dg(u,p) + 1](jgeond(G).
Since each node in T has depth at most logn, J(u,p) < €d(G). O

The next lemma gives the preprocessing time for distance oracle DO;.

Lemma 4.3.7. For any graph G with n vertices and €y > 0, distance oracle DO can be
computed in O(n(log®n/et + f(e))) time.

Proof. Let Tg be the recursive subdivision of G and b = 2(/€0) Tt takes O(nlogn) time
to compute Tz (Lemma 4.2.1). It takes O(n) time to compute the data structure that can
answer the least common ancestor of any two nodes in T in O(1) time [47], O(nlogn)
time to compute X, for every v € V(G), and O(n) time to compute Py UTI'g for every path
Qe B(X)UP(X), X € V(Tc).

For every node X, let M (X) be the number of edges in G incident to vertices in X.
Then > xer, M(X) = O(nlogn). For every path @, |[PoUTg| = O(logn/e) and for every
node X in Tg, |B(X) U P(X)| = O(1). From this, for each internal node X, X % B(X)
has O(M(X) + logn/ep) vertices and O(M (X) + logn/ep) edges. Dijkstra’s algorithm is
executed min{M (X),logn/eo} times for each node X. It takes O(M (X )(logn/eg)?) time
to compute all d(u,p) for node X. Since the sum of M(X) for all nodes X of the same
depth is O(n), it takes O(n(logn/ep)?) time for all internal nodes of the same depth. Since
Te has depth O(logn), it takes O(nlog®n/e2) time to compute all distances d(u, p) for all
internal nodes.

To find d(u,v) for a leaf node X, we first use Dijkstra’s algorithm to compute dx (u, v),
taking every vertex of X as the source. This takes O(b*logb) = O(b?/¢g) time for one leaf
node since |V(X)| = O(b) and O(nb/ep) time for all leaf nodes since the sum of |V (X)| for
all leaf nodes X is O(n). Then we compute

d(u,v) = min{dx (u, v)’pePQI,%igB(X) d(u,p) +d(p,v)}.
From |Pg| = O(1/ep) for Q € B(X) and |[B(X)| = O(1), this takes O(b*/eo) time for one
leaf node and O(nb/e) time for all leaf nodes. The total time to compute d(u, v) for all leaf
nodes is O(nb/ep)) = O(nf(eo)).
The value D for computing the classes can be found in O(n) time. Since there are O(n)
internal nodes, by Lemma 4.3.3, it takes O(nf(eo)(1/€0)) = O(nf(ep)) time to compute
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all classes and key portals. Therefore, DO; can be computed in O(n(log®n/e} + f(e)))
time. O

From Lemmas 4.3.4, 4.3.5 and 4.3.7, we have the following result.

Theorem 4.3.8. For any graph G with n vertices and ey > 0, there is an oracle which gives
a distance d(u,v) with dg(u,v) < d(u,v) < dg(u,v)+Teod(G) for any vertices u and v in G
with O(1) query time, O(n(logn/eo+ f(eo))) size and O(n(log®n/e3 + f(eo))) preprocessing

time.

We can make the oracle in Theorem 4.3.8 a more generalized one: For integer n satisfying
1 <n < 1/eg, we partition each path @ € B(X)UP(X) into n segments Q1, .., Q,,, compute
the classes A?l, .., A%t of vertices in V(X) for each segment Q;, 1 <1 <, and key portal
pg’, and use
d(u,v) = o min J(u,pgl) + ci(pgl,v)
p;5 1<I<n,QEB(X)UP(X)

to approximate dg(u,v). By this generalization, we get the following result.

Theorem 4.3.9. For any graph G with n vertices, g > 0 and 1 < n < 1/eq, there is an
oracle which gives a distance d(u,v) with dg(u,v) < d(u,v) < dg(u,v) + Tegd(G) for any
vertices u and v in G with O(n) query time, O(n(logn/eo+ f(neo))) size and O(n(log® n /e +
f(neo))) preprocessing time.

