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Abstract

This thesis addresses two key challenges for network data-storage systems: optimizing
data placement for highly efficient and robust data access, and constructing network
topologies that facilitate data transmission scalable to both network sizes and network
dynamics. It focuses on two new topics — data placement using erasure-correcting
codes, and topology control for nodes in normed spaces. The first topic generalizes
traditional file-assignment problems, and has the distinct feature of interleavingly
placing data in networks. The second topic emphasizes the construction of network
topologies that achieve excellent global performance in comprehensive measurements,
through purely local decisions on connectivity. The results of the thesis deepen the
current understanding on these important and intriguing topics, and follow a math-

ematically rigorous approach.



Chapter 1

Introduction

1.1 Facing the Challenges of Network Data Stor-
age

Network data storage for large-scale information sharing is becoming a reality. The
method of data replication for the access of distributed users has progressed from mir-
roring file servers, to commercial content-distribution networks (CDNs) (e.g., Aka-
mai), then to peer-to-peer type of networks. The trend has been a shift from the
traditional file management model, where a user’s or company’s files are stored and
maintained on its own computers, to jointly storing many individual owners’ files in
the same distributed network; from the traditional memory usage model, where each
piece of memory can only be used by its owner, to the formation of a network of mem-
ories owned by many individuals that can be publicly accessed and utilized; from the
traditional server-client service model, to the model where every computer is not only
a server providing data, but also a client requesting data stored elsewhere, and even a
router in the data-storage network (which may be an overlay network, a self-deployed
wireless network, etc.). The driving force behind these transitions is the increasingly
wide sharing of information, and the very large number of freely available memories
of ordinary users. As a result, we are getting a network that removes unnecessary
redundancy in data replicas, that is more efficient for data access, and more robust

for data loss and network failures.
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There are two fundamental challenges facing such emerging data storage networks,
for both of which the research and practice are at their young stage.

The first challenge is the optimized placement of data. In nearly all systems so far,
files are replicated in their entirety in the network — a computer either stores the
entire copy of the file or none of it. From an information-theory point of view, the
files are stored using a simple repetition code. A more general approach will be to
store files using erasure-correcting codes — encode a file with an erasure-correcting
code, and store copies of the codeword components distributively in the network.
(Here we emphasize the use of erasure-correcting codes, instead of error-correcting
codes, because erasures happen more often at the file level in computer networks.)
Clearly, by using a strong erasure-correcting code, significantly better performance
can be achieved — smaller data-access delay because an erasure-correcting code is
a more general way to represent a file and leads to more freedom in determining
the placement of data; more balanced memory usage and data flow because a file
is now stored in smaller pieces on more computers, and a client can access several
computers for different components of the codeword; higher data availability when
the network faces loss of data on some computers, topological changes, or regional
failures, because of the strong erasure-correcting ability of the code. All the benefits
come at no cost of increased memory requirement — in fact, less data might need to
be stored. We emphasize that the last point of performance improvement — higher
data availability — is not just useful in the case of emergence. In the peer-to-peer
type of data-storage networks, each user can freely turn on and off its computer, and
a computer may move (physically or logically) to other areas of the network. So loss
of some stored data and changes in the network topology happen all the time; and
high availability of data needs to be ensured all the time.

The performance improvement of storing files using erasure-correcting codes does
come at a cost — the complexity of decoding the codeword. Every time a user re-
trieves some components of the codeword, one needs to perform decoding to recover
the original file. One obvious way to reduce that cost is to develop better codes

and decoding algorithms. Another important method to solve this problem is to
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find the placement of codeword components that minimizes the requirement on the
codeword length while satisfying other performance requirements, therefore allowing
the maximum freedom in selecting the erasure-correcting code of the minimum de-
coding complexity. In this thesis we study the placement of files in networks using
erasure-correcting codes; and our results manifest that sometimes the requirement on
codeword length can be reduced to be minimal.

The second challenge is the optimized construction of network topology. A peer-to-
peer type of data-storage network may be an overlay network, or a wireless network
that is possibly mobile. The network topology is how the nodes in the network are
connected to each other. A good topology not only needs to prevent network parti-
tioning and have short distance between node pairs, but also needs to have localized
construction algorithms — meaning that every node determines its connectivity to
other nodes using only very local information — and to enable routing methods
scalable to both network size and network dynamics. That is because the emerging
peer-to-peer type networks have two common features — they tend to be very large,
and their nodes can dynamically join, leave or move around. For such networks, ge-
ographic routing — the method of routing messages greedily by trying to reduce the
geographic distance to the destination with every hop — appears to be the scalable
routing method.

While geographic routing is natural for wireless networks, how can it be applied
to overlay networks? The idea is to embed the overlay network into a normed space.
More details on this idea will be introduced in the next section. Current peer-to-peer
type of networks (including both overlay networks and wireless networks) either do
not support geographic routing (e.g., the Gnutella network), or support geographic
routing but have large stretches in the lengths of routing paths. In this thesis, we will
show how to construct network topologies to support efficient geographic routing.

This thesis studies two new topics — data placement using erasure-correcting
codes, and localized topology control that ensures high performance in geographic
routing and other comprehensive aspects. It opens new research directions for the

two fundamental tasks of a data-storage network — the storage and transmission of



information.

1.2 Background

1.2.1 Prior Work
1.2.1.1 Data Placement

The placement of replicas of data in a network is often known as the File Assignment
Problem (FAP). There has been extensive work on this topic dating back to the 1970s.
In the well known paper [19] published in 1982, Dowdy and Foster summarized many
kinds of file assignment problems based on different system models and optimization
objectives, and reviewed the numerous techniques used to solve them. Research on
FAP continues to be popular [9], [41], [47], while the focus has been nearly exclusively
on file replication without using erasure-correcting codes. A lot of FAPs essentially
belong to the family of general problems called Facility Location, while other FAPs
are quite different due to their specialized settings.

Data placement using erasure-correcting codes is a new topic. A major result
was derived by Naor and Roth in [63], but other than that research has been very
limited. In [63], Naor and Roth studied how to place components of a codeword on
a general graph, such that every vertex can reconstruct the codeword by accessing
components stored on itself and its direct neighbors. They presented a solution that
is asymptotically optimal in minimizing the total number of stored bits, when the
original information in the codeword has a length much larger than the logarithm of
the graph’s degree.

Data placement using erasure-correcting codes generalizes the traditional file as-
signment problems. Besides the common element that it shares with traditional FAPs
— deciding how much data to store on each node of the network — it also has a dis-
tinct factor that makes it very different from traditional FAPs. That is, when data are
placed in a network using erasure-correcting codes, the codeword components need

to be interleaved on the network so that for every node, it can find enough different



codeword components from nearby.

Data storage using erasure-correcting codes has been applied to disks, such as
CDs and the RAID disk arrays [67], as well as to server clusters [55]. In recent years
erasure-correcting codes have also been applied to data streaming schemes, such as
Digital Fountain [17]. The usage of erasure-correcting codes for network data storage

is a topic of this thesis.

1.2.1.2 Topology Control

Peer-to-peer networks residing in the Internet often employ a logic structure called
overlay network, which represents the logic connections among its nodes and is the
basis for routing. Some of them do not enable geographic routing, such as Gnutella
[25] which uses limited flooding; but many others essentially use geographic routing,
including Chord [81], CAN [70], Viceroy [53], Pastry [74], Butterflies [18], etc. As an
example, the overlay network of Chord is a ring along which messages are routed; the
overlay network of CAN is embedded in a multi-dimensional torus, and the routing
path from a source to a destination approximates the straight line between those
two nodes in the torus. However those overlay networks are constructed without
considering the ‘real’ distance among nodes (the real distance between two nodes can
be measured by the delay of the shortest path between them); and as a result, the
routing is scalable in the sense of keeping small routing tables but is not scalable in
the sense of having short routing paths. If we use k to denote the average number of
logic hops a routing path has in the overlay network, then on average the real length
of a routing path is about k times that of the shortest path that can actually be used.

A good solution to the above problem is to embed the nodes into a normed space,
in such a way that the real distance between any two nodes approximately equals the
distance between their images in the normed space. An overlay network constructed
using the images in the normed space not only enables geographic routing, but also
has routing paths whose lengths are close to the real distance between sources and
destinations. Embedding graphs into normed spaces has been a very popular topic

in the theoretical computer science society and the mathematics society in recent
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years [34], [51], [58], [64]; embedding Internet nodes into the Euclidean space has
been studied lately [65], [78], and its usage for constructing overlay networks has
been suggested. However no overlay network based on such embeddings for efficient
geographic routing has been constructed.

For a wireless network, the positions of its nodes can be determined by using
GPS. If GPS is not available, then the positions can be recovered by using embedding
algorithms [69], [77] with reasonably low overhead in computation and flow.

How to perform geographic routing for nodes in a normed space is quite obvious;
however, the performance of the routing depends on the network topology. Geo-
graphic routing typically faces two major problems: the existence of ‘dead-end’ nodes
that have no neighbors closer to the destination, which prohibits the greedy progress
of routing; and the large deviation of the routing path from the straight line between
the source and destination, which results in long routing delays. For wireless networks
(which are assumed to be on a two-dimensional plane), the method of routing on a
planar subgraph is proposed to solve the first problem [6], [43]; however the second
problem remains unsolved. For nodes in higher-dimensional spaces, neither problem
has known solutions. It is very important to study how to efficiently construct net-
work topologies for nodes in normed spaces that solve both of the above problems.

This is another topic of this thesis.

1.2.2 Owur Approach

Both data placement using erasure-correcting codes and network topology control for
nodes in normed spaces are new and broad topics. Our approach is to gain a deep
theoretical understanding of these topics, through the exploration of original ideas
and the discovering of novel solutions. We believe the intriguing findings here not
only are valuable from the viewpoint of science, but also lay a solid basis for the real
applications.

This thesis studies several data placement problems, with a special focus on the

interleaving placement of data — the feature that distinguishes data placement using
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erasure-correcting codes in the generalized file assignment problem, from the tradi-
tional FAP. It displays, for the first time, a data-placement construction suitable for
users that can access a network through multiple access-points. It presents a new
idea of topology control that leads to substantially improved system performance,
measured by routing efficiency and many other criteria.

The mathematics developed in the thesis often has relations to topics beyond
network data-storage systems. For example, the interleaving problem for tori has
applications not only to data placement but also to error-burst correction, and is
closely related to Lee-metric codes. We do not hesitate to show such relations when
they exist, because that is the beauty of mathematics.

In the following we introduce the four problems studied in this thesis. For each
problem, we extract and demonstrate its key result, and leave its less critical aspects
to later chapters. We hope in this way the essence of the results can be made easier

to grasp.

1.3 Problem 1: Maximum Interleaving and Mem-
ory Allocation on Trees

Imagine that we are assigned the following task:

“We are asked to color the vertices of a graph with a set of colors. For every
vertex, we would like there to be as many different colors as possible within a distance
that is as small as possible from that vertex. How well can we do it?”

The answer depends on the graph. If the graph is a cycle with 4 vertices and we
are given 3 colors, then there will be at least 2 vertices for which there are only 2
(instead of 3) different colors within one hop. However, if the graph is a tree, then we
can actually achieve the best possible result — say there are n colors, then for every
vertex, the n nearest colors around it are all different.

The above finding is what we call the mazimum interleaving on a tree. It can be

achieved for a more general scenario: when the edges in the tree have different lengths
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and the vertices need to be assigned different numbers of colors (i.e., multi-coloring),
the tree can still be colored with the best possible result.

Maximum interleaving comes as part of a technique that we use to solve a rather
general data storage problem on tree networks. It is a problem of placing the compo-
nents of a codeword in the network such that every node can retrieve enough different
components for recovering the codeword from nearby. Clearly the colors correspond
to the codeword components. Besides this application, maximum interleaving itself
is a very basic (and intriguing) property of trees.

As mentioned earlier, a data placement problem using erasure-correcting codes
always consists of two parts — deciding how many codeword components to store
on each vertex (which we call memory allocation), and deciding how to map the
codeword components to the vertices. Maximum interleaving not only solves the
second part, but also enables the first part to become a totally separate problem
— because as long as enough codeword components (regardless of whether they are
different or not) can be placed around a node, the maximum-interleaving solution
can place enough different components around it. In Chapter II, we will present the
maximum-interleaving algorithm and the memory-allocation algorithm, and study
deeper aspects of them.

Traditionally, trees have been adopted by many data-storage networks, such as the
Internet caching systems [72], [83], because they can naturally represent a hierarchical
structure as well as the shortest paths toward a central node. In recent years, the
use of trees for data storage in peer-to-peer type of networks has attracted a lot of
interest [42], [46], [68]. For example, in [68], Plaxton et al. showed in a growth-
restricted network (a good model for overlay networks in the Internet and for wireless
networks), how to store a file (or a set of files) on a randomly chosen tree with nearly

optimal data storage and access costs.

1.4 Problem 2. Optimal ¢t-Interleaving on Tori

Imagine that we are assigned a new task:



Figure 1.1: 3-Interleaving a 6 x 5 torus.

“We are asked to color the vertices of an Iy X ly torus in such a way that for
any two vertices of the same color, the shortest path between them contains at least t
edges. How can we minimize the number of colors used?”

The above problem is called t-interleaving on a torus. As an example, Fig. 1.1
shows how to color a 6 x 5 torus with the parameter ¢ = 3 — that is, a 3-interleaving
on a 6 x 5 torus. (The integers on vertices represent the colors.)

t-Interleaving generalizes the traditional one-dimensional interleaving used often
in telecommunications, and was originally defined by Blaum et al. in [11] for arrays.
t-Interleaving on tori has applications on network data storage, error-burst correction,
and Lee-metric codes.

This thesis firstly considers those two-dimensional tori that have at least ¢ rows
and t-columns. Let us define |S;| as |S;| = "/ZT“ if ¢ is odd, and |S;| = % if t is even;
then it can be shown that |S;| is a lower bound for the number of colors that need to
be used for t-interleaving a torus. In this thesis, the necessary and sufficient condition
for tori to meet that lower bound is derived; and it is shown that for tori sufficiently
large in both dimensions, at most |S;| + 1 colors are needed. For both cases, optimal
interleaving algorithms are presented. Then this thesis studies the problem for other
cases, thus completing a general picture for t-interleaving on 2-dimensional tori.

The t-interleaving problem has been studied in a number of settings over the
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Figure 1.2: An example of multi-cluster interleaving on a cycle.

years [11], [21], [62], [75], [80]. All those works study infinite-array type of graphs.
Interleaving infinite-array type of graphs is quite different from interleaving wrapping-
around graphs such as tori — for the former, the optimal interleaving can usually be
found by studying how to color just a small area of the graph, and then repeating
the color-pattern of the small area to cover the whole graph; for the latter, however,
the coloring process needs to always take into account the global structure of the
graph. Our results show, for the first time, how to t¢-interleave graphs that have

‘wrapping-around’ structures.

1.5 Problem 3: Multi-Cluster Interleaving on Paths
and Cycles

In a path or a cycle, we call every L consecutive vertices a cluster. Assume we are
now assigned a third task:

“We are asked to color a path (or cycle) of n wvertices, in such a way that any
m non-overlapping clusters are assigned at least K different colors. How can we
minimize the number of colors used?”

We call the above problem multi-cluster interleaving (MCI). As an example,
Fig. 1.2 shows a multi-cluster interleaving on a cycle of 21 vertices, where every
2 clusters (of size L = 3) are assigned at least 5 different colors. (For instance, the

two clusters in dashed circles have the colors ‘9, 1, 2, 7 and 6’.)
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The number of colors needed for MCI generally grows with the length of the path
or cycle. For example, when L = 2 and K = 3, a path can be interleaved with NV
colors if and only if it has no more than (N — 1)[(m — 1)N — 1] 4 2 vertices; and
when K = L + 1, a path that can be interleaved with N colors can have at most
ﬁNL + O(NE71) vertices (here N is seen as the variable).

For a client outside a data-storage network, it can connect to the network through
an access point and retrieve the data around that point (a connected subgraph of the
network). Multi-cluster interleaving is for clients that have multiple access points.
Retrieving data in parallel through multiple access points is a model studied in re-

cent years [16], [73]; and our results demonstrate the first non-trivial data-placement

construction for such a data-access model.

1.6 Problem 4: Monotone Percolation and Topol-
ogy Control

Let us model the nodes in a large wireless network as points that follow a Poisson
point process on an infinite 2-dimensional plane. We require every node to select
its coverage radius based on only local information — the positions of their nearby
neighbors. We ask the question: when nodes make only such local and autonomous
decisions, how good a network can we get?