4.4 Oracle with (1 + ¢) stretch

For € > 0, by choosing an €y = =~ where ¢ > 0 is a constant, the oracle in Theorem 4.3.8
gives a (1 + €)-approximate distance oracle for graph G with dg(u,v) > d(G)/c for every
u and v in G. For graph G with dg(u,v) much smaller than d(G) for some u and v, we
use a scaling approach [57] to get a (1 + €)-approximate distance oracle. The idea is to
compute a set of oracles as described in Theorem 4.3.8, each for a computed subgraph H
of G. We further develop a data structure that given any u and v in G, find in O(1) time
a constant number of subgraphs (and the corresponding oracles) such that the minimum
value returned by these oracles is a (1 + €)-approximation of dg(u,v). Therefore a (1 + €)-
approximate distance for any u,v can be computed in constant time. We assume ¢ > 5/n,
otherwise a naive exact distance oracle with O(1) query time and O(n?) space can be used

to prove Theorem 4.1.1.

4.4.1 Scaling

Let [,,, be the smallest edge length in G. We assume [,,, > 1 and the case where [,,, < 1 can
be easily solved in a similar way by normalizing the length of each edge e of G to l(€)/ly,.
For each scale v € {2¢|0 < i < [logd(G)]}, we contract every edge e with I(e) < v/n?
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in G and remove every edge e with I(e) > 24~, self loops and degree 0 vertices to get a
contracted graph G, and then compute a sparse cover Cy = {G(7,7),7 = 1,...,n,} of G, as
in Lemma 4.2.5. When an edge {u,v} is contracted in a graph, {u,v} is removed, vertices
u and v are replaced by a new vertex w, and every edge other than {u,v} incident to u or
v in the graph is made incident to w. Figure 4.4 gives an example for the construction for
each G. We say the new vertex w covers vertices v and v. We say a vertex u covers u itself
and if a vertex x covers a vertex w then x covers every vertex covered by w. We say an edge
{u,v} of G appears in scale v if G, has an edge {u,v} such that x and y cover u and v,
respectively. We say a vertex x appears in scale v if G contains z. From the construction
of G, each edge of G only appears in scales v satisfying [(e)/24 < v < l(e)/n? and thus
appears in O(logn) different scales.

We now show how to effectively contract edges and construct G, in each level. As shown
in Figure 4.5, we keep a sorted list L containing all the edges of G such that the lengths
of the edges are in a non-decreasing order. Besides we keep three pointers pj, py and py,
such that in each scale v these three pointers point to the first edge that appears in scale
v — 1, the first edge that appears in scale v and the first edge to be removed in scale ~
respectively. Let Fo denote the edges to be contracted in the current scale. We first find out
all vertices in V(E¢), create new vertices for the contractions and then update the edges in
G, with the new vertices. Since each edge is contracted at most once and each edge in G is
updated in O(1) time, the time complexity of contraction is O(n) and the time complexity
of constructing G, for all scales is O(nlogn).

Each G, either contains no vertex or contains at least one edge. A scale is non-trivial
if G, contains at least one edge. Since each edge of G appears in O(logn) scales, there are
O(nlogn) non-trivial scales and the total number of vertices appearing in each non-trivial
scale is O(nlogn). We can have a bijection ¢ : {v|y is a non-trivial scale} — {0,1,..., N},
where N = O(nlogn), such that for every non-trivial scales v < 7/, ¢(y) < ¢(7'). By the
bijection ¢, we can assume that the non-trivial scales are 0,1, ..., N. In what follows, we use

scale for a non-trivial scale.

4.4.2 O(1) Query Time and O(n) Space

Our (14 €)-approximate distance oracle first estimates roughly the distance d(u,v) to get a
right scale v and then uses oracles DOg(+, j) and the vertices in subgraphs G(7, j) that cover
u and v to find an approximate distance cZ(u, v). Though the scaling approach help reduce
the total size of the distance oracle, it creates difficulty to find the correct distance oracle. It
is not trivial to find the vertices in G(v, j) that cover u and v in O(1) time and O(n) space.
A simple approach to find the vertices in G(vy, 5) that cover u and v in O(1) time is to keep
for each vertex u of G explicitly every vertex covering u, but this requires O(n?logn) space,
too large. To reduce the space, we create a rooted tree T of size O(nlogn) on the vertices

in each scale such that if vertex x covers vertex u then z is an ancestor of u in To. We
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(a) Graph G with 8 vertices and diam-
eter d(G) = 919. This is also G, for
~ = 64,128.

900

(c) G, for v = 256. Edge (a,c) is con-
tracted into a new vertex x; and edge
(b, f) is contracted into a new vertex xs.

S ;
G ;

T 7
SN VA

U/
(b) G, for v =1,2,4,8,16,32. Edge e =
(g, h) is removed because I(e) > 24~ so
it will not appear in any subgraph in the
sparse neighbourhood cover for scale ~.

900

(d) G, for v =512.

Figure 4.4: Tllustration for scaling.
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Figure 4.5: A sorted list containing all the edges e, ..., e, in G. Pointers py, py and p;

point to the corresponding edges in some scale . Edges eg,...,e; are contracted in scales
1to~y—1.¢ej41,...,¢e; are the edges to be contracted in scale 7. ej;1,..., e, are the edges
appearing in scale 7. Edges ex11,...,en are to be removed in scale +.

further create a data structure of size O(|T¢|log"/%n) (called Find-Ancestor) which, given
a vertex u of G and a scacle « such that u is covered by some vertex x in scale 7, answers
x in O(1) time. A vertex w (either a vertex of G or one from the contraction of edges) may
appear in multiple scales. Let w(y) denote vertex w appearing in scale 7 . For v # +/, w(7)

and w(~') are distinct vertices in To. The construction of T¢ is as follows:
1. Initially, each vertex u of G is given a scale label sl(u) = 0.

2. For each scale vy = 1,2,..., N and each vertex w(v) that appears in scale =, if w(~y)
is a new vertex caused by the contraction of edges eq, ..., ex then for each vertex u €
Ui<i<ké€i, include edge {w(7), u(sl(u))} in T, otherwise include edge {w(7), w(sl(w))}
in T¢; update sl(w) to .

3. After Step 2, T¢ is a forest. Create a vertex r and an edge between r and the root of

each tree in the forest to get a tree T with root r.

Figure 4.6 gives an illustration of the rooted tree T for the graph in Figure 4.4a. Since
each vertex of T except the root r is a vertex of G, and the total number of vertices in
all scales is O(nlogn), the size of T is O(nlogn). There is a bijection between the set of
leaf vertices of T and V(G). For each vertex x of T, each ancestor of x covers x in some
G, . Given a vertex u of G and a scale 7, the next lemma in [12] provides a base to find the

ancestor w(y) of u in T¢.

Lemma 4.4.1. [12] Let T be any tree with n vertices. There is an algorithm which given any
verter x € V(T) and an integer d no larger than the depth of x in T, answers the ancestor

of © with depth d in O(1) time. The space requirement of the algorithm is O(nlogn).

We now describe the algorithm of Lemma 4.4.1. First T is decomposed into disjoint
paths: find a longest root-leaf path P in T and remove P from T'; the removal of P breaks
the remaining of T into subtrees 17,75,...; each subtree is decomposed recursively by
removing the longest root-leaf path in the subtree to get a set of disjoint paths. Each vertex

is in exactly one such path and each path contains exactly one leaf vertex of T'. For every
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Figure 4.6: Rooted tree T¢ for the graph in Figure 4.4a.