The answer may sound surprising — a network with many good global proper-
ties can be constructed. In particular, we can construct a network that is strongly
connected, has small average degree, has small average coverage radius and power con-
sumption, for which the routing path between any two nodes has a length (whether
it is measured by hops or by its Euclidean distance) that is only a constant times the
length of the straight line between those two nodes, which enables geographic routing
without having any dead-ends, etc. ------

This is the first time a topology-control algorithm is proposed that achieves such

comprehensive performance guarantees. The key new idea in our algorithm is a
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concept that we call monotone percolation. In classical percolation theory, we are
interested in the emergence of an infinitely large connected component. In contrast,
in monotone percolation we are interested in the existence of a relatively short path
that makes monotonic progress between any pair of source and destination nodes. To
achieve monotone percolation, we require every node to have a set of neighbors that
can make effective progress along any direction.

The algorithm can be naturally extended for points in high-dimensional normed
spaces. And in fact the points do not have to follow the Poisson point process —
unless the points are placed in very ill positions (such as having many big ‘holes’ in
the space with no node inside), similar performance can be achieved. As a result, the

algorithm is not only useful for wireless networks, but also for overlay networks.

1.7 Summary

This thesis studies two topics: data placement using erasure-correcting codes, and
localized topology control with good global performance. They aim at the two funda-
mental challenges of the emerging data-storage networks — the efficient and robust
storage and transmission of data. The thesis endeavors to deepen our understanding
of these new topics, and to open new directions for future research. During that
course, novel algorithms have been developed, basic graph properties have been dis-
covered, and a traditional research problem has been generalized.

There are a number of publications associated with the thesis. The work on
maximum interleaving and memory allocation for trees has been presented at the 2002
[35] and the 2003 [36] IEEE International Symposiums on Information Theory, and
is currently under review for journal publication. The work on t-interleaving for tori
will be presented at the 2004 IEEE International Symposium on Information Theory
[39], and will be submitted to a journal. The work on multi-cluster interleaving
has been presented at the 7th International Symposium on Communication Theory
and Applications, and will appear in the journal IEEE Transactions on Information

Theory. The work on monotone percolation and topology control [40] is under review
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by the 45th Annual IEEE Symposium on Foundations of Computer Science (FOCS
2004).

Here we have given a glimpse of our results. Now let us begin the real adventure....
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Chapter 2

Maximum Interleaving and
Memory Allocation in Tree
Networks

2.1 The Data Placement Problem

We consider a data placement problem using erasure-correcting codes, which bounds
the file-retrieving delays in a heterogeneous data-storage network, under both fault-
free and faulty circumstances. Let G = (V, E) be a graph representing a data-storage
network, where each edge e € F has a length I(e). We can understand [(e) as the delay
of transmitting a message across the link e. We encode a file into an erasure-correcting
codeword that has N codeword components, and store replicas of those components
in the network. For any two vertices u € V and v € V, we define d(u, v) as the length
of the shortest path between vertices u and v, and call it the ‘distance between u
and v’. For any vertex u € V' and any real number r, we define N'(u,r) as the set of
vertices within distance r from u — namely, N (u,r) = {v|v € V,d(u,v) < r}, and call
N (u,r) the ‘neighborhood of u of radius r’. For every vertex v € V, it is associated
with a natural number W,;,, (u) (which is called the ‘minimum memory size’ of u), a
natural number W, (u) (which is called the ‘mazimum memory size’ of u), and a set
R(u) = {(ri(u), k;(u))|1 <i < n,} (which is called the ‘requirement set’ of u). (Note:
each element in a ‘requirement set” R(u) is a pair of numbers written in the form as

(ri(u), k;(u)), where r;(u) is a non-negative real number and k;(u) is a positive integer.
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n, is the cardinality of the set R(u). We call each element (r;(u),k;(u)) € R(u) a
requirement of u. As an example, R(u) = {(2.0,5), (3.6,8), (11.1,12)} is a requirement
set of vertex u that contains 3 requirements.) The data placement problem is defined

as follows:

Definition 2.1 Data Placement Problem: Place replicas of the codeword compo-
nents on the vertices of G = (V, E). We use w(u) to denote the number of codeword
components placed on each vertex uw € V. The following two requirements need to
be satisfied: (1) for each vertex uw € V, Wyin(u) < w(u) < Wiae(u); (2) for each
vertez u € V and for 1 < i < n,, there are at least k;(u) different codeword com-
ponents stored on vertices in the set N(u,r;(u)). The objective is to minimize the
value Y, o, w(u). (A solution that minimizes ), ., w(u) is called an ‘optimal data-

placement solution’.) O

We need to explain what the above problem means and why it is formulated
this way. With the codeword components stored in the network, when a vertex
wants to get the file, it will retrieve enough different codeword components for file-
recovery from a neighborhood as small as possible. The radius of the neighborhood
is the file-retrieving delay. We allow different vertices to have different requirements
on their file-retrieving delays for generality. What’s more, it is desirable that the
number of distinct codeword components within a certain distance from a vertex
grows steadily when that distance increases — so that the file-retrieving delay will
degrade gracefully when more and more symbols become inaccessible (e.g., because
of data loss or busy processors) — and we allow different vertices to have different
specifications on such a relationship. We use he requirement sets to represent those
specifications. (For example, if a vertex w requires there to be ‘at least 5 different
codeword components within distance 2.0, at least 8 different codeword components
within distance 3.6, and at least 12 different codeword components within distance
11.1°) then u’s requirement set is R(u) = {(2.0,5), (3.6,8), (11.1,12)}.) We also allow
each vertex to have an upper bound and a lower bound on the numbers of codeword

components it can store. (The lower bound can exist for various reasons, e.g., a Web
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server typically always stores a copy of each file it generates.) Therefore, the meaning
of the data placement problem is to store the codeword components in the network
such that all the requirements on file-retrieving delays and the constraints on vertices’
storage sizes are respected, with the objective of storing as few codeword components
as possible in the network.

The data placement problem is NP-hard for general graphs because the NP-
complete dominating set problem [23] can be reduced to it. In this paper we study the
data placement problem for trees. The problem for trees has a very special optimal
solution due to a basic graph-theoretic property of tree, which we call the Maximum
Interleaving. Maximum interleaving means that the n codeword components can be
stored in the tree network such that for every vertex, the n closest components are
all different. (A more rigorous definition of maximum interleaving will be presented
in Section 2.2.) As we mentioned earlier in the thesis, a solution to a data-placement
problem consists of two parts — deciding how many codeword components to store
on each vertex (which we call a memory allocation problem), and deciding how to
map the codeword components to the vertices (an interleaving problem). For general
graphs these two problems are inseparable; however for trees, the mazimum inter-
leaving property enables them to be solved separately — because as long as enough
codeword components (whether they are different or not) can be placed in a ver-
tex’s neighborhood, the maximum-interleaving algorithm will place enough distinct
codeword components in the neighborhood.

In the next section, we introduce the maximum interleaving property and two
algorithms that construct K-diversity interleaving — a generalized concept of max-
imum interleaving — on trees. The first algorithm is general in the sense that every
K-diversity interleaving that exists is a possible output of the algorithm. The sec-
ond algorithm is more efficient but not general. Then in Section 2.3, we introduce
three memory allocation algorithms. By combining the above algorithms, we find an

optimal solution to the data placement problem.
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2.2 K-Diversity Interleaving and Maximum Inter-

leaving

2.2.1 Definitions

In this section we will study maximum interleaving and its generalized concept —
K-diversity interleaving. They are basic properties of trees; and this chapter is a self-
containing introduction on this topic. We phrase them as graph coloring problems,
and it is easy to see that the colors correspond to the ‘codeword components’ in the
data placement problem.

Let us first define some terms. Let G = (V, E) be a tree, where every edge e € E
has a length I(e). A point in G is defined as a point on an edge (including the two
vertices incident to the edge). If p is a point on an edge e € E, then p is at distance
l(e) - A from one of €’s endpoints and is at distance I(e) - (1 — A) from the other
endpoint of e, for some A € [0,1]. For any two points p; and py, d(p1, p2) is defined as
the length of the shortest path between p; and ps, and is called the ‘distance between
p1 and py’. For any point p and any real number r, A(p,r) is defined as the set of
vertices within distance r from p, namely, N(p,r) = {v|v € V,d(v,p) < r}. Every
vertex v € V is associated with a natural number w(v). We color the tree G with n

colors, where each vertex is assigned w(v) colors.

Definition 2.2 We color the vertices of tree G using n colors, where every vertex
v € V is assigned w(v) colors. Let K be an integer, where 1 < K < n. The
coloring is called a K-Diversity Interleaving if and only if the following condition
is satisfied: for every point p and every non-negative real number r, some color is
assigned more than once to the vertices in N'(p,r) only if at least K different colors
are assigned to the vertices in N(p,r). The K-diversity interleaving is also called

Maximum Interleaving when K = n.

The following is an example.
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{2,4,6,8} w(v,) = 4
@ w(vy) =3
w(vs) =2
W(vy) =2
w(vs) =1
w(ve) =1
w(v7) =2
w(vg) =0
n=8
K=8

Figure 2.1: An example of K-diversity interleaving and maximum interleaving.

Example 2.1 Fig. 2.1 shows an example of K-diversity interleaving and mazimum
interleaving. The parameters w(v) for all vertices v are shown in the figure, and
n = K = 8. The real number beside each edge e is its length l(e). We denote the 8
colors by the numbers 1, 2, ---, 8. The colors assigned to every vertex are shown in
the set beside that vertez (e.g., vertex vy has colors 2, 4, 6 and 8). It can be verified
that for every point p and any non-negative real number r, either all the 8 different
colors are assigned to the vertices in N'(p,r), or every color is assigned at most once
to the vertices in N'(p,r). (For ezample, if we let p be the point on the edge between vs
and vy which is at distance 0.8 to vy — as shown in the figure — and let r = 0.9, then
the colors assigned to N (p,r) are 3, 4 and 2, 6 with each color assigned only once.)
So the coloring is a maximum interleaving (8-diversity interleaving). Clearly it is also
a 7-dwersity interleaving, 6-diversity interleaving, ---, 1-diversity interleaving.

O

2.2.2 A General K-Diversity Interleaving Algorithm

We are going to present a general K-diversity interleaving algorithm. The algorithm
is called ‘general’ in the sense that every K-diversity interleaving that exists for the

tree G is a possible output of the algorithm. (The algorithm is allowed to make some
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random choices during its execution, so it has more than 1 possible output.) First let
us define some new terms.

For any two points p; and py, we define C(p1, p2) as the unique point at distance

% from both p; and py — that is, C(py, p2) is the middle-point of the path between
p1 and po. Define S(p1, p2) as the set of vertices within distance M from C(p1, p2),

namely, S(pi,p2) = N(C(pr, pa), “B522).

We know that each vertex v € V' is to be assigned w(v) colors. We say that each
vertex v has w(v) color-slots; and assigning w(v) colors to v is understood as assigning
one color to each of v’s color-slots. By convention, if S C V' is a set of vertices and
v € S, then we also say each of v’s color-slots is in S. Also by convention, we say the
distance between two color-slots s" and s” is the distance between the two vertices that
the two color-slots respectively belong to, and denote it by d(s’,s”); and similarly,
the distance between a color-slot s and a point p is the distance between p and the
vertex that s belongs to, and is denoted by d(s,p) or d(p, s).

We let G be a rooted tree, and denote its root by v. We define W as W =
Y vey w(v). G has W color-slots, which we label by s1, s3, - - -, sw following this rule:
d(vy,si) <d(v,s;) for any 1 <i < j <W. The algorithm is as follows.

Algorithm 2.1: A General K-Diversity Interleaving Algorithm for Tree G = (V, E)
1. Assign K distinct colors to the following K color-slots: s1, $9, -+, Sk, such
that no two color-slots among them are assigned the same color. (If there are less than
K color-slots in the tree, then simply assign W distinct colors to all the color-slots,
such that no two color-slots are assigned the same color.)
2. Fori=K+1toWdo
{ Let 7, denote the smallest value of r such that the set {s;|1 < j < i —
1,d(s;,s;) <r} contains no less than K color-slots.
Assign a color to s;, such that no color-slot in the set {s;|1 < j < i —
1,d(s;,5j) < Tmin} is assigned the same color as s;.

}

O
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Analysis shows that Algorithm 2.1 can be implemented with time complexity
O(|[V]> + W|V| + WK). We present the complexity analysis in Appendix I.

Below we start proving the correctness of Algorithm 2.1.

Lemma 2.1 We use Algorithm 2.1 to color the tree G = (V, E). Let’s say s, is a
color-slot of vertex va, and s, is a color-slot of vertexr vg. (Here 1 <a #b<W.) If
Sq and sy are assigned the same color, then the color slots in S(va,vp) are assigned

no less than K distinct colors.

Proof: Without loss of generality, we assume a < b. We'll prove by induction that
the lemma holds for any b < W.

The K color-slots s1, so, -+, Sk are all assigned distinct colors. As a null case,
the lemma holds when b < K. We use this as the base case for the induction.

Let 7 be an integer such that K +1 <i < W. Assume that when b < 7, the lemma
holds. Let’s prove that the lemma also holds when b = 1.

Assume b = 7; and assume s, and s;, are assigned the same color. Let 7,,;, denote
the smallest value of r such that the set {s;|1 < j < b—1,d(sp,s;) < r} contains
no less than K color slots. According to Algorithm 2.1, no color-slot in the set
{s;]1 < j < b—1,d(sp,5j) < Tmin} is assigned the same color as s, is. Therefore
d(Sa, Sp) = Tmin. Since a < b, the distance between the root and v, is no greater
than the distance between the root and vg. Therefore the unique point at distance
W from both v4 and vg, C(va,vp), lies on the path between the root and vp.
Define @ as Q = {s;|1 < j < b—1,d(sp,5;) < Tin}. Consider any color-slot in @

— say it’s s. and is a color-slot of vertex ve. Clearly ¢ < b. If C(va,vp) lies on the

d(va,vB)

path between the root and ve, then d(C(va,vp),ve) < d(C(va,vB),vB) = =422,

because the distance between the root and v¢ is no greater than the distance between
the root and vg. If C(va,vp) doesn’t lie on the path between the root and vc,
then again d(C(va,vg),ve) < w, because d(ve,vg) < Tmin < d(va,vp) and
d(ve,vp) = d(ve,C(va,vp)) + d(C(va,vp),ve) = d(ve,C(va,vp)) + M. So s, is
in the set S(va,vp). So all the color-slots in @ are in S(va,vg).

There are at least K color-slots in (). If all the color-slots in () have distinct
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colors, then clearly the color-slots in S(va,vp) are assigned no less than K dis-
tinct colors. Now consider the case where there are two color-slots in () that have
the same color — say those two color-slots are sy and sj, which belong to ver-
tex vp and vy, respectively. Clearly f < b, h < b, and both vp and vy are
in S(va,vp). Let vy denote the unique vertex that lies on the following three
paths: the path between C(vs,vp) and vg, the path between C(va,vp) and vy,
and the path between vg and vg. The point C(vp,vy) lies on the path between
v and vy; without loss of generality, let’s say C(vg,vy) lies on the path between
vp and vp. For any color-slot in S(vp,vy) — say it’s s;, which belongs to ver-
tex v; — we have d(C(va,vp),vs) < d(C(va,vB),C(vr,vy)) + d(C(vp,vg),vy) <
d(C(vA,UB),C(vF,vH))—i-w = d(C(va,vp),vr)+d(vr,C(vp,vy))+d(C(vp, vy ), vF) =
d(C(va,vp),vp) < %, and therefore s; is in S(v4, vg). By the induction assump-
tion, the color-slots in S(vg,vy) are assigned no less than K distinct colors. So the
color-slots in S(v4,vp) are also assigned no less than K distinct colors.
So the lemma holds when b = 7. And the proof is completed.

O

Lemma 2.2 Assume there is a coloring on the tree G = (V, E), which uses n different
colors and assigns w(v) colors to every vertex v € V. The coloring is a K-diversity
interleaving if and only if the following is true: for any two color-slots s, and s, —
say they are color-slots of vertex vy and vg, respectively — if s, and s, are assigned
the same color, then the color slots in S(va,vp) are assigned no less than K distinct

colors. (Here 1 <a#b<W.)

Proof: First let’s prove one direction. Assume the coloring is a K-diversity interleav-
ing, and assume s, and s, are assigned the same color. S(v4,vg) = N(C(va,vB), M),
and both s, and s, are in S(v4,vp). So by the definition of K-diversity interleaving,
the color-slots in S(v4,vp) are assigned no less than K distinct color.