leaf w in T', let P, denote the path that contains u. For every vertex z in T', let d(x) denote
the depth of z (i.e. the number of edges in the path between z and the root in T'). For
every vertex z of T and 0 < k < d(z), an ancestor y of x is the kth ancestor of z if y is an
ancestor of x and d(y) — d(x) = k. Secondly for every path P,, a ladder @, containing no
more than 2|V (P,)| vertices is created such that @, is the path in 7" between u and its kth
ancestor, where k = min{2|V(P,)| — 2,d(u)}. Store each @, in an array. Notice that each
vertex of 71" is in one root-leaf path but may be in multiple ladders. But the size of all Q,, is
O(|T|). For each vertex v in P,, we say that the ladder @, created for P, is v’s ladder. For
each vertex z of T, store d(x) and a pointer to x’s ladder. Lastly for each vertex z of T,
store pointers (shortcuts) e;,i = 0,1,..., |logd(z)], such that e; points to the 2/th ancestor
y; of x. We call the ancestors pointed to by shortcuts the critical ancestors of x. The next

lemma shows an important property of the shortcut and ladder scheme.

Lemma 4.4.2. [12] For any x in T, every kth ancestor y of x with 2! < k < 21! is in y;’s
ladder.

For each vertex x of tree T', the depths of all ancestors of x are consecutive integers
0,1,...,d(x). By this property and Lemma 4.4.2, it is easy to find the depth d ancestor of
z in O(1) time as follows: First use d and the depth of = to find in O(1) time (the pointer
pointing to) the correct critical ancestor y; of x such that the depth d ancestor of z is in
y;’s ladder; Then use d and the depth of y; to locate the depth d ancestor of x in the array

containing y;’s ladder in O(1) time. Figure 4.7 gives an example.
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Figure 4.7: An example of finding the third ancestor (vertex 7) of vertex 10. Shortcuts for
vertex 10 are expressed by blue darts. Vertex 8 is the critical ancestor whose ladder must
contain the third ancestor (vertex 7) of vertex 10. The ladder of vertex 8 is expressed by
red lines.

Our problem of finding the ancestor w(y) of w is slightly different from the one in [12]
as we do not know the depth of w(v) in T and we only need to find w(vy) for each leaf
u of Te. First we compute the ladders for tree T as the algorithm for Lemma 4.4.1 and
then for each leaf u of Ty we create shortcuts connecting w to all its critical ancestors. For
every vertex x in T' we also store a pointer to x’s ladder. Given a vertex u of G and a scale
v, we need to find the the ancestor w(vy) of u in T¢ using ~ instead of the depth of w(~).
As in [12], we also first find a correct ancestor z; of u such that z;’s ladder contains w(7y)
and then find w(y) from x;’s ladder in O(1) time. But our tasks are more complicated than
those in [12] because the scales of all ancestors of v may not be consecutive integers and we
can not find the depth of w(y) in O(1) time from the scale 7. Therefore we use following
result from [36] to find z; in O(1) time.

Lemma 4.4.3. [36] Let b be the machine word size. Given a set B of |B| < |b'/%]| non-
negative integer from 0,1,...,2% — 1, there is a data structure that given any integer k,
returns in O(1) time the largest integer in B that is no larger than k. The construction time
of the data structure is O(|B|*) and the size of the data structure is O(|B|?).

The next Lemma is an immediate result of Lemma 4.4.3 by creating a B-tree with
|B| = 0(w!/9).
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Lemma 4.4.4. For any set S of non-negative integers from 0,1,...,2" — 1, where w is no
larger than the machine word size, there is a data structure on the word RAM model that
given any integer k, returns in O(log,, |S|) time the largest integer in S that is no larger
than k. The construction time of the data structure is O(|S|w'/?) and the size of the data
structure is O(|S|w'/6).