Next let’s prove the other direction. Assume that for any two color-slots s, and sy,

which belong to vertex v4 and vg, respectively, if s, and s, are assigned the same color,

then the color-slots in S(va4,vp) are assigned no less than K distinct colors. Let p be
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Figure 2.2: Different K-diversity interleavings on the same tree.

an arbitrary point in G, and let r be an arbitrary real number. If not all the color-slots
in NV (p,r) are assigned distinct colors, then let s, and s, be two color-slots of the same
color in N (p,r). For any vertex v € S(va,vp), we have d(v,p) < d(v,C(va,vp)) +
d(C(va,vp),p) < d(”AT’”B) + d(C(va,vp),p) = max{d(va,p),d(vg,p)} < r. Therefore
S(va,vp) € N(p,r). So the color-slots in N (p,r) are assigned at least K distinct
colors. So by definition, the coloring is a K-diversity interleaving.

O

Lemma 2.1 and Lemma 2.2 together naturally establish the following conclusion.

Theorem 2.1 Algorithm 2.1 correctly outputs a K -diversity interleaving for the tree
G=(V,E).

Since Algorithm 2.1 always has an output, we have the following corollary.

Corollary 2.1 K-diversity interleaving exists for all trees.

2.2.3 Generality of K-Diversity Interleaving Algorithm 2.1

Different K-diversity interleavings can exist for the same tree, as the following exam-

ple shows.
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Example 2.2 Fig. 2.2 (a), (b) and (c) show the same tree G = (V, E). In the tree,
all edges have the same length, and w(v) = 1 for any vertex v € V. n = 3 colors
— denoted by the numbers ‘1°, ‘2" and ‘3" — are used to color the tree, and three
colorings are shown in (a), (b) and (c), respectively. (The number beside each vertex
is the color assigned to it.) It is simple to verify that each coloring is a K -diversity
interleaving for K = 3. Clearly the colorings in (a) and (b) can’t be derived from
each other through permutation of colors; but the colorings in (b) and (c) can, e.q.,
the coloring in (c) can be got by changing the colors ‘1°, ‘2’ and '3’ in (b) into colors

27, ‘3" and ‘1’, respectively. a

When Algorithm 2.1 colors a tree, firstly it needs to label the W color-slots as sy,
S9, -+, Sw, and then it assigns colors to those color-slots in order. The labelling is
usually not unique; and every time the algorithm assigns a color to a color-slot, the
color can usually be chosen from a set of more than one color. By labelling the color-
slots in different ways and by choosing the color differently while coloring a color-slot,
Algorithm 2.1 can output different K-diversity interleavings. The following theorem
shows that in fact, every K-diversity interleaving that exists is a possible output of
Algorithm 2.1, — namely, the set of possible outputs of Algorithm 2.1 is exactly the
set of K-diversity interleavings that exist, — and that property holds even if the root
of the tree is fixed. (Fixing the root of the tree lessens the number of ways to label

the color-slots.)

Theorem 2.2 The set of possible outputs of Algorithm 2.1 is exactly the set of K-
diversity interleavings that exist for the tree G = (V, E), even if the root of the tree
18 fized.

Proof: We present a sketch of the proof here. A detailed proof for this theorem is
presented in Appendix II. By Theorem 2.1, the set of possible outputs of Algorithm
2.1 is a subset of the set of K-diversity interleavings that exist. So the only thing left
to prove is that every K-diversity interleaving is a possible output of Algorithm 2.1,

even if the root of the tree is fixed.
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Assume the root of the tree is fixed. Assume a fixed K-diversity interleaving
for the tree G = (V,E) is given. If )  _, w(v) < K, it’s simple to see that the
K-diversity interleaving must have assigned W distinct colors to the W color-slots,
which is clearly a possible output of Algorithm 2.1. So from now on we only consider
the case where W > K. We'll prove by induction that for 1 < i < W, there is a set of
1 color-slots that Algorithm 2.1 can label as sy, so, -+, s; and assign the same colors
to as the given K-diversity interleaving does.

Let 7 denote the fixed root of the tree. For 1 < j < W, let R,n(7,7) denote
the minimum value of 7 such that ) _ Nrr) w(v) > j. It is simple to see that there
exist a set of K color-slots that are assigned distinct colors in the given K-diversity
interleaving and are at distance no greater than R, (7, K) from ~, and that every
color-slot at distance less than R, (7, K) from v is contained in that set. Clearly it
is feasible for Algorithm 2.1 to label those color-slots as si, $a, -+, Sk, and assign
them the same colors as the given K-diversity interleaving does. So the induction is
true for 1 <7 < K.

Let I be a fixed integer such that K < I < W. Assume the following induction
assumption is true: when ¢ = I, there is a set C of ¢ color-slots which Algorithm
2.1 can label as sy, s9, -+, s; and assign the same colors to as the given K-diversity
interleaving does. We will prove that this induction assumption is also true when
1=1+1.

Let D denote the set of all the W color-slots in the tree. Let H denote the set of
color-slots in D — C' at distance R,,n(7, I + 1) from ~y. (There are I color-slots in C.
Clearly H # ().) Denote the color-slots in H as ¢, ¢, ---, ¢ For 1 < p < |H],
define 7, (p) as the smallest value of r such that there are no less than K color-slots
in C' at distance no greater than r from c,.

Randomly pick a color-slot ¢;, from H. (Here 1 < j; < |H|.) If at least one color-
slot in C' at distance less than r,,;,(j1) from ¢;, is assigned the same color as ¢;, in
the given K-diversity interleaving, then let ¢;, € C' denote the color-slot closest to c;,
which is assigned the same color as ¢;, in the given K-diversity interleaving. Say c;,

is a color-slot of vertex u;, and ¢, is a color-slot of vertex v;. Let J denote the set of
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color-slots in S(uy,v1). The given K-diversity interleaving assigns at least K distinct
colors to the color slots in J; and J = (JNC)U (JN H). Any color-slot in J N C
is at distance less than 7, (j1) from c¢;,, so there exists a color-slot in J N H which
has a color different from any color-slot in J N C' in the given K-diversity interleaving
— and we denote that color-slot by c¢;,. If at least one color-slot in C' at distance
less than 7, (j2) from ¢;, is assigned the same color as ¢;, in the given K-diversity
interleaving, then some color-slot ¢;, can be found through c;, in the same way the
color-slot ¢;, is found through c;,. This process can keep going on and a series of color
slots ¢j,, ¢j,, ¢js, Cj,, - -+ Will be found. It can be shown that all those color-slots are
distinct. Therefore this series is not infinitely long, and eventually some color-slot c;,
(x > 1) will be found such that no color-slot in C' at distance less than 7,,;,(j,) from
c;, is assigned the same color as ¢;, in the given K-diversity interleaving. Then it’s
simple to see that it is feasible for Algorithm 2.1 to label ¢;, as the color-slot s;;; and
assign sy,q the same color as the given K-diversity interleaving does, after labelling
the color-slots in C' as sy, s9, -+, s; and assigning the same colors to them as the
given K-diversity interleaving does. So the induction is also true when ¢ = I + 1.

The proof by induction is complete here. Now it’s clear that Algorithm 2.1 can
assign the same colors to all the W color-slots as the arbitrarily given K-diversity
interleaving does. So any K-diversity interleaving is a possible output of Algorithm
2.1, even if the root of the tree is fixed. Therefore this theorem is proved.

O

2.2.4 An Efficient K-Diversity Interleaving Algorithm

The general K-diversity interleaving algorithm shown in Section III has complexity
O(|[V]>?+W|V|+WK). In this subsection we present an algorithm that is less general
but has a lower complexity. What’s more, the algorithm is very suitable for parallel

computation.

Algorithm 2.2: An Efficient K-Diversity Interleaving Algorithm for Tree G =
(V. E)
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1. Denote the root of G by . Label the vertices in G as vy, vo, - - -, vjy| following
this rule: for any 1 <i < j < |V, d(v,v;) < d(7,v;).

2. Label the color-slots of G as s1, sg, - - -, sw in the following way: for 1 < < |V,
label the w(v;) color-slots of vertex v; as sw,+1, Swi+2, ***, Switw(w), Where W; is
defined as W; =3, ;  w(v;).

3. f W < K, then assign W distinct colors to the W color-slots in the tree such
that no two color-slots are assigned the same color, and exit this algorithm. Otherwise
go to Step 4.

4. Fori=1to K, C; — {s;}.

5. Fori =K + 1 to W do

{ Let s, be the unique color-slot that satisfies the following 2 conditions:

)l1<z<i-—1,;

(ii) The set S defined as follows contains exactly K — 1 color-slots. S is
defined in this way: a color-slot s; is in S if and only if 1 < j <7 —1 and either
‘d(si,s;5) < d(s, s5)", or ‘d(s;,s5) = d(s;,s,) and j < .

Let C; (1 <t < K) be the unique set such that s, € Cy. Cy «— C, U {s;}.
}

6. Assign K distinct colors to the color-slots in the K sets C, Cs, - -+, Ck, such
that any two color-slots are assigned the same color if and only if they are in the same
set.

O

Example 2.3 The following example is used to illustrate how Algorithm 2.2 com-
putes. In the example, the tree G = (V, E) is as shown in Fig. 2.3. The number
beside each edge is the edge’s length. The vertex at the top is selected as the root.
The 13 vertices in G are labelled as vy, vy, -+, vi3 which is consistent with the way
Algorithm 2.2 labels vertices — namely, for any 1 < i < j < |V, the distance be-
tween the root and v; is no greater than the distance between the root and v;. For
1 <1 <13, w(v;) is shown in Fig. 2.5. Algorithm 2.2 is used to compute a K -diversity

interleaving for the tree using n distinct colors, where n =6 and K = 5.
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w(vy) =1
w(Vp) =2
w(v3) =1
w(Vg) =1
w(Vs) =3
w(Veg) =2
w(v7) =1
w(vg) =1
w(Vg) =1
w(Vyg) =1
w(vi) =1
w(V12) =0
w(Vy3) =0

Figure 2.3: An example of K-diversity interleaving using Algorithm 2.2.

There are W = 3 _, w(v) = 15 color-slots in G. Algorithm 2.2 labels them as

S1, So, + -+, S15 as shown in the table below.
Vertex v U1 () V3 | V4 Vs Vg v7 | vg | Vg
Color-slots of vertex v S1 S92, S3 Sq Sy Se¢, S7, S8 | S9, S10 | S11 | S12 | S13
Vertex v V10 V11 V12 | V13
Color-slots of vertex v | Sy S15

Table 1: The labelling of the color-slots

Algorithm 2.2 then assigns values to 5 sets Cy, Cy, --

fori=1,2,--- 5.

-, C5 as follows: C; = {Sz}

Nezxt, for i = 6 to 15, Algorithm 2.2 finds the color-slot s, corresponding to i

(This is the step 5 in Algorithm 2.2. Note that s, changes when i changes.); then s;

is inserted into the set Cy, where Cy (1 <t < 5) is the set that s, is in (Note that

the value of t changes when i changes). This process is illustrated by the table below.

(As an example, in the second column of Table 2, i = 6, s; = sg, Sz = 85, Cy = Cs.

It means when i = 6, the corresponding s, is s5. s5 € Cs, so Cy = Cs. As a result,

Algorithm 2.2 inserts s; — which is s¢ — into Cs; then both s5 and sg are in Cs.)
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? 6 | 7189 |10 11| 12| 13| 14| 15

Si | Se | ST | S8 | S9 | S10 | S11 | S12 | S13 | S14 | S15

Sz | S5 | S4 | S1 5S4 53 592 S7 S7 | S10 | S9
Ci |Cs |Cy | CL | Cy | C3 | Cy | Cy | Cy | C3 | Cy

Table 2: The execution of the step 5 in Algorithm 2.2

After the above computing, the values of the 5 sets Cy, Cy, -+, Cs become as fol-
lows: Cy = {s1,88}, C2 = {82,511}, C3 = {3,510, 514}, Cs = {54, 57, 59, 512, 513, 515},
Cs = {s5,86}. Then Algorithm 2.2 arbitrarily selects 5 distinct colors — without loss
of generality, say they are color 1, 2, 3, 4 and 5, respectively — and colors the tree
with those 5 colors in the following way: for 1 < i < 5, assign color i to all the
color-slots in C;. It can be verified that such a coloring is a K-diversity interleaving
with K=5.

O

It’s simple to see that with a K-diversity interleaving output by Algorithm 2.2,
the tree G = (V, ) has exactly K distinct colors.

Analysis shows that Algorithm 2.2 can be implemented with time complexity
O(|[V]> + W). And it can be shown that Algorithm 2.2 is indeed more efficient
than Algorithm 2.1, the general K-diversity interleaving algorithm. The complexity
analysis is presented in Appendix III.

The major computation in Algorithm 2.2 is its step 5, where for each color-slot
si (K+1<i<W), a corresponding color-slot s, is searched for. Given the tree
structure and s;, the corresponding s, can be uniquely determined without knowing
the coloring on any part of the tree. So Algorithm 2.2’s step 5 can be computed in
parallel by up to W — K computing machines, and then its computational time will
be reduced by a factor of W — K .2

Below we start proving the correctness of Algorithm 2.2.

2Processing the color-slots one by one is one straightforward way to implement Algorithm 2.2’s
step 5. As shown in Appendix III, a more efficient way to compute is to process all the color-slots
of each vertex together. If that method is used, then step 5 can be computed by Ny computing
machines in parallel, and the computational time can be reduced by a factor of approximately N,
where Ny denotes the number of vertices each of which has at least one color-slot.
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Lemma 2.3 Assume Algorithm 2.2 is used to produce a K-diversity interleaving for
the tree G = (V, E). Algorithm 2.2 labels the vertices in G' as vy, ve, -+, Vjy|, and
labels the color-slots in G as sq, Sa, -+, sw. Assume W > K. At the end of Algorithm
2.2, the K sets Cy, Cy, ---, Ck is a partition of all the color-slots in G.

For K+1 <1 <W, define L; as an ordered set that sorts the i — 1 color-slots
1,82, ,Si—1 in the following way: for any 1 < j # k <i—1, s; is placed before sy,
in the ordered set L; if ‘d(s;,s;) < d(s;,sg)” orif ‘d(s;,s;) = d(s;,s,) and j < k’.

Then the following conclusion s true: for any K +1 <1 < W, the first K color-
slots in L; are evenly distributed in the K sets Cy, Cy, ---, Cx — that is, for any
two color-slots s; and s, among the first K color-slots in L;, if s; € Cj, and s, € Ch,,

then jo # ko.

Proof: For K +1 <i < W, define h(i) as a variable that satisfies the following two
conditions: (1) sp(;) is one of the first K color-slots in L;; (2) for any color-slot s; that
is one of the first K color-slots in L;, h(i) > j.

First we consider the case where i is a fixed integer such that K +1 <i < W and
1 < h(i) < K. By the definition of h(7), it’s simple to see that h(i) = K and the first
K color-slots in L; is just a permutation of sy, s9, -+, Sk. S1, Sg, +++, Sk are evenly
distributed in the K sets ', Cy, ---, Cx. Therefore Lemma 2.3 is true in this case.
Now we start proving Lemma 2.3 by induction.

When i = K +1, 1 < h(i) < K. By the above result, the first K color-slots in L;
are evenly distributed in the K sets C;, Cs, - -+, Cx. We use this as the base case.

Assume i is a fixed integer such that K +1 <¢ < W; and for K +1 < j < i, the
first K color-slots in L; are evenly distributed in the K sets C, Cy, - -+, Cx. We need
to prove that the first K color-slots in L; are also evenly distributed in the K sets Cf,
Cy, -+, Ck. Clearly, we only need to consider the case where K +1 < h(i) <i— 1.

Assume sp(;) is the ko-th color-slot in L;. (Here 1 < kg < K.) Let B denote
the set defined in this way: a color-slot s is in B if and only if 1 < k < i —1
and one of the following two conditions is satisfied: (1) d(s;, sx) < d(ss,sn3)), (2)

d(s;, si) = d(si, sp)) and k < h(i). Clearly B contains ky — 1 color-slots, each of
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which is one of the first ky — 1 color-slots in L;; and each color-slot in B is also in
L.

Let ug be the unique vertex on all of the following three paths: the path between
the root and the vertex that s; belongs to, the path between the root and the vertex
that s,(;) belongs to, and the path between the vertex that s; belongs to and the
vertex that s,;) belongs to. Let s, be an arbitrary color-slot in B. Since s, is
one of the first K color-slots in L; and y # h(i), y < h(i). According to the way
Algorithm 2.2 labels color-slots, we know the distance between the root and s, is no
greater than the distance between the root and sj,(;y — so if g is on the path between
the root and s,, then d(ug,sy) < d(uo,sn)). If up is not on the path between
the root and s,, we also have d(uo, sy) < d(ug, Sp()) because d(s;, s,) < d(Si, Sn))
d(si, sy) = d(si,u0) + d(uo, sy) and d(s;, spy) = d(si, uo) + d(uo, sp))-

Let s, be an arbitrary color-slot in Ly but not in B. It’s not hard to see
that wug is not on the path between the root and the vertex that s, belongs to,
and d(ug, s.) > d(ug, Sn@)). S0 d(Sn@),s2) = d(sn@), o) + d(ug,s.) > d(sna), uo) +
d(uo, sn@)) = d(sh@), o) + d(uo, sy) > d(Sk), Sy). Since s, is an arbitrary color-slot
in B, all the color-slots in B are placed before s, in the ordered set L. Since s,
is an arbitrary color-slot in Lj;) but not in B, the color-slots in B are just the first
ko — 1 color-slots in Ly (but the ordering is not specified here). So the first ky — 1
color-slots in L; is a permutation of the first kg — 1 color-slots in L.

Consider the following two cases.

Case 1: In this case, kg = K. Then sy is the K-th color-slot in L;. Let C;
(1 <t < K) be the set that the K-th color-slot in Ly is in. It’s simple to see
from Algorithm 2.2 that s is also in C;. By the indiction assumption, the first K
color-slots in Ly ;) are evenly distributed in the K sets C, Cs, ---, Ckx. So the first
K color-slots in L; are also evenly distributed in the K sets C;, Cs, -+, Ck.

Case 2: In this case, ky < K. Let s, denote the (ko + 1)-th color-slot in L;. Then
d(8i,Sq0) > d(Si,8n3:)), and qo < h(i). It’s not hard to see that ug can’t be on the
path between the root and the vertex that sg, belongs to, and d(s;, sq,) > d(si, Sn@i))-

Define D; to be an ordered set defined as follows: D; contains K — kg color-slots, and
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for 1 < j < K — kg, the j-th color-slot in D is the (kg + j)-th color-slot in Lj.

Clearly for any color-slot s, in D, q < h(i), and d(s;, 5q) > d(8i, 5¢,) > d(54, Sh(i))-
Let s, denote the K-th color-slot in L;, which is also the (K — kg)-th color-slot in
D. It’s simple to see that a color-slot s; (1 < j < W) is in D if and only if the
following three conditions are true: (1) j < h(i); (2) d(si,s;) > d(s;, Sn@)); (3) either
‘d(s;,sj) < d(si,sq) or ‘d(si,sj) =d(si,sq) and j < ¢;’. For any color-slot s, in D,
clearly uy can’t be on the path between the root and the vertex that s, belongs to.
So a color-slot s; (1 < j < W) is in D if and only if the following three conditions
are true: (1) 7 < h(i); (2) d(uo, sj) > d(uo, sn)); (3) either ‘d(ug, s;) < d(uo, sq,)" or
‘d(ug, sj) = d(ug, sq,) and j < g1’

It’s been proven that for any color-slot s, in Ly but not in B, g is not on the
path between the root and the vertex that s. belongs to, and d(uo, s.) > d(uo, sn())-
Now it’s simple to see that for 1 < 5 < K — kg, the j-th color-slot in D is the
(ko — 1+ j)-th color-slot in Ly.

Let’s summarize our results. It’s proven that the first kg — 1 color-slots in L; is a
permutation of the first ko — 1 color-slots in L. Also clearly for ko +1 < j < K,
the j-th color-slot in L; is the (j — 1)-th color-slot in Ly, since they are both the
same as the (j — ko)-th color-slot in D. Let C; (1 <t < K) be the set that the K-th
color-slot in Ly is in. It’s simple to see from Algorithm 2.2 that sy is also in C}
— so the kyp-th color-slot in L; is in C;. By the indiction assumption, the first K
color-slots in Ly ;) are evenly distributed in the K sets C, Cs, ---, Ck. So the first
K color-slots in L; are also evenly distributed in the K sets C;, Cs, ---, Ckx. The
analysis of Case 2 ends here.

The proof by induction is complete here. So Lemma 2.3 is proved.

O

Theorem 2.3 Algorithm 2.2 correctly outputs a K -diversity interleaving for the tree
G=(V,E).

Proof: This theorem can be proved by showing that Algorithm 2.2 is a special case

of Algorithm 2.1, namely, all the computation in Algorithm 2.1 is also implemented
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in Algorithm 2.2.

Assume Algorithm 2.2 is used to produce a K-diversity interleaving for a tree
G = (V, E). Algorithm 2.2 labels the vertices in G as vy, va, - -, vy, and labels the
color-slots in G as s1, Sa, - -+, Sw. At the end of Algorithm 2.2, the K sets C4, Cy,

-+, Uk is a partition of all the color-slots in G.

Let v denote the root of G. By the way Algorithm 2.2 labels vertices and color-
slots, it’s simple to see that for 1 < i < j < W, d(v,s;) < d(7,s;). So the rule on
labelling color-slots in Algorithm 2.1 is also followed in Algorithm 2.2.

If W < K, then Algorithm 2.2 assigns W distinct colors to the W color-slots in
G such that no two color-slots are assigned the same color, which is what Algorithm
2.1 does, too. So if W < K, Algorithm 2.2 will correctly output a K-interleaving for
the tree G = (V, E)). From now on we only consider the case where W > K.

For 1 <i < K,s; € C;. Forany 1 <1 # 7 < K, no color-slot in C} is assigned
the same color as any color-slot in Cj}. So Algorithm 2.2 assigns K distinct colors to
the following K color-slots: sy, ss, -+, Sk, such that no two color-slots among them
are assigned the same color, which is what Algorithm 2.1’s step 1 does, too.

Let y be a fixed integer such that K +1 <y < W. Let r,,;, denote the smallest
value of r such that the set {s;|1 < j <y —1,d(sy,s;) <r} contains no less than K
color-slots. Define L, as an ordered set that sorts the y —1 color-slots s, 59, -+, 5,_1
in the following way: for any 1 < j # k <y —1, s, is placed before s, in the ordered
set L, if ‘d(sy,s;) < d(sy,si) or if ‘d(sy,s;) = d(sy,s;) and j < k. Clearly, the
distance between s, and the K-th color-slot in L, equals 7,,;,, and any color-slot in
the set {s;|1 <j <y —1,d(sy,5;) < I'min} is one of the first K — 1 color-slots in L,,.

Assume C; (1 < t < K) is the set that the K-th color-slot in L, is in. It’s
simple to see from Algorithm 2.2 that s, € C,. Let s, be any color-slot in the set
{s;]1 <j <y—1,d(sy,S;) < Tmin}. Sq is one of the first K — 1 color-slots in L,.
By Lemma 2.3, s, ¢ C;. So s, and s, are assigned different colors by Algorithm 2.2,
which is what Algorithm 2.1’s step 2 does, too.

By now it’s proven that all the computation in Algorithm 2.1 is also implemented

in Algorithm 2.2. Therefore Algorithm 2.2 is a special case of Algorithm 2.1. So
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Algorithm 2.2 will correctly output a K-diversity interleaving for the tree G = (V, E),

just as Algorithm 2.1 does.
O

2.3 Memory Allocation

2.3.1 Definitions

The result on maximum interleaving (or more generally, the K-diversity interleaving)
has essentially solved one part of the data placement problem defined in Section 2.1
— how to map the codeword components to the vertices once how many components
to place on each vertex is known. Then clearly, for the data placement problem, the
question of how many codeword components should be placed on each vertex for an

optimal data-placement solution is reduced to the following problem:

Definition 2.3 Memory Allocation Problem

INSTANCE: A tree G = (V, E). Every edge e € E has a length l(e). Every vertex
v € V is associated with a set R(v) = {(r;(v), k;(v))|1 < i < n,}, which is called
the ‘requirement set’ of v. FEach vertex v € V' is also associated with a parameter
Wnin(v), which is called the ‘minimum memory size’ of v, and a parameter W, (v),
which is called the ‘maximum memory size’ of v.

QUESTION: How to assign a natural number w(v) (Wpin(v) < w(v) < Wiee(v))
to each vertex v € V, with the value of ) ., w(v) minimized, such that for any
vertez w € V and for 1 <@ < nu, 30 e ) W) = ki(w)? (Here w(v) is called
the ‘memory size of v’. A solution to this memory allocation problem is called an
optimal memory allocation.)

O

Example 2.4 Fig. 2./ shows an example of the memory allocation problem. The
graph G = (V, E) has 6 vertices; the number beside each edge is its length. A solution

is also given: w(vy) = 3, w(vy) = 2, w(vs) = 2, w(vy) =5, w(vs) =7, w(vg) = 3,
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w(Vy) =3 R(V1) ={ (10, 7), (1.2, 11) }
R(V2) ={ (12,5)}
1.0 1.0 R(V3) ={ (1.3,5)}

R(V4) ={ (06,5)}
R(Vs) ={ (16,12)}
R(Ve) ={ (10,3)}

Whin(V1) =0 Whax(V1) =3
Whin(V2) =0 Wmnax(V2) =5
Whin(V3)=1  Wmnax(V3)=6
Whnin(V4) =0 Winax(Vg) =5
Whin(Vs) =3 Wmnax(Vs) =10
Whin(Ve) =0 Wmax(Ve) =8

w(Vg) =3
Figure 2.4: An example of the memory allocation problem.

which is shown in the figure. We claim without proof that no other solution has a

smaller value of 3, w(v); readers can verify that the claim is true. 0

In the following subsections, we present three polynomial-time algorithms. The
first two algorithms respectively solve the memory allocation problem with and with-
out upper bounds on vertices’ memory sizes. They have complexities of O(g|V'|?) and
O(q|V'|?), where q is the average cardinality of a requirement set. The third algorithm
finds a solution that minimizes the greatest memory size of single vertices, among all
the optimal solutions. It’s complexity is O(q|V [*log(Y — %)), where Y is the greatest
memory size of single vertices in some memory-allocation solution, and X is the total

memory size in that solution.

2.3.2 A Memory Allocation Algorithm

In this subsection, we present an algorithm for the memory allocation problem.

The following proposition is self-evident.

Proposition 2.1 The memory allocation problem has a solution if and only if for

any v €V and for 1 <i <y, 3 e nror(o)) Wimae(w) = ki(v).
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From now on we always assume a solution exists for the memory allocation prob-
lem.
For any two vertices v; and vq in a tree G = (V, E), we say ‘v; is a descendant
of vy’ or ‘vy is an ancestor of vy’ if vy # v; and v, is on the shortest path between v;
and the root. We say ‘vy is a child of vy’ or ‘v, is the parent of v’ if v; and vy are
adjacent and vy is a descendant of vy. For any vertex v € V', we use Des(v) to denote

the set of descendants of v.

Definition 2.4 An Optimal Memory Basis: A set {w(v)|v € V} is called an
optimal memory basis if there exists an optimal memory allocation for the tree G =

(V. E) which assigns memory size wy,(v) to every vertex v € V, such that for any

v eV, Winin(v) <w(v) < wep(v). O

The following lemma shows how one can get a new optimal memory basis from

an old optimal memory basis by increasing memory sizes.

Lemma 2.4 Let uy be a child of ug in the tree G = (V, E). And let {w;(v)|v € V'} be
an optimal memory basis. Assume the following conditions are true for the memory
allocation problem: “for any vertexr v € Des(u1), the ‘requirement set’ R(v) = 0;
R(uy) has an element (r, k), namely, (r,k) € R(uy).”

We define Sy as S; = N (ug,r — d(uy,us)), and define Sy as Sy = N (uq,r) — Si.
We compute the elements of a set {wy(v)|v € V'} in the following way (step 1 to step

Step 1: for allv € V, let wy(v) «— wy(v).

Step 2: Let

X — max{0, k — Z Winaz(v) — Z wi(v)},

veSy veSs
and let C «— Ss.
Step 3: Let vy be the vertex in C' that is the closest to uy—namely, d(vy,uy) =
min,eo d(v,uy). Let wa(vg) < min{Wi,a.(vo), wi(vo) + X}. Let X — X — (wa(vg) —
wi(vg)), and let C — C' — {wvy}. Repeal Step 3 until X equals 0.
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Then the following conclusion is true: {wa(v)|v € V'} is also an optimal memory

basis.

Proof: The following three conclusions can be easily seen to be true:

Conclusion (1): S; U Sy = N(uq,7), and S; NSy = 0.

Conclusion (2): For any v € Sy, Wi (v) < wi(v) < wse(v) < Wipee(v). For any
v eV =8y, Whin(v) < wi(v) = wy(v) < Winee(v). And

D wa(v) =Y wi(v) = max{0,k = Y Wiaa(v) = Y wi(v)}

veV veV vES, vESsy

Conclusion (3):

Now let’s use them to prove Lemma 2.4.

{w;(v)|v € V} is an optimal memory basis. So there exists an optimal memory
allocation that assigns memory size wyy(v) to every vertex v € V', such that wy(v) <
Wopt(v) for any v € V. By Definition 2.3 we know 3 -, » Wopt(v) = k. Since
ZUEN(ul,r) Wopt (V) = Zuesl wopt(U)+Zue52 Wopt (V) < ZvESl Wmax(“)+zyesg Wopt (V),
we get D cg, Wopt(V) = k=22 e Winaz(v). And clearly > ¢ wop(v) > 37 g, wi(v).
By conclusion (2), >, cq wa(v) = > cg, w2(v) + D2 cy_g, Wa(v) = D2 cp_g, wi(v) —
S ey 01 (0) Doy 01(0) = Xy w2(0) = ey 03(0) 3, ws(v) = max{0, k-

5 e, Wonae ()= s, 0 (0045 s, w01(0) = max{ S, g, 03 (0), k=3, Wonar (1)}

50 D es, Wopt(V) 2 2, Wa(v),
We compute the elements of a set {w,(v)[v € V'} in the following way (step 1 to

step 3):

Step 1: for all v € V — Sy, let w,(v) <= wepe(v). For all v € Sy, let w,(v) «— wy(v).

Step 2: Let Y « > o Wopt (V) — X ,eq, wi1(v), and let €'« S,.

Step 3: Let vy be the vertex in C' that is the closest to u;—namely, d(vg,u;) =
mingec d(v, uy). Let w,(vg) «— min{Wi,0.(vo), w1 (vo) + Y}. Let Y «— Y — (w,y(vg) —
wi(vg)), and let C'«— C' — {vp}. Repeat Step 3 until X equals 0.

From the above three steps, it’s simple to see that the following must be true: for
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any v € V, w,(v) > we(v); for any v € V. — Sy, w,(v) = wepe(v); for any v € Sy,
Wonin(®) < 00(0) € Winae(0); Soey wolt) = ooy wop(0), and X, wo(v) =
> ves, Wopt(v). It’s easy to see that the following must also be true: if there ex-
ists a vertex v; € Sy such that w,(v;) > wi(vy), then for any v € Sy such that
d(v,ur) < d(vi,ur), we(v) = Winae(v); if there exists a vertex vy € Sy such that
Wo(V2) < Winasz(v2), then for any v € S5 such that d(v, uy) > d(vy, uy), w,(v) = wy(v).
Therefore for any real number L, if we define @ as Q = {v|v € Sy, d(v,uy) < L)},
then ZUGQ w(v) > ZUEQ Wopt (V).

Let vg € V be any vertex such that R(vy) # 0, and let (rg, ko) be any element
in R(vg). Clearly vy ¢ Des(up). Since Sy C Des(ui) U {ui}, N(vo,r0) = {v|v €
N(vg,70),v & Sa} U {v|v € N(vg,10),v € So} = {w|v € N(vg,r0),v & So} U {v|v €
So, d(v,v9) < 1o} = {v|v € N(vg,70),v & So} U{vjv € Sy, d(v,uy) < 19 — d(ug,vg)}.
S0 2 e (o) WolV) 2 2 ouen(wory) Wopt (V). Clearly D ey ) Wopt (V) = ko. So
D veN (vorg) WolV) = ko. Since 37y wo(v) = D7,y Wopt(v), the memory allocation
which assigns memory size w,(v) to every vertex v € V' is also an optimal memory
allocation.

For any v € V, Win(v) < we(v) < wy(v). So {we(v)lv € V} is an optimal
memory basis.

O

The following lemma shows how one can transform one memory allocation problem

into another by modifying the ‘requirement sets’ and the ‘minimum memory sizes’.

Lemma 2.5 uy is a child of uy in the tree G = (V,E). And {wo(v)|v € V} is an
optimal memory basis. Assume the following conditions are true for the memory allo-
cation problem: “for any vertex v € Des(uy), the ‘requirement set’” R(v) = 0; for any

element in R(u1)—say the element is (r,k)—we have 3, cnru r—d(us up)y Winaz (1) +

w1
D S ueN (ur.r) - N (s —d(un iz)) W0 (1) = .7

We compute the elements of a set {R(v)|v € V'} in the following way (step 1 and
step 2):

Step 1: for allv € V, let R(v) — R(v).
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Step 2: let (r,k) be an element in R(uy). If > veN(urr) Wo(v) < k, then add an
element (r — d(u1, u2), k= 37 c A(ur ) - A (usr—d(un un)) W0 (V) to the set R(uy). Remove
the element (r, k) from I%(ul) Repeat Step 2 until I%(ul) becomes an empty set.