For each leaf u of T, let A, be the set of critical ancestors of u and let S, be the
set of scales of the vertices in A,. Then S, is a subset of 0,1,...,N. Since the length of
a root-leaf path in T is at most N, there are O(log N) shortcuts for each leaf of Tr. So
|Su| = O(log N) = O(logn). To find x;, we create a data structure of Lemma 4.4.4 with
w = B(logn) for each S, and create a hash tabel [35] for each A,, with each scale 7/ € S,
being a key and the pointer to the critical ancestor of u in scale 4/ being the corresponding
value. For each ladder @Q,, let R, be the set of scales of the vertices in Q. To find w(7)
from the ladder in O(1) time we create a hash table for each ladder @, with each scale ~”
in R, being a key and w(v”) in Q, being the corresponding value.

Now we summarize the data structure Find-Ancestor for T as follows:

The ladder data structure and a hash table for each ladder Q.

For each leaf in T, keep a hash table for all the shortcuts to its critical ancestors

For each Sy, keep a data structure of Lemma 4.4.4 with w = 6(logn)

For each vertex x in T, keep a pointer to its ladder
e For each leaf u in T, keep a pointer to 5y,

Lemma 4.4.5. Data structure Find-Ancestor has O(n log™/® n) size and can be computed

in O(nlog®n) time.

Proof. The rooted tree T has size O(N) = O(nlogn). So the size of all ladders is O(nlogn)
since each ladder @), only doubles the size of the root-leaf path P,. The size of the hash tables
for all ladders is O(nlogn) since the size of the hash table for each @, is O(|@4|). The size of
shortcuts for all u of G is O(nlogn) because each u has O(log V) = O(logn) shortcuts. The
size for the hash tables for the shortcuts is also O(nlogn). For each u of G, |Su| = O(logn)
and 3 ,cy (@) [Sul = O(nlogn). From this, the size of the data structure of Lemma 4.4.4
for all S, is O(nlog™%n) as the size of the data structure for each |Su| is O(|Su|log!/% n).
The size of other pointers associated with the vertices in T is O(N) = O(nlogn). So the
size of data structure Find-Ancestor is O(nlog/%n).

Tc, the ladders and short cuts can be computed in O(nlogn) time. The data structure
of Lemma 4.4.4 for all S, can be computed in O(nlog*?n) time. The hash table for one
ladder @, can be computed in O(|Q,|log? n) time [5] and thus the hash tables for all ladders

can be computed in O(nlog®n) time. O
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Given a vertex u of G and a scale vy the data structure Find-Ancestor finds w(~y) as follows:

Algorithm 4: Find-Ancestor-Query(u, )

Input: a vertex v in G and a level ~
Output: the ancestor w() of u in T that appears in scale 7
if v =0 then
return u;
else
Find the largest ' € S, with v/ < ;
Find the critical ancestor w’(y’) of u from the hash table for Ay;
Find w(v) from the hash table for w’(7’)’s ladder;
return w(vy)

® N O ok W N =

end

Lemma 4.4.6. Given any vertex u of G and any scale vy such that there is an ancestor

w(y) of w in Tc, data structure Find-Ancestor finds the w(y) in O(1) time.

Proof. Each value in S, is in 0,1,..., N and can be represented using 6(logn) bits. Since
|Su] = O(logn) and we choose w = O(logn), it takes O(1) time to find the largest 7/ € S,
with 7/ < 4 by Lemma 4.4.4. The critical ancestor w’(y") and w(y) can both be found in
O(1) time using hash tables.

Let k = d(u) — d(w(vy)). Vertex w(+y) is the kth ancestor of u. If v = 0 then w(vy) = w.
Otherwise, for the largest 7/ € S,, with 4/ < 7, the ancestor w’(v’) of u is a critical ancestor
x; of u such that 2° < k < 2°t!. By Lemma 4.4.2, w(7y) is in z;’s ladder. Therefore data
structure Find-Ancestor finds w(r) in O(1) time. O

The data structure DOy for our (1 + €)-approximate distance oracle keeps the following

information:
e A 2-approximate distance oracle DOy of G in Lemma 4.2.3.

e For every scale 7y, subgraphs G(, j) and for each subgraph G(v, ), an oracle DO (7, j)

in Theorem 4.3.8 with ¢y = ¢/c/, ¢ > 0 is a constant to be specified below.

e For every scale v and every vertex x appearing in scale v , the index j of every

subgraph G(v,j) that contains x.
e Data structure Find-Ancestor.