Let’s call the original memory allocation problem, in which the ‘requirement set’
of each vertexr v € V is R(v), the ‘old problem’. We derive a new memory alloca-
tion problem—uwhich we call the ‘new problem’—in the following way: in the ‘new
problem’ everything is the same as in the ‘old problem’; except that for each vertex
v eV, its ‘requirement set’ is f?(v) instead of R(v), and its ‘minimum memory size’
is wo(v) instead of Winin(v).

Then the following conclusions are true:

(1) The ‘new problem’ has a solution (an optimal memory allocation).

(2) An optimal memory allocation for the ‘new problem’ is also an optimal mem-

ory allocation for the ‘old problem’.

Proof: Conclusion (1) can be easily proved by using Proposition 2.1 and the assump-
tion we have here that the ‘old problem’ has a solution. Below we give the proof of
conclusion (2).

Consider an optimal memory allocation for the ‘new problem’” which assigns ‘mem-
ory size’ Wep(v) to each vertex v € V. Let © € V be any vertex such that R(v) # 0,
and let (7, k) be any element in R(7). Either (7, k) € R(v) or (7,k) ¢ R(v). If
(7, k) € R(v), then clearly D ueN (o) Wopt(u) = k. Now consider the case where

(7, k) ¢ R(0). Clearly in this case & = uy, and either D ueN () Wolu) = k, or

u1,T)
D ueN (ur,m) Wolu) < k. If D ueN (ur,m) Wolu) = k, since Wope(u) > wo(u) for any
uw € V, we have ZueN(W) Wopt (1) > k. We define S as S; = N (ug, 7 — d(uy,uz)),
and define Sy as Sy = N(uy,7) — S1. Then if 33y, - wolu) < k, its sim-
ple to see that (7 — d(uy, uz), k — 3 ,cq wo(u)) € R(uy). So > ueN (@) Wopt(u) =
> wes, Wopt (W) + g Wopt (1) > k=37 o wo(u) + 3, cq Wopt(u) > k. Therefore
D ueN (o) Wopt () = k in all cases.

{wp(v)|v € V'} is an optimal memory basis for the ‘old problem’. So there exists an

optimal memory allocation for the ‘old problem’ which assigns ‘memory size’ wyp(v)
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to each vertex v € V, such that for any v € V, wo(v) < wept(v).

We compute the elements of four sets — {w; (v)|v € V}, {ws(v)|v € V'}, {ws(v)|v €
V1, and {wy(v)|v € V} — in the following way (step 1 to step 5):

Step 1: for any v € Des(us), let wy(v) <« wp(v). For any v € V — Des(uy), let
w1 (V) = Wept (V).

Step 2: for any v € Des(us), let wo(v) «— wop(v) —wo(v). For any v € V—Des(uz),
let wq(v) « 0.

Step 3: for any v € V, let w3(v) « 0. Let Z « > _,, wa(v), and let C' « V.

veV

Step 4: Let vy be the vertex in C that is the closest to us—mnamely, d(vy,us) =
mingec d(v, ug). Let ws(vg) < min{Wiae(vo) —wy(vg), Z}. Let Z «— Z —ws(vp), and
let C'« C — {w}. Repeat Step 4 until Z equals 0.

Step 5: for any v € V, let wy(v) «— wy(v) + ws(v).

From the above five steps, it’s simple to see that the following must be true:
Dvev Wopt (V) = ey wi(V) + ey w2 V) = Doy wa(v), and 37 oy wa(v) =
Y ovey w3(v); for any v € V, wo(v) < wy(v) < Winae(v); for any real number L,
ZveN(u%L) wz(v) > ZveN(u%L) wy(v); for any v € V., if wy(v) < Wipee(v), then
ZuGN(ug,d(v,uz)) ws(u) =3 ,cp wa(u).”

Let & € V be any vertex such that R(9) # 0, and let (7,k) be any element in
R(3). Clearly & € V — Des(uy). Either (7,k) € R(0) or (7, k) ¢ R(0). If (7, k) €
R(0), then 3 e vrs. wWa(v) = 2penon W1(V) + 2venon W3(0) = X penosn wi(v) +
D veN (uni—d(on)) W3(V) = D penoiy W1 V)2 e (upid(oun)) W2(V) = D penon Wi(v)+
D ven(od) W2AV) = D cnro ) Wopt(V) = k.

Now consider the case where (7,k) ¢ R(0). We define 7 as 7 = 7 + d(uy, us),
define S; as S, = N (ug,7), define Sy as Sy = N(up,7) — Sl, and define k as
k= 7%+Zveg2 wo(v). It’s easy to see in this case & = uy, and (7, k) € R(uy). If wy(v) =
Winaz(v) for any v € N (us, 7), then clearly 3° vy 5 wa(v) > k because the new prob-
lem has a solution. If there exists vy € N (uz,7) such that wy(vg) < Winaz(vo), then
D ven (o) Walv) = s, wiv) + X pey w2(0) 2 D enuy,n WiV) = Xpes, wilv) +
> et W2(0) = X Wopt (V) — S peg wi(v) > k=32 g wi(v) = k.

S0 X enon walv) = k in all cases. So Y vey Wopt (V) < D0 o wy(v).  Since
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we also have Y _, wi(v) = > o Wopt(v) and Y- oy Wopt (V) < D0 oy Wopt(v), We
get D ey Wopt (V) = D ey Wopt(v). So the optimal memory allocation for the ‘new
problem’; which assigns ‘memory size’ W, (v) to every vertex v € V. is also an optimal
memory allocation for the ‘old problem’. So conclusion (2) is proved.

O

Based on the above two lemmas, we naturally get the following memory allocation
algorithm. The algorithm processes all the vertices one by one. Every time a vertex
is processed, it uses the method in Lemma 2.4 to update the memory sizes , and
uses the method in Lemma 2.5 to transform the memory allocation problem, until a

solution is found.

Algorithm 3.1: Memory Allocation on Tree G = (V, E)

1. Initially, for every vertex v € V', let w(v) < Wiin(v).

2. Process all the vertices one by one in an order that follows the following rule:
“every vertex is processed before any of its ancestors.” For each vertex v € V' that is
not the root, it is processed with the following two steps:

“Step 1: Treat o, the parent of ¢ and the set {w(v)|v € V'} as the vertex ‘u;’,
the vertex ‘up” and the set ‘{w;(v)|v € V}” in Lemma 2.4, respectively, and for each
element in R(?) do the following two things: (1) treat this element in R(0) as the
element ‘(r, k)’ in Lemma 2.4, and compute the set ‘{wq(v)|v € V'}” as in Lemma 2.4;
(2) for every vertex v € V, let w(v) get the value of wy(v) — namely, w(v) « wq(v).

Step 2: Treat 0, the parent of ¥ and the set {w(v)|v € V'} as the vertex ‘u;’,
the vertex ‘uy’” and the set ‘{wp(v)|v € V}’ in Lemma 2.5, respectively, and do the
following two things: (1) compute the set ‘{R(v)|v € V}" as in Lemma 2.5; (2) for
every vertex v € V, let R(v) — R(v), and let Wy, (v) — w(v).”

Denote the root by v,.0;. The vertex v, is processed in the following way:

“Pretend that the root v,.,; has a parent that is infinitely far away. Treat v,o0r,
the parent of v, and the set {w(v)|v € V'} as the vertex ‘uy’, the vertex ‘uy’ and
the set ‘{w;(v)|v € V}’ in Lemma 2.4, respectively, and for each element in R(vy00t)

do the following two things: (1) treat this element in R(v,00¢) as the element ‘(r, k)’
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in Lemma 2.4, and compute the set ‘{wy(v)|v € V}' as in Lemma 2.4; (2) for every
vertex v € V, let w(v) get the value of wy(v) — namely, w(v) < wy(v).”
3. Output the following solution as the solution to the memory allocation problem:
for each vertex v € V, assign w(v) to it as its ‘memory size’.

O

A pseudo-code of Algorithm 3.1 is presented in Appendix IV for interested readers.

Theorem 2.4 Algorithm 3.1 is correct.

Proof: At the beginning of Algorithm 3.1, the value of each w(v) (v € V) is set to be
Winin(v). Clearly at this moment, {w(v)jv € V} = {W,in(v)|v € V} is an ‘optimal
memory basis.’

Then Algorithm 3.1 processes all the vertices one by one. Each vertex — including
the root, in fact — is processed with the following two steps:

Step 1: Modify the value of the set {w(v)|v € V'}, using the method in Lemma
2.4.

Step 2: Modify the values of {R(v)|v € V} and {W,(v)|v € V'}, using the
method in Lemma 2.5. (Therefore the parameters in the memory allocation problem
are changed. Using the terms in Lemma 2.5, the memory allocation problem is
changed from an ‘old problem’ to a ‘new problem’.)

It’s easy to prove by induction that the following two assertions are true:

Assertion 1: Every time a vertex is processed, after step 1, the set {w(v)|v € V'}
is still an ‘optimal memory basis.’

Assertion 2: Every time a vertex is processed, after step 2, the ‘new problem’
still has a solution, and any solution of the ‘new problem’ is also a solution of the
original memory allocation problem.

When all the vertices are processed, all the ‘requirement sets’ become empty sets,
so at this moment the ‘optimal memory basis’, which is {w(v)|v € V'}, is also an
optimal memory allocation. So Algorithm 1 finds the correct solution.

(]

Analysis shows that Algorithm 3.1 has complexity O(q|V|?), where |V] is the
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number of vertices and ¢ is the average cardinality of a requirement set, namely,

q= |_\1/| ZUEV |R(v)].

2.3.3 Memory Allocation for Trees without Upper Bounds

on Memory Sizes

In the memory allocation problem, every vertex v € V' has a ‘maximum memory size’
Winaz(v). If for every v € V', Wia.(v) is infinitely large, then we say that there are
no upper bounds on memory sizes. For such a special case, some techniques can be
used to get a memory allocation algorithm of complexity less than O(q|V'|?), which
we will present in this subsection.

The new algorithm is very similar to Algorithm 3.1, except that in this new
algorithm, a new notion named ‘residual requirement set’ is adopted. The notion is
defined as follows. For any vertex v € V| we denote the ‘residual requirement set of v’
by Res(v). Say at some moment, each vertex v € V' is temporarily assigned a memory
size w(v), and its ‘requirement set’ is R(v). For every element (r,k) € R(v), there
is a corresponding element (7, k) in the ‘residual requirement set of v’, computed as
follows: “F = r, and k = max{k — > e (wr) W(u),0}.” (The meaning of the element
(7, k) is that the memories of the nodes in AV'(v, ) needs to be increased by k so that
D ueN (wr) W(uw) will be no less than k.)

Because of the similarity between the new algorithm and Algorithm 3.1, we di-

rectly present the pseudo-code of the new algorithm below.

Algorithm 3.2: Memory Allocation on Tree G = (V, E) without Upper Bounds on
Memory Sizes
1. Label the vertices in V' as vy, vy, - - -, v)y| according to the following rule: if v; is
an ancestor of v;, then i > j. Let w(v;) < Wn(v;) for 1 <i <|V|. Let Res(v;) < 0
for 1 <i <|V|. For 1 <i < |V|, and for each element (r, k) € R(v;), do the following:
R = enr ) W) > 0, then let Res(v;) «— Res(vi) U{(r,k — 3 cprwny W)}
2. Fori=1to |[V] -1 do:
{ Let vp denote the parent of v;. Let Q(v;) «+ Res(v;), and let z « 0.
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While Q(v;) # 0 do:
{ Let (7, k) be any element in Q(v;). If r < d(v;,vp), then let x «+— max{x, k} and
remove the element (r, k) from the set Res(v;). Remove the element (r, k) from Q(v;).
}
Let w(v;) « w(v;) + .
For j =i+ 1 to |V|, and for every element (r, k) € Res(v;), do the following: “if
r > d(v;,v;), then let (r, k) < (r,k —x); if £ <0, then remove the element (7, k) from
Res(v;).”
For every element (r, k) € Res(v;) do the following: “if k > x, then let Res(vp) <
Res(vp) U{(r — d(v;,vp), k — x)}.”
Let Res(v;) < 0.

3. Let z 0.
While Res(vjy|) # 0 do:
{ Let (r,k) be any element in Res(vy|). Let x « max{z,k}. Remove the element
(r,k) from Res(vjy)).
}
Let w(vy)) < w(vy|) + .
4. Output w(v1), w(va), ---, w(vyy|) as the solution to the memory allocation
problem.
O
The complexity of Algorithm 3.1, which is O(q|V]?), is dominated by the com-
plexity of updating memory sizes — the memory sizes can be updated up to O(q|V|?)
times, and each time up to O(|V|) memory sizes might change. When there are no
upper bounds on the memory sizes, with the help of ‘residual requirement sets’, each
time only one memory size will need to be updated, which has complexity O(1).
So the complexity of updating memory sizes is reduced from O(q|V|?) to O(q|V'|?).
Maintaining the ‘residual requirement sets’ also has a total complexity of O(g|V[?).

So the complexity of Algorithm 3.2 is O(q|V'|?).
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2.3.4 Minimizing the Greatest Memory Size of Single Ver-

tices

Minimizing the maximum amount of resource assigned to a single place often has
engineering importance in resource assignment problems. In this section, we present
an algorithm which finds, among all the solutions to the memory allocation problem,
a solution that minimizes the greatest memory size of single vertices. That is, the
algorithm finds an ‘optimal memory allocation’” whose value of max,cy w(v) is mini-
mized. The key idea is to use binary search to set an appropriate upper limit on the

memory sizes.

Algorithm 3.3 Memory Allocation on Tree G = (V, E) with Minimized Greatest
Memory Size

1. Use Algorithm 3.1 to find an optimal memory allocation. Say the optimal
memory allocation assigns memory size wy(v) to each vertex v € V. We let X «
Y vev Wopt(v), and let Y« max,cy Wopt (V).

In this algorithm we use ‘L’ and ‘U’ to represent the lower limit and the upper
limit for the minimized greatest memory size of single nodes; and we use ‘M, ,in—maz’
to denote the minimized greatest memory size (which is unknown yet). Since every
optimal memory allocation’s total memory size of all vertices equals X, M, ,in—maz
must be no less than [leﬂ Since we've already found an optimal memory allocation
whose greatest memory size is Y, Wi,in—mae must be no greater than Y. So initially,
we let L « “XV'L and let U < Y.

2. Use a binary search to find out the exactly value of Wi, _maz in the following
way. Let m « [Z4¥]. Use Algorithm 3.1 to find an optimal memory allocation
for such a memory allocation problem: everything in this problem is the same as in
the original memory allocation problem, except that in this problem, the ‘maximum
memory size’ of each vertex v € V' is min{m, W,,;,,(v)} instead of Wy, (v). If this
problem has a solution and in the solution the total memory size equals X, then it
means that M,,in_maz 1S NO greater than m, so we let U <+ m; otherwise, it means

that M,,in—mae 18 greater than m, so we let L « m + 1. Repeat this procedure until
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L and U become equal.

Now we have W in—mez = L = U. Use Algorithm 3.1 to find a solution to the
following memory allocation problem: in the problem everything is the same as in
the original memory allocation problem, except that in this problem, the ‘maximum
memory size’ of each vertex v € V' is min{W,,in—maz, Winin(v)} instead of Wi, (v).
The solution found is the solution whose greatest memory size is minimized.

O

The binary search has O(log(Y — (%1 )) steps; in every step Algorithm 3.1 is exe-
cuted once. So Algorithm 3.3 has complexity O(g|V'|* log(Y — %)) (To see how large

Y can be, note that Y is never greater than max,cv,1<i<n, k:(v) or max,ey Winaz(v).)

2.4 Summary

An optimal solution to the data placement problem can be found through the follow-
ing two steps when the graph G = (V| F) is a tree: firstly, use a memory allocation
algorithm in Section 2.2.3 to determine the number of codeword components to place
on each vertex; next, use a maximum interleaving algorithm (or a K-diversity inter-
leaving algorithm for K > maxycy,1<i<n, ki(u)) to determine which set of codeword
components to place on each vertex.

The maximum-interleaving property of trees has three important implications for
the data placement practice using erasure-correcting codes. Firstly, it makes memory
allocation a problem that is separate from the mapping from codeword components
to vertices, thus providing us with the maximum freedom in minimizing the total
amount of data to store in the network. Secondly, since by using maximum interleav-
ing, for every vertex the n distinct codeword components can be placed as close as
possible around it, that enables us to minimize the file-retrieving delays for all vertices
simultaneously. Thirdly, maximum interleaving reduces the requirement on the code-
word length, n, to be the minimum. That is because with maximum-interleaving, n
only needs to be as large as the maximum number of different codeword components

that a vertex would actually ask for.
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2.5 Appendix I: Complexity Analysis of Algo-

rithm 2.1

In this appendix we analyze the complexity of Algorithm 2.1.

Complexity Analysis: To implement Algorithm 2.1, it’s first necessary to label all
the color-slots as sq, s9, - -+, sw based on their distance to the root. This has time
complexity O(|V]log|V|+ W).

Assigning colors to the first K color-slots, which are sy, sg, --+, sk, has time
complexity O(K). For any of the remaining W — K color-slots, say it’s s;, in order to
assign a color to it, it’s necessary to find out the colors of all the color-slots in the set
{s1,89, -+ ,8;_1} that are at distance less than r,,;, from s;. (Here 7, as in Algo-
rithm 2.1, is defined as the smallest value of r such that in the set {sq,s2, -, 8,1},
there are no less than K color-slots at distance no greater than r from s;. Note that
the value of r,,;, changes if the value of i changes.) To do that, the algorithm needs
to inspect the color-slots of the tree in the order of their distance to s; — which re-
quires the ordering of the vertices in the tree based on their distance to s; — until K
color-slots are inspected and the value of r,,;, is determined. Making a list for every
vertex in the tree which orders vertices according to their distance to that vertex has
a total complexity of O(|V]?). Then to color s;, up to O(|V]) vertices and O(K)
color-slots need to be inspected. Therefore coloring the remaining W — K color-slots
has a total complexity of O(|V[* + W - |[V| + W - K).

By combining the above results, the time complexity of Algorithm 2.1 is found to

be O(JV]? + W|V| + WK).

2.6 Appendix II: Proving the Generality of Al-
gorithm 2.1

In this appendix we present the proof of Theorem 2.2.

Proof: By Theorem 2.1, the set of possible outputs of Algorithm 2.1 is a subset
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of the set of K-diversity interleavings. So the only thing left to prove is that every
K-diversity interleaving is a possible output of Algorithm 2.1, even if the root of the
tree is fixed.

Assume the root of the tree is fixed. Assume a fixed K-diversity interleaving for
the tree G = (V, E) is given. There are totally W = > _,, w(v) color-slots in the
tree. If 3° ., w(v) < K, it’s simple to see that the K-diversity interleaving must have
assigned W distinct colors to the W color-slots, which is clearly a possible output of
Algorithm 2.1. So from now on we only consider the case where W > K. We’ll prove
by induction that for 1 < i < W, there is a set of i color-slots that Algorithm 2.1
can label as sy, s, ---, s; and assign the same colors to as the given K-diversity
interleaving does.

Let 7 denote the fixed root of the tree. For 1 < j < W, let R,n(7,J) denote the
minimum value of r such that }_ ., . w(v) = j. Let Ag denote the set of color-slots
at distance less than R, (7, K) from ~. It is simple to see that all the color-slots in
Ag are assigned distinct colors in the given K-diversity interleaving, and there exists
a set By of K — |Ay| color-slots at distance R, (7, K) from 7 such that all the K
color-slots in AygU By are assigned distinct colors in the given K-diversity interleaving.
Clearly it’s feasible for Algorithm 2.1 to label the color-slots in AgU By as sq, So, - - -,
sk, and assign the same colors to them as the given K-diversity interleaving does.
Therefore the induction is true for 1 < < K. We’ll use this as the base case.

Assume the following induction assumption is true: for some fixed ¢ such that
K <i < W, there is a set C' of i color-slots which Algorithm 2.1 can label as sq, so,

-+, 8; and assign the same colors to as the given K-diversity interleaving does. We
will prove that this induction assumption is also true if ¢ is replaced by 7 + 1.

Since Algorithm 2.1 always assigns colors to color-slots in the order of their in-
creasing distance to the root v, it’s simple to see that no color-slot in C'is at distance
greater than R,,;,(7,7) from 7; and for any color-slot not in C| it is at distance no
less than R, (7,7 + 1) from .

Let D denote the set of all the W color-slots in the tree. Let H denote the set of

color-slots in D —C' at distance Ry, (7,1+1) from «y. (Clearly H must be non-empty.)
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Denote the color-slots in H as ¢y, ¢z, - - -, ¢jg). Randomly pick a color-slot ¢;, from H.
(Here 1 < j; < |H|.) Let 7pin(j1) denote the smallest value of r such that there are
no less than K color-slots in C' at distance no greater than r from c¢;,. We consider
the following two cases.

Case 1: In this case, no color-slot in C' at distance less than r,,;,(j1) from ¢;, is
assigned the same color as ¢;, in the given K-diversity interleaving. Then it’s simple
to see that it is feasible for Algorithm 2.1 to label ¢;; as the color-slot s;,; and assign
s;+1 the same color as the given K-diversity interleaving does, after labelling the
color-slots in C' as s1, So, ---, s; and assigning the same colors to them as the given
K-diversity interleaving does.

Case 2: In this case, at least one color-slot in C' at distance less than r,,:,(j1)
from ¢;, is assigned the same color as ¢;, in the given K-diversity interleaving. Let
ty, denote such a color-slot: 5, € C; 5, and ¢;, are assigned the same color in
the given K-diversity interleaving; for any color-slot z € C that is assigned the
same as c¢j, in the given K-diversity interleaving, d(ty,,c;) < d(z,cj). Clearly,
d(tky, ¢j) < Tmin(j1). Say ¢;, is a color-slot of vertex uy, and tj, is a color-slot of
vertex vy. d(u1,7y) = d(¢jy,Y) = Rumin(7,1 + 1) > Ryin(y,9) > d(ty,,y) = d(vi,7), so
C(u1,v1) is on the path between u; and ~.

Let J denote the set of color-slots of the vertices in S(uq,v;). For any color-
slot z € J, z € C'U H because otherwise d(z,7) > Ruin(7,7 + 1) and therefore
d(z,C(ug,v1)) > d(uy,C(uy,v1)) = @, which implies z ¢ J. So J C C U H.
Therefore, J = (JNC)U (JNH),and (JNC)N(JNH) = 0.

By Lemma 2.2, the color-slots in J are assigned at least K distinct colors in the
given K-diversity interleaving. For any color-slot z € JNC, d(u1, z) < d(uy,C(uy,v1))+

d(C(uy,v1),2) < d(ug’vl) + d(ug’vl) = d(u1,v1) = d(¢jy, try) < Tmin(J1). There are fewer

than K color-slots in C' at distance less than r,,;,(j1) from ¢;,, so there are fewer than
K color-slots in J N C. Therefore there is a color-slot in J N H (which we denote by
¢j,) such that in the given K-diversity interleaving, neither ¢;, nor any color-slot in
J N C is assigned the same color as c;j,.

We can replace ¢;, with ¢;, and consider (go through) the above two cases again.
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(All the parameters need to change accordingly when we replace ¢;, with ¢;,.) If case
1 becomes true when we replace ¢;, with c;,, then it’s feasible for Algorithm 2.1 to
label c;, as the color-slot s;;; and assign s;;; the same color as the given K-diversity
interleaving does. Otherwise case 2 is true when we replace ¢; with ¢;,, and then
we can find such parameters ‘tx,, us, v and cj,’: ‘ty,, u2, v2 and ¢;,’ are to ¢;, just
as ‘ty,, w1, vy and ¢;,” are to ¢;,. Then we can replace ¢;, with ¢;, and consider (go

through) the above two cases again, and so on ...... Notice that C(uq,v1) lies on the

d(u1,v1)

path between 7 and us, because otherwise d(C(uy,v1), ug) > d(C(uy,v1),u1) = =5

and that would imply that c;, ¢ J, which is false. Then it’s simple to see that a

color-slot in C' is within distance d(uy,v;) from ¢;, if and only if this color-slot is

in J N C. No color-slot in J N C' is assigned the same color as ¢;, in the given K-

diversity interleaving, but t;, and c;, are assigned the same color, and t;, € C. So

d(vg, ug) = d(tgy, cjy) > d(ug,v1). C(ug,vs) lies on the path between v and uy just as

C(uq,v1) lies on the path between v and w;. So both C(ug,vs) and C(uq,v;) lie on the
_ dvpun) o d(urv)

path between v and u,. Since d(C(ug,v2),uz) = =5 s = d(C(ug,vy), ug),

the point C(ug,v2) must be lying on the path between v and C(uy,v1), and C(ug, v2)
and C(uy,vy) can’t be the same point. Similarly, let ‘us and v3’ be the parameters
which are to ¢;, just as ‘up and vy’ are to ¢, and just as ‘u; and v, are to ¢;,; then
the point C(us,v3) must be lying on the path between v and C(us, v2), and C(us, vs),
C(ug,vs) and C(uy,v;) must all be distinct points. And so on ...... SO Cjyy Cjyy Ciy
- are all distinct color-slots. There are a limited number of color-slots in H. So
eventually we’ll find some ¢;, € H (1 < x < |H]|) such that it’s feasible for Algorithm
2.1 to label ¢;, as the color-slot s;1; and assign s;;; the same color as the given K-
diversity interleaving does, after labelling the color-slots in C' as sy, $o, -+ -, s; and
assigning the same colors to them as the given K-diversity interleaving does.
So by now it has been shown that in all cases, some color-slot ¢;, € H can be found
such that it’s feasible for Algorithm 2.1 to label the color-slots in C' U {c;, } as s1, so,
-+, Sit1, and assign the same colors to them as the given K-diversity interleaving
does. Since C'U{¢;, } contains i+ 1 color-slots, the induction assumption is true when

1 is replaced by @ 4 1.
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The proof by induction is complete here. Now it’s clear that Algorithm 2.1 can
assign the same colors to all the W color-slots as the arbitrarily given K-diversity
interleaving does. So any K-diversity interleaving is a possible output of Algorithm
2.1, even if the root of the tree is fixed. Therefore this theorem is proved.

O

2.7 Appendix III: Complexity Analysis of Algo-
rithm 2.2

In this appendix we analyze the time complexity of Algorithm 2.2, and show that
Algorithm 2.2 is more efficient than Algorithm 2.1.

Complexity Analysis: Algorithm 2.2 first labels the vertices as vy, vy, ---, vy
according to the vertices’ distance to the root, and labels the color-slots as si, sq, -« -,
sw based on the labelling of the vertices. This has complexity O(|V]log |V|+ W).

Initializing the values of the K sets C4, Cy, -+, Cx — namely, to let C; = {s;} for
1 <4 < K — has complexity O(K). Then fori = K+1 to W, the step 5 in Algorithm
2.2 searches for the color-slot s, and the set C; corresponding to ¢, and inserts s; into
Cy. (For the meaning of s, and Cy, see the step 5 in the Algorithm 2.2.) To do that, we
can process the vertices one by one, with the method described below. For simplicity,
we only describe the process of processing one vertex v;. (Also for simplicity, we
assume all v;’s color-slots are in {sxi1,Sk42, "+ ,sw}, and 1 < w(y;) < K. It's
simple to see that the following method only needs to be modified slightly when
w(v;) > K or some of v;’s color-slots are not in {sgi1,Sk42, " ,Sw}. And when
w(v;) = 0, there is no need to process v;.)

The process of processing v; is as follows. Make a list which sorts the vertices vy,
vg, + -+, ;1 according to the following two rules: (1) for any 1 < j; # jo < i — 1,
if d(v;,v;,) < d(v;,vj,), then vj, is placed before v;, in the list; (2) for any 1 < j; #
J2 < i —1,if d(v;,v5,) = d(vi,v;,) and j1 < jo, then vj, is placed before v;, in the

list. (Making |V/| such lists for all the |V| vertices in the tree has a total complexity
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of O(|V]?).) Say in the list, the vertices are ordered as (vy,, Vg, - ,vk,_,). (Here
(k1,ko,- -+ ,k;—1) is a permutation of (1,2,---,7 — 1).) Find four variables a, b, ¢
and d that satisfy the following conditions: 3., w(vk,) +b = K —w(v;) + 1,
21§j§0—1w<vkj)+d =K, 1<a<i—-1,1<b<wly,),l<c<i-1,and

1 <d < w(v,).

For p=1,2,--- [V], define W), as W), = >, ., w(vy). (By convention, Wy =
0.) Forp=1,2,---,|V]and ¢ = 1,2,--- ,w(vp), define 3,, as the color-slot sy, 4.
(So for any 1 < p < |V, the w(v,) color-slots of vertex v, are 8,1, 552, =+, Spw(v,)-)

Define S as an ordered set of color-slots that satisfies the following two conditions:
(1) the only color-slots in S are these w(vy,) — b + 1 color-slots of vertex vy, —
Skobs Skabt1s """ 7<§ka,w(vka)7 and all the color-slots of vertices vg, 11, Vk, 42, , Vko—1,
and these d color-slots of vertex vy, — Sk.1, k.2, , Sk.,a; (2) for any two color-slots
85,y and 84, in S, 8, is placed before &, in S if and only if ‘z > 2’ or ‘z = 2
and y > . (It can be verified that S contains w(v;) color-slots.)

Now for j =1 to w(v;), insert the color-slot §; ; into the set C, where C; (1 <t <
K) is the set that the j-th color-slot of S is in. (Note that t changes when j changes.)
And the process of processing vertex v; ends here.

If the complexity of making the list which sorts the vertices vy, vo, - -+, v;_1 into
(Vkyy Vkyy * * » Uk,_, ) 18 Ot counted, then the process of processing vertex v; simply has
complexity O(|V] + w(v;)). Therefore the complexity of processing all the W — K
vertices vki1, Vg1, - , Uy, Without excluding the complexity of any computation,
is O(|[V]> +W).

By combining the above results, the time complexity of Algorithm 2.2 is found to
be O(|V]? + W).

Comparison between Algorithm 2.1 and Algorithm 2.2: There are two significant
differences between the implementation of Algorithm 2.1 and Algorithm 2.2.

Difference 1: In Algorithm 2.1, the color-slots are colored one by one. Except
for the first K color-slots, to color a color-slot, some vertices that K other color-
slots belong to need to be inspected. However in Algorithm 2.2, as described in the

previous complexity analysis, the vertices — instead of the color-slots — are processed
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one by one; every time a vertex v; is processed (here w(i) > 0), the vertices that K
other color-slots belong to are inspected for all the w(v;) color-slots of v; — instead
of for just one color-slot — in a very similar manner. So when the processing of all
the color-slots of a vertex v; is considered, for the above computation, compared to
Algorithm 2.1, Algorithm 2.2 reduces the complexity by a factor of w(v;).

Difference 2: In Algorithm 2.1, except for the first K color-slots, to color a color-
slot, approximately K colors needs to be checked to determine the set of colors that
can possibly be assigned to that color-slot. However, in Algorithm 2.2, the counter-
part operation is simply to insert the color-slot into some set C;. So for the above
computation, compared to Algorithm 2.1, Algorithm 2.2 reduces the complexity by
a factor which is approximately K.

The operations in Algorithm 2.1 and the operations in Algorithm 2.2, except for
the ones specified in ‘Difference 1’ and ‘Difference 2’, are very similar and have the

same complexity. Therefore, Algorithm 2.2 is more efficient than Algorithm 2.1.

2.8 AppendixIV: Pseudo-Code of Algorithm 3.1

In this appendix we present the pseudo-code of Algorithm 3.1.

Pseudo-code of Algorithm 3.1: Memory Allocation on Tree G = (V, E)

1. Label the vertices in V' as vy, v, - -+, v}y according to the following rule: if v;
is an ancestor of v;, then ¢ > j. Let w(v;) <= Wipin(v;) for 1 <i < |V|.

2. Fori=1to |[V] -1 do:
{ Let vp denote the parent of v;. Let R(UZ) — R(v;).

While R(v;) # 0 do:

{ Let (r,k) be any element in R(v;). Define S; as Sy = N(vp,r — d(v;,vp)), and
define Sy as Sy = N (v;, ) —S;. Update the elements in {w(v)|v € V'} in the following
way (step 1 and step 2):

Step 1: Let

X «— max{0, k — Z Winaz(v) — Z w(v)}

VES] VESY
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,and let C' « S,.

Step 2: Let ug be the vertex in C' that is the closest to v;—mnamely, d(ug,v;) =
mingeo d(u, v;). Let Temp «— min{ W4z (uo), w(ug) + X}. Let X «— X — (Temp —
w(ug)), let w(ug) < Temp, and let C' «— C — {up}. Repeat Step 2 until X equals 0.

Remove the element (r, k) from R(v;).

}

While R(v;) # 0 do:

{ Let (r, k) be any element in R(v;). If }°, v, » w(u) <k, then add an element (r—
d(vi, vP), k = 3 e N (wir) N (opr—d(oiop)) W(0)) to the set R(vp). Remove the element
(r, k) from R(v;).