Lemma 4.4.7. Data structure DOy requires O(nlogn(log"/% n+logn/e+ f(e))) space and
can be computed in O(nlogn(log®n/e® + f(e))) time.
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Proof. DOr requires O(nlogn) space. Each DO1(7, j) requires O(ny;logn.;/e + ny;f(€))
space, where n; = |V(G(v,j))|- Each edge e of G appears in O(logn) different scales v and
in each scale, e appears in O(1) subgraphs G(v,7). From this, >°, ;n.; = O(nlogn). For
every scale v, DO keeps every vertex x in scale v and index j of every subgraph G(v, j) that
contains z. This requires O(nlogn) space since each edge of G appears in O(logn) scales
and each x appears in O(1) subgraphs. By Lemma 4.4.5, data structure Find-Ancestor has
size O(nlog™%n). Therefore DOy requires space O(nlogn(log!/®n +logn/e + f(€))).
DS7 can be computed in O(nlog®n) time and the sparse neighborhood covers can
be computed in O(nlog?n) time. The time for computing DOy(7,j) for each G(v,7) is
O(n;log® ny;/€® + f(€)). By Lemma 4.4.6, data structure Find-Ancestor can be computed
in O(nlog? n) time. Therefore, DOy can be computed in O(nlogn(log® n/e?+ f(¢)) time. [

Now we give the query algorithm for distance oracle DOg in Algorithm 5.

Algorithm 5: DO2-Query(u,v)
Input: vertices u and v in G
Output: distance d(u, v) such that dg(u,v) < d(u,v) < (1 + €)dg(u, v)
dr(u,v) < DOp(u,v);
if dr(u,v) =0 then
‘ return 0
else
Find v with v/2 < dp(u,v) < 7;
x < Find-Ancestor-Query(u,);
y < Find-Ancestor-Query(v,vy);
d(u,v) < o0;
for G(~,j) that contains both x and y do
10 ‘ d(u,v) + min{d(u,v), DO (7, §)(u,v)}
11 end

© 0w N O ok W N

12 return d(u, v)
13 end

Lemma 4.4.8. For any vertices u and v in G, DOq returns an approximate distance J(u, v)
in O(1) time such that dg(u,v) < d(u,v) < (1+ €)dg(u,v).

Proof. By Lemma 4.2.3, oracle DOy gives dr(u,v) with dg(u,v) < dr(u,v) < 2dg(u,v) in
O(1) time. If dp(u,v) = 0, dg(u,v) = 0 and the correct result is returned in O(1) time.
Otherwise, given dr(u,v), a scale v with /2 < dp(u,v) < 7 can be found by computing
the most significant bit of WT(U, U)-‘ In the word RAM model with unit costs for basic
operations, this can be computed in O(1) time[36]. Notice that each of u and v is covered by
a vertex in scale v and let x and y be the vertices in scale vy covering u and v, respectively.
By Lemma 4.4.6,  and y can be computed in O(1) time respectively. By Lemma 4.2.5,
there is a G(v, j) that contains = and every w with dg., (v, w) < v and d(G(v,j)) = O(v) =

79



O(dg(u,v)). Therefore there exists a constant ¢; > 0 (96 would do) such that d(G(v,j)) <
c1dg(u,v). It is easy to see that DOq(7,7)(u,v) returns a minimum distance among all
oracles at this scale containing x,y and would be returned as J(u, v). From Lemma 4.2.5,
there are O(1) graphs G(v,j) containing = and y. From this and Theorem 4.3.8, it takes
O(1) time to compute d(u,v).