}

}
3. While R(vjy|) # 0 do:

{ Let (r, k) be any element in R(v)y|). Update the elements in {w(v)|v € V'} in the
following way (step 1 and step 2):
Step 1: Let

X —max{0,k— > w)}

wEN (Uyy)7)
,and let C' «— V.

Step 2: Let ug be the vertex in C' that is the closest to vjy—mnamely, d(uo, vjv|) =
mingec d(u, vjy)). Let Temp «— min{Wyaq(uo), w(uo) + X}. Let X «— X — (Temp —
w(ug)), let w(ug) < Temp, and let C' «— C — {uy}. Repeat Step 2 until X equals 0.

Remove the element (r, k) from R(v}y)).

Output w(v1), w(va), - -+, w(vyy|) as the solution to the memory allocation prob-
lem.

O
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Chapter 3

Optimal ¢-Interleaving on Tori

3.1 Introduction

Interleaving is an important technique used for network data storage and error burst
correction. A most common example is the interleaving of n codewords in the form
of1-2—-3—---—mn—-1-2—-3—---—n—------ ’ for combatting one-dimensional
error bursts in communication channels [60]. The concept of one-dimensional error
burst was generalized to high dimensions by Blaum, Bruck and Vardy in [11], where
an error burst of size t is a set of errors confined to a connected subgraph with ¢
vertices in a multi-dimensional linear array. Accordingly, the concept of t-interleaving
was defined in [11], which is a scheme to label the vertices of a multi-dimensional
linear array with integers such that any subgraph with ¢ vertices in the array are
labelled by t distinct integers. t-interleaving schemes on two- and three-dimensional
linear arrays were presented in [11], with applications in combatting error bursts in
holographic storage systems and optical recording systems. Subsequent work on t-
interleaving includes [80], where t¢-interleaving on circulant graphs with two offsets
was studied. Two-dimensional interleaving with repetitions was studied by Etzion and
Vardy in [21], where integers were interleaved on a two-dimensional mesh (linear array
or its variation) such that in any connected subgraph with ¢ vertices, every integer
appears at most r times. Here t and r are given parameters, and the concept of
interleaving with repetitions defined in [21] is a generalization of ¢-interleaving. More

work on interleaving with repetitions includes [62] and [75]. Interleaving schemes
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on two-dimensional linear arrays achieving the Reiger bound was studied by Abdel-
Ghaffar in [1], where error bursts of both rectangular shapes and arbitrary connected
shapes were concerned. More examples of interleaving for coping with error bursts
include [5], where the error burst is of a ‘circular’ type, and [15], where linear binary
array codes that can correct three-dimensional error bursts were designed based on
interleaving. As to interleaving schemes for network data storage, in Chapter II,
we have presented a Maximum-Interleaving algorithm that interleaves N integers on
a tree such that for every point of the tree (including a vertex or a point on an
edge), the smallest sphere centered at the point that contains N integers contains
all the N distinct integers. That algorithm is useful for distributed data storage in
hierarchical or peer-to-peer networks that minimizes data retrieval delay. And in
Chapter III, a scheme called Multi-Cluster Interleaving will be studied, which is a
scheme to interleave integers on a path or cycle such that any m disjoint intervals
of length L in the path or cycle together contain at least K distinct integers, where
K > L. Multi-cluster interleaving can be used for data storage on array-networks,
ring-networks or disks where data are accessed through multiple access points.

In this chapter, we study ¢-interleaving on two-dimensional tori. First we present
the necessary definitions. The notion of ‘t-interleaving’ was originally defined in [11]

for arrays. We generalize its definition to be for general graphs straightforwardly.

Definition 3.1 Let G be a graph. We say that G is interleaved (or there is an
interleaving on G) if every vertex of G is labelled by one integer. We say that G is
t-interleaved (or there is a t-interleaving on G) if for every connected subgraph of G

that contains t or fewer vertices, the integers on it are all distinct. O

Definition 3.2 An [; X Iy torus is a graph containing lils vertices and 2l1ly edges.
We denote its vertices by (i,7) for 0 <i <l —1 and 0 < j <ly— 1, in the way

shown in the figure below:
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(0,0) 0,1) |- | (0,l5—1)
(1,0) 11 |- Q-1
=10 | (=11 |- | (h—1,0—1)

Fach vertex (i,7) is incident to four edges, which connect it to its four neighbors

((i = 1) mod Iy, 7), ((i + 1) mod Iy, 5), (i, (j — 1) mod l3) and (i,(j + 1) mod l3). O

Definition 3.3 Given a t-interleaved torus G, the number of distinct integers used
to label the vertices of G s called the degree of this given t-interleaving scheme.
The minimum degree of all the possible t-interleaving schemes for G is called the t-
interleaving number of G. A t-interleaving on a torus whose degree equals the torus’

t-interleaving number is called an optimal t-interleaving. O

An [y x ls torus is two-dimensional.

Example 3.1 The following 5 x 5 torus is 3-interleaved with the degree of 6.

1

013
11412
2| 0] 3
3115
Jl2lo

LW | | =N | D | *~

2
3
5
0
1

If we replace the two integers ‘57 with °4’, we will get a 3-interleaving with the
degree of 5. Observe the vertex (1,1) and its four neighbors (0,1), (2,1), (1,0) and
(1,2), and we can see that any two of them are contained in a subgraph of size at most
3 — therefore any 3-interleaving scheme has to label those 5 vertices with 5 distinct

integers. So the 3-interleaving number of this torus actually equals 5. O

Important applications of t-interleaving on tori include both distributed data stor-
age and error-burst correction. Torus has traditionally been a popular network struc-

ture for parallel machines, such as the CRAY [66], the iWarp [13], the Tera parallel
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computer [84] and the Mosaic [76]. Its simple and regular structure makes it conve-
nient for multi-processor computing and message transmission. The usage of torus
networks in wearable computing [57] and ambient intelligent systems [50] looks also
promising, where massive interconnected micro processors, memories and sensors are
embedded in fabrics of clothes, carpets, etc. We briefly explain the two applications

of t-interleaving in these torus networks below.

o Distributed data storage. Let G be a torus network, whose vertices are proces-
sors with memory. Say a file F' is to be distributively stored in G; and there
is the requirement that every processor should be able to reconstruct F' by
accessing the data stored within the distance of r units, where a ‘unit’ is the
distance between any two adjacent processors. We use t-interleaving to solve
this problem. Let B, denote the number of vertices in G that are within the dis-
tance of r units from a given vertex (including the given vertex itself). And let
no denote the (21 + 1)-interleaving number of G. Select an erasure-correcting
code of length n which can tolerate at least n — B, erasures, where n > ny.
Encode F' with the code to get a codeword; then see the n components of the
codeword as n distinct integers, and assign them to the processors according to
a (2r 4+ 1)-interleaving scheme for G. With a (2r + 1)-interleaving, given any
vertex v, the distance between any two vertices within the distance of r units
from v is at most 2r, so they must be labelled by distinct integers. So every
processor can find B, distinct codeword components within the distance of r
units and decode them to recover the file F', satisfying the requirement. Such a
data storage method balances the memory usage for all processors well. If an
MDS (maximum distance separable) code is used, the total memory of G as well
as the maximum single-processor memory used for storing F' can be minimized

over all the possible methods.

e FError-burst correction. For wearable computing systems and ambient intelli-
gent systems, the networks embedded in fabrics are prone to physical damage,

such as tearing or punching. It is necessary to achieve reliability through re-
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dundancy [57] for such systems. We can see physical damage such as tearing
or punching as error-bursts, and use t-interleaving to reliably store files. Here,
as in traditional interleaving for error-burst correction, vertices labelled by the
same integer store components of the same codeword (which corresponds to
a file). Different integers represent different codewords. With a t¢-interleaving
scheme, if a codeword can correct e errors, then any e error-bursts of size up to

t can be corrected.

Besides the above applications, t-interleaving on tori is also closely related to a
research topic in coding theory called Lee metric codes [4], [3], [7], [8], [10],
[12], [26], [27], [28], [29], [32], [48], [52], [71]. In a t-interleaved n-dimensional
torus, every set of vertices labelled by the same integer is a Lee metric code of length
n whose minimum distance is t; and the set of Lee metric codes corresponding to
different integers partition the whole code space. Furthermore, if a torus admits a
perfect Lee metric code of covering radius r, then the torus’ (2r + 1)-interleaving
number is no greater than that of any reasonably large torus. (Here a reasonably
large torus is defined to be a torus whose size in each dimension is at least 2r + 1.)

A fundamental question on the problem of ¢-interleaving on tori is: for each integer
t, how does the t-interleaving number of an [y x [ torus depend on the values of [; and
l5, and how to construct optimal ¢-interleaving? To the best of our knowledge, the
only related results were covered in [11]. [11] presented, for two-dimensional linear
array, one optimal ¢-interleaving construction for odd ¢ and two optimal ¢-interleaving
constructions for even ¢, all based on lattice interleavers. Those three constructions
all produce interleaving of periodic patterns; and if they are applied to tori, they can,
respectively, optimally ¢-interleave an [; x [y torus if (1) ¢ is odd, ﬁT’LlHl and #TH\ZQ,
or if (2) t is even, %]ll and %\12, or if (3) t is even, t|l; and t|l. However, tori whose
sizes satisfy one of those three conditions are very special. And as we will show later,
the constructions in [11] are not the only optimal ones.

In this chapter, we address the above fundamental question, and provide a general

picture of the answers.
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Our main results include:

o Let |5 = QT“ if t is odd, and let |Sy| = % if ¢ is even. |S¢| is a lower bound
for the t-interleaving number of any reasonably large I; X Iy torus (which means
[y > t and [y > t). For a reasonably large torus, we say that it can be per-
fectly t-interleaved if its t-interleaving number equals |S;|. We prove that a
reasonably large [ X [y torus can be perfectly t-interleaved if and only if the
following condition is satisfied: |S;| divides both [ and Iy if ¢ is odd, and ¢
divides both [y and l5 if ¢ is even. We reveal the very close relationship between
perfect t-interleaving and perfect sphere packing, and present the complete set
of perfect sphere packing constructions. Based on that, we get a set of efficient
perfect t-interleaving constructions, which includes the lattice interleaver (the

interleaving method used in [11]) as a special case.

e Define a post-threshold size (for a given parameter t) to be a pair (6;,6s) such
that whenever [; > 6, and [, > 05, the t-interleaving number of an [y X Iy
torus is either |S;| + 1 or |S;|. We prove that such post-threshold sizes exist for
every t. The set of post-threshold sizes we found are shown in Theorem 3.10
and Theorem 3.11. We present optimal ¢-interleaving constructions for tori
whose sizes exceed the found post-threshold sizes. (And we comment that those
constructions, as a general interleaving method, can also be used to optimally

t-interleave tori of many other sizes.)

e We study upper bounds for t-interleaving numbers. FEvery [y x [l torus’ t-
interleaving number is |S;| + O(#*). And that upper bound is tight, even if
Iy, = +oo or Iy — +oo. When both [; and Iy are of the order Q(t?), the

t-interleaving number of an [; x [y torus is |S| + O(t).

The results can be illustrated qualitatively as Fig. 3.1. (The figure is not quan-
titative. The coordinates of points, such as the shape of the curve, are not exact.)
Fig. 3.1 shows for any given ‘t’, how the [, x [ tori can be divided into different classes

based on their t-interleaving numbers.
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Figure 3.1: A qualitative illustration of the ¢-interleaving numbers.

The uniform lattice of dots in Fig. 3.1 are the sizes of all the reasonably large
tori that can be perfectly t-interleaved. The region labelled as ‘Region I * consists of
all the post-threshold sizes. The boundary curve of Region I is non-increasing, and
symmetric with respect to the line Iy = I5. (So if the point (61, 6s) is on the boundary
curve, then so is (63,6,).) We note that the area of Region I is (100 — 0)% of the
total area of the figure with § approaching 0; and we know the exact t-interleaving
number of every torus in this region — |S;] if it is one of the lattice dots, and |S;| +1
otherwise. The most important contribution of this paper is to prove the existence of
Region I, and present the corresponding optimal interleaving constructions. Region
IT is the region where I; = Q(#?) and I, = Q(¢?), in which the tori’s t-interleaving
numbers are upper-bounded by |S;| + O(t). Region III includes every torus, where
the t-interleaving number is upper-bounded by |S;| + O(#?). That upper bound for
Region III is tight, even if [; or [y approaches +oo. (So increasing a torus’ size in
only one dimension does not help reduce the t-interleaving number very effectively in
general.)

The engineering importance of Region I can be shown, as an example, with the
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t-interleaving’s application in distributed data storage. It means for a large torus
network (which falls in Region I), we can simply split the file into |S;| segments, then
add one parity-check segment which is the exclusive-OR of the |S;| segments. The
data-storage scheme using such a simple erasure-correcting code can be implemented
very efficiently.

The rest of the chapter is organized as follows. In Section 3.2, we show the neces-
sary and sufficient conditions for tori that can be perfectly t-interleaved, and present
perfect t-interleaving constructions based on perfect sphere packing. In Section 3.3,
we present a t-interleaving method, with which we can t-interleave large tori with a
degree within one of the optimal. In Section 3.4, we improve upon the t-interleaving
method shown in Section 3.3, and present optimal ¢-interleaving constructions for tori
whose sizes are large in both dimensions. As a parallel result, the existence of Re-
gion I is proved. In Section 3.5, we prove some general bounds for the t-interleaving

numbers. In Section 3.6, we provide some brief discussions.

3.2 Perfect t-Interleaving

In this section, we formally define the concept of perfect t-interleaving, and reveal its
close relationship with perfect sphere packing. We show the necessary and sufficient
conditions for tori that can be perfectly t-interleaved. After presenting the complete
set of perfect sphere packing constructions, we present efficient perfect ¢t-interleaving
constructions based on them. The interleaving constructions cover previously known
t-interleaving methods as special cases; and they prove that lattice interleavers are

not the only method for perfect t-interleaving.

3.2.1 Perfect t-Interleaving and Sphere Packing

Definition 3.4 The Lee distance between two wvertices in a torus is the number
of edges in the shortest path connecting those two wvertices. For two vertices in

an ly X ly torus G, (a1,b1) and (az,bs), the Lee distance between them is denoted

by d((a1,b1), (az,b2)). (Therefore, d((a1,b1), (az, b)) = min{(a; — as) mod Iy, (ay —
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Figure 3.2: Examples of the sphere S;.

ai) mod [y} + min{(b; — by) mod Iy, (by — by) mod Iy }.) Occasionally, in order to em-

phasize that the two vertices are in G, we also denote it by dg((a1,b1), (ag,b2)). O

Clearly, an interleaving on a torus is a t-interleaving if and only if the Lee distance

between any two vertices labelled by the same integer is at least ¢.

Definition 3.5 Let G be an Iy X ly torus where Iy >t and ly > t, and let (a,b) be
a vertex in G. When t is odd, the sphere centered at (a,b), Slfa’b), 15 defined to be
the set of vertices whose Lee distance to (a,b) is less than or equal to % When t s
even, the sphere left-centered at (a, b), St(a’b), is defined to be the set of vertices whose
Lee distance to either (a,b) or (a, (b4 1) mod ly) is less than or equal to £ —1. (a,b)
1s called the center of Sﬁ“’b) if t is odd; and (a,b) is called the left-center of St(a’b) if
t is even. If we do not care where the sphere is centered or left-centered, then the
sphere is simply denoted by S;. The number of vertices in the sphere is denoted by

L -

Example 3.2 Fig. 3.2 (a) shows the spheres Sy to Sg. Fig. 3.2 (b) shows two spheres,
S3(0,2) and S4(0,2), in a 3 x 5 torus. O

The sphere S; was originally defined in [11], where it was also shown that |[S;| =
tQT“ if ¢ is odd, and |S;| = % if £ is even. For any l; X Il torus where [; > ¢ and
ly > t, its t-interleaving number is at least |S;|. That is because such a torus contains

a complete sphere S;, and the Lee distance between any two vertices in S; is less than
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t — so any t-interleaving needs to use |S;| distinct integers to label the vertices in S;.
This lower bound for t-interleaving numbers, |S;|, is called the sphere packing lower
bound. The relationship between this bound and sphere packing will become clearer

SOO01.