By oracle DO (v, 7), we get a distance dy(z, y) with da(y.5) (T, y) < do(z,y) < day,j) (T, y)+
Teod(G(7, j)). Since G(7,j) is a subgraph obtained from G with every edge e with I(e) <
v/n? contracted, da(y,j)(u,v) < dg(u,v). Let L be the largest sum of the lengths of the con-
tracted edges in any path in G. Then dg(u,v) < dg(y,;)(u,v)+Land L < y/n < 2ede(u,v),
from v < 2dp(u,v) < 4dg(u,v) and € > 5/n. Let d(u,v) = do(u,v) + /n. Then

da(u,v) < d(u,v) < dg(y,j(,y) + Ted(G(v, 7)) +v/n

4
< dg(u,v) + 701§d(;(u, v) + 5edg(u, v).

By choosing ¢/ = 35¢;, we have dg(u,v) < dg(u,v) < (14 €)dg(u,v). O
From Lemmas 4.4.7 and 4.4.8, we get Theorem 4.1.1 which is restated below.

Theorem 4.1.1. For € > 0, there is a (1 + €)-approximate distance oracle for G with
O(1) query time, O(nlogn(log"/%n +logn/e + f(€))) size and O(nlogn(log®n/e? + f(e)))

preprocessing time.

Using the oracle in Theorem 4.3.9 instead of DO1, we get Theorem 4.1.2.

4.5 Conclusions

In this Chapter, we discussed how to achieve constant query time independent of ¢ while
remaining nearly linear (in n) space and preprocessing time for (14 €)-approximate distance
oracle for planar graphs. We showed how to put different tools to work properly to support
constant query time, especially how to locate a vertex after contraction in constant time,
which was not addressed in previous works. It is open whether there is a (14 ¢€)-approximate
distance oracle with O(1) query time and size nearly linear in n for weighted directed planar

graphs. Experimental studies for fast query time distance oracles are worth investigating.
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Chapter 5

Conclusions and Future Works

In this thesis, we studied both exact distance oracles and approximate distance oracles for
planar graphs. In Chapter 3, we showed how to improve the construction time of branch-
decomposition for planar graphs and therefore improve the preprocessing time of branch-
decomposition based exact distance oracles for planar graphs. And as a direct result, we
improved the preprocessing time of the branch-decomposition based distance oracle in [65].
The practical efficiency of the algorithms in this chapter heavily depends on the efficiency of
computing the minimum face separating cycles. When the number of faces that need to be
separated is small, it may be efficient in practice to compute the face separating cycles using
a straightforward approach. Also, the result in this chapter is randomised and can be made
deterministic with an additional logn factor in the running time. For graphs where shortest
paths are unique, this additional factor can be removed. For graphs with small branchwidth,
it is open whether the branch-decompositions techniques and Voronoi diagram techniques
can be combined to achieve better exact distance oracles for planar graph.

In Chapter 4, we gave the first (1 + €)-approximate distance oracle with constant query
time independent of € and nearly linear (in n) size and preprocessing time. This distance
oracle has two technical parts, one is to construct an additive stretch distance oracle with
O(1) query time and the other is to convert the first part into a (1+¢)-approximate distance
oracle while maintaining constant query time after performing edge contraction. A main
drawback in the first part is that the dependency on 1/€ is exponential for the preprocessing
time and oracle size. This has been solved recently by Chan and Skrepetos [22]. They replace
the exponential dependency on 1/e on the preprocessing time and space with a polynomial
one based on the recent breakthroughs on Voronoi diagram [20]. Gawrychowsk et al. [37]
improved the Voronoi diagram techniques in [20] so it is worth investigating whether the
improvements can be applied on the result in [22]. Also it is worth investigating whether
Voronoi diagram and improved point location structure in [38] for exact distance oracles

can be applied to approximate distance oracles.
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