Definition 3.6 Let G be an l; X Iy torus, where l; >t and lo > t. If the t-interleaving
number of G equals the sphere packing lower bound |Sy|, then we say that G can be
perfectly t-interleaved. A t-interleaving on G that uses exactly |Sy| distinct integers

will be called a perfect t-interleaving. O

Definition 3.7 A torus G is said to have a perfect packing of spheres S; if spheres
St are packed in G such that every vertex of G belongs to one sphere, and no two

spheres share any common vertex. O

Lemma 3.1 (1) Let t be an odd positive integer. An interleaving on an ly X ly torus
(ly > t, Iy > t) is a t-interleaving if and only if for any two vertices (a1,by) and
a1,b1)

(ag, be) that are labelled by the same integer, the two spheres centered at them, St(

b
and St(a2 2), do not share any common vertex.

(2) Let t be an even positive integer. An interleaving on an ly X ly torus
(i, > t—1, Iy > t) is a t-interleaving if and only if for any two vertices (ay,by)
and (ag, by) that are labelled by the same integer, the two spheres with them as left-
centers, St(al’bl) and St(az’bQ), do not share any common vertex and what’s more, by # by

or (a1 —ag) # £(t — 1) mod [;.

Proof: (1) Let t be odd. Both St(al’bl) and St(az’bQ) are classic spheres with radius
4. If the interleaving is a t-interleaving, then the Lee distance between (ay,b;) and
(a2, by) is at least t =2- 5L +1, s0 S50 and 5>") must have no intersection. The
converse is clearly also true.

(2) Let t be even. We consider two cases — by = by and by # bs.

First consider the case ‘b; = by’ In this case, S\**") and S{****) have no intersec-

tion if and only if d((a1,b1), (a2, b2)) > 2- (£ —1)+1 =t—1. And d((a1,b1), (as,b2)) =
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t — 1 if and only if (a; — az) = £(t — 1) mod ;. So the Lee distance between (ay, b;)
and (as, by) is at least ¢ if and only if 5" and 5" have no intersection and
(a3 — ag) # £(t — 1) mod [y, which is the conclusion we want.
Now consider the case ‘b; # by’. In this case, the Lee distance between (ay, b;)
and (ag, be) is at least ¢ <= both the Lee distance between (ay, (by + 1) mod l3) and
(ag, by) and the Lee distance between (ag, (b2 +1) mod ly) and (ay, by ) are at least ¢t —1

a1,(b1+1)

®) and S22 med k) qoes not intersect

— 5" med2) qoes not intersect S\
Sl s gl and $1%) have no intersection. (Note that S\ is the union of
Sl and gLyt med ) g 622 g the union of S\ and S\t med )
So we get the conclusion we want.

O

Theorem 3.1 When t # 2, an interleaving on an ly X ly torus (I; > t, Iy > t) is
a perfect t-interleaving if and only if for any integer, the spheres Sy centered or left-
centered at the vertices labelled by that integer form a perfect sphere packing in the
torus.

When t = 2, if an interleaving on an ly X ly torus (Iy > t, ls > t) is a perfect
t-interleaving, then for any integer, the spheres Sy left-centered at the vertices labelled

by that integer form a perfect sphere packing in the torus.

Proof: We used I to denote the set of distinct integers used by the interleaving on
the torus. For any integer ¢ € I, let N; denote the number of vertices labelled by 4.
Firstly, we prove one direction. Assume the interleaving on the [; x [l torus
(I; > t, Iy > t) is a perfect t-interleaving. Then |I| = |S;|. By Lemma 3.1, for any
1 € I, the spheres S; centered or left-centered at vertices labelled by ¢ do not overlap.
By counting the number of vertices in the torus and in each sphere S;, we get that

N; < 12 for any i € I. Since Y

Al = l1ly, we get that N; = Lla g any i € I. So

zGI |St‘

for any integer ¢ € I, the spheres S; centered or left-centered at the vertices labelled

by i form a perfect sphere packing in the torus.
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Next, we prove the other direction. Assume ¢ # 2, and for any integer, the spheres
S; centered or left-centered at the vertices labelled by that integer form a perfect
sphere packing in the torus. Then N; = % for any i € I. Since ), ., N; = lily,
we find that ||, the number of distinct integers used by the interleaving, equals |Sy|.
What is left is to prove that the interleaving is a ¢-interleaving. From Lemma 3.1,
we can see that the interleaving would not be a t-interleaving only if the following
situation becomes true: t is even, and there exist two vertices — (a1, b1) and (ag, by)
— labelled by the same integer such that b; = by and (a7 — az) = 6(t — 1) mod I,
where 0 = 1 or —1. We will show such a situation cannot happen.

Suppose that situation happens. WLOG, we assume (a1 — ag) = (¢t — 1) mod [;.

When t is even and t # 2, it is straightforward to verify that the following four vertices

— (a1 —(:—1) mod ly,by), (as+(5—1) mod {3, 1), (a1 —(5—2) mod I, by —1 mod l5),

as+ (£ —2) mod Iy, b; — 1 mod ;) — are contained in either S\*"*") or §{*?)
(a2 + (3 / ;

, while
the following two vertices — (a; — (5 — 1) mod ly,b; — 1 mod ly) and (ag + (§ —
1) mod I1,b; — 1 mod ly) — are neither contained in Sfal’bl) nor in SfaQ’bQ). The two
vertices, (a1 — (£ — 1) mod Iy, by — 1 mod Iy) and (az + (5 — 1) mod Iy, b; — 1 mod 1),
cannot both be contained in some spheres .S; that are left-centered at vertices labelled
by the same integer which labels (aq,b;) and (ag,by), because they are vertically
adjacent, and the vertices directly above them, below them or to the right of them
are all contained in two spheres that do not contain them. (Observe the shape of a
sphere.) That contradicts that fact that all the spheres S; left-centered at the vertices
labelled by the integer which labels (a1, b;) form a perfect sphere packing in the torus.
So the assumed situation cannot happen. By summarizing the above results, we see
that the interleaving must be a perfect t-interleaving.

O

Theorem 3.2 When t # 2, an Iy X ly torus (I; > t, ly > t) can be perfectly t-
interleaved if and only if the spheres Sy can be perfectly packed in it.
When t =2, if an ly X ly torus (Iy > t, lo > t) can be perfectly t-interleaved, then

the spheres Sy can be perfectly packed in it.
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Proof: Let G be an [y X l; torus. For any t, Theorem 3.1 has shown that if G' can
be perfectly t-interleaved, then the spheres S; can be perfectly packed in it. Now
we prove the other direction. Assume t # 2, and the spheres S; can be perfectly
packed in G. Let (z1,vy1), (z2,92), +--, (Tn,yn) be a set of vertices such that the
spheres S; centered or left-centered at them form a perfect packing in G. The proof
of Theorem 3.1 has essentially showed that for any ¢ and j (i # j), the Lee distance
between (z;,y;) and (z;,y;) is at least t. Now we can interleave G is this way: label
each sphere S; with |S;| distinct integers such that every integer is used exactly once
in every sphere, and make all the spheres to be labelled in the same way (namely, all
the spheres have the same ‘interleaving pattern’). Clearly, for any two integers a and
b, the two sets of vertices respectively labelled by a and b are cosets of each other in
the torus. Therefore the Lee distance between any two vertices labelled by the same
integer is at least t. So G has a perfect t-interleaving.

O

3.2.2 Perfect t-Interleaving and Its Construction

The following lemma is an important property of perfect sphere packing. It will help

us derive the necessary and sufficient conditions for perfect t-interleaving.

Lemma 3.2 Lett be an even integer and t > 4. When spheres S; are perfectly packed
in an ly X ly torus, there exists an integer a € {+1,—1}, such that if there is a sphere
left-centered at the vertex (x,y), then there are two spheres respectively left-centered

at ((x — L) mod Iy, (y —a- L) mod ly) and ((x+ §) mod Iy, (y +a- §) mod Iy).

Proof: Assume spheres S; are perfectly packed in an [; X Iy torus, where ¢t > 4 and
t is even. First, we need to show that [; > t. When t is even, a sphere S; spans
t—1rows. Sol; >t—1. Now we show why [; # ¢t — 1. Fig. 3.3 (a) shows two
examples — the first example shows a sphere S in a torus of 3 rows, and the second
example shows a sphere Sg in a torus of 5 rows. (The vertices in the two spheres are

indicated by relatively large black dots in the figure.) Considering the shapes of the
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spheres, we can easily see that the two adjacent vertices in each dashed circle cannot
be both contained in non-overlapping spheres. Such a phenomenon always happens
when [; = t—1. Since here spheres S; are perfectly packed in the torus, we get [ > t.

Clearly, one of the following two cases must be true:

e Case 1: whenever there is a sphere left-centered at a vertex (z,y), there are
four spheres respectively left-centered at the four vertices ((z — §) mod Iy, (y —
t
2

L) mod ly), ((z—%) mod Iy, (y+35) mod ly), ((z+3%) mod Iy, (y— 5) mod l5) and

((z + %) mod Iy, (y + £) mod 1y).

e Case 2: there exists a sphere left-centered at a vertex (xg,yo), such that there
is no sphere left-centered at at least one of the following four vertices — ((z —
%) mod Iy, (yo — %) mod lp), ((zo — %) mod Iy, (yo + %) mod lz), ((zo + %) mod
I, (yo — %) mod ) and ((zo + §) mod Iy, (yo + §) mod Iy).

If Case 1 is true, then the conclusion of this lemma obviously holds. From now
on, let us assume that Case 2 is true. WLOG (without loss of generality), we assume
that there is one sphere left-centered at (xg, o), but there is no sphere left-centered
at ((xo — %) mod Iy, (yo + 5) mod I5). (All the other possible instances can be proved
with the same method.)

Since l; > t, the vertex ((z — £) mod /4, (y + 1) mod l) — which we shall call
‘vertex A’ — is not contained in the sphere left-centered at (xo,yo). (An example is
shown in Fig. 3.3 (b), where the sphere in consideration is an Sg, whose left-center
(x0,Yo) is labelled by ‘C”. The vertex A is labelled by ‘A’.) The vertex A is contained
in one of the perfectly packed spheres, which we shall call ‘sphere B’. The relatively

position of vertex A in sphere B can only be one of the following two possibilities:

e Possibility 1: the vertex A is the right-most vertex in the bottom row of the

sphere B. (See Fig. 3.4 (a).)

e Possibility 2: the vertex A is in the down-left diagonal of the border of the
sphere B, but it is not the left-most vertex of the sphere B. (See Fig. 3.4 (b),
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Figure 3.3: A sphere in a torus.

(c) and (d).)

Possibility 1, however, can be easily found to be impossible, since otherwise the
neighboring vertex to the right of vertex A and the vertex below it cannot both be
contained in non-overlapping spheres. (See the two nodes in the dashed circle in
Fig. 3.4 (a).) So only possibility 2 is true. In the following proof we use the example
of t = 8 for illustration, and assume that the relative position of the sphere B is as
shown in Fig. 3.4 (b). We comment that when ¢ takes other values or when the sphere
B takes other relative positions, the following argument still holds, which is easy to
see.

Let the sphere left-centered at (zg,yo) be the sphere denoted by ‘L;’ in Fig. 3.5,
and let sphere B be the sphere now denoted by ‘R;’ in Fig. 3.5. We immediately
see that the vertex denoted by ‘E’ must be the right-most vertex of a sphere, so

Y

the sphere containing the vertex ‘E’ must be the sphere denoted by ‘Ly’. Then we
immediately see that the vertex denoted by ‘F” must be the right-most vertex in the
bottom row of a sphere, so the sphere containing the vertex ‘F” must be the sphere
denoted by ‘R,’. With the same method we can fix the positions of a series of spheres
Ly, Loy, L3, Ly, --- and a series of spheres Ry, Ry, R3, Ry, ---. Since the torus is
finite, we will get a series of spheres L, Lo, L3, Ly, ---, L, such that the relative

position of L, to L; is the same as the relative position of L; to Ly (see Fig. 3.5

for an illustration) — so such a series of spheres form a ‘cycle’ in the torus. Since



69

Figure 3.4: Relative positions of spheres and vertices.

the spheres are perfectly packed in the torus, no two spheres in this ‘cycle’ overlap.
Similarly, the spheres Ry, R, - -+, R, also form a ‘cycle’ in the torus. (Note that we
do not make any assumption about whether these two ‘cycles’ overlap or not.)

If those two ‘cycles’ contain all the spheres in the torus, then we are already very
close to the end of this proof. If those two ‘cycles’ do not contain all the spheres in
the torus, then there must be some spheres outside the two ‘cycles’ that are directly
attached to the down-left side of the ‘cycle’ formed by Ly, Lo, - -+, L,. (Consider the
very regular way the ‘cycle’ is formed, and the resulting shape of the ‘cycle’ which is
invariant to horizontal and vertical shifts.) Let D; be a sphere directly attached to
the ‘cycle’ formed by Ly, Lg, - -, L,, as shown in Fig. 3.5. (Note that we do not care
about the exact position of Dy, as long as it is directly attached to the down-left side
of the ‘cycle’.) Then the node ‘I’” immediately determines that the sphere containing
it must be ‘Dy’; similarly the node ‘J’ determines the position of the sphere ‘D3’; and

soon --- --- So we will get a series of spheres Dy, Dy, D3, ---, D, which will again
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Figure 3.5: The packing of spheres in a torus.

form a ‘cycle’. (It is easy to see that this ‘cycle’ does not overlap the previous two
‘cycles’.) With the same method as above, we will find more and more ‘cycles’, until
they together contain all the spheres in the torus.

We can easily see that in each of the ‘cycles’ here, if there is a sphere left-centered
at a vertex (x,y), then there are two spheres respectively left-centered at ((z—%) mod
li,(y — &) mod l5) and ((z + £) mod {;, (y + £) mod ly). When other instances of
Case 2 are true (see the definition of ‘Case 2’ in previous text), it can be shown
in the same way that whenever there is a sphere left-centered at a vertex (z,vy),
there are two spheres respectively left-centered at ((z — £) mod Iy, (y + £) mod I,)
and ((z + £) mod Iy, (y — ) mod l,). By summarizing the above conclusions, we see

that this lemma is proved.

O

Definition 3.8 Let t be an even positive integer, let a be either +1 or —1, and let

G be an ly X Iy torus. Let (x,y) be an arbitrary vertex in G. We define “the cycle
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containing (x,y) (corresponding to the parameter a)” to be the set of spheres S; that
are respectively left-centered at the vertices (x,y), ((x+%) mod Iy, (y+a- L) mod ly),
((z+2-L)mod Iy, (y+2a- %) mod ly), (x+3-%) mod iy, (y+3a-5) modly), ------
O

The proof of the following lemma is omitted due to its simplicity.

Lemma 3.3 Lett be an even positive integer, let a be either +1 or —1, and let G be

an ly X ly torus. For any vertex (x,y) in G, the cycle containing it (corresponding to

t
the parameter a) consists of M distinct spheres Sy.

]

The following theorem shows the necessary and sufficient condition for tori that

can be perfectly t-interleaved.

Theorem 3.3 Let G be an ly X Iy torus where Iy >t and ly > t. If t is odd, then G
can be perfectly t-interleaved if and only if both ly and ly are multiples of tQTH If t is
even, then G can be perfectly t-interleaved if and only if both ly and ls are multiples

of t.

Proof: We consider the following three cases one by one:

e Case 1: t =2.
e Case 2: t is even but ¢ # 2.

e Case 3: t is odd.

Case 1: t = 2. In this case, we note that 2-interleaving is equivalent to vertex
coloring, so the 2-interleaving number of G equals G’s chromatic number x(G). Let
Ry, and Ry be two rings which respectively have [; and [y vertices. Then G is the
Cartesian product of those two rings, namely, G = R; ® Rs. It is well known [86] that
for any two graphs Hy and Hy, x(H; ® Hy) = max{x(H), x(Hz2)}. Since |, >t =2
(respectively, Iy > t = 2), we get that x(R;) > 2 (respectively, x(R2) > 2); and

X(R1) = 2 (respectively, x(Rz) = 2) if and only if I} (respectively, l5) is a multiple of
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2. So x(G) = 2 if and only if both /; and [y are multiples of 2. Since |Sa| = 2, we get

the conclusion in this lemma.

Case 2: t is even but t # 2. Firstly, we prove one direction. Assume G can
be perfectly t-interleaved. Let ¢ be an integer used by a perfect t-interleaving on
G. Then by Theorem 3.1, the spheres S; left-centered at the vertices labelled by
1 form a perfect sphere packing in G. By Lemma 3.2, there exists an integer a €
{+1, —1} such that for any cycle containing a vertex labelled by i (corresponding to
the parameter a), the spheres S; in the cycle are all left-centered at vertices labelled
by ¢ — and therefore they do not overlap. By Lemma 3.3, the cycle containing a

i
vertex labelled by i consists of M distinct spheres S;. So such a cycle consists

2
lcm(ll,lg,ﬁ) lem(ly,l2,L) +2
of T |G| = ) Lo

r lem(ly, s, %) -t vertices. Let (z1,y1) and (z2,y2)
be any two vertices labelled by i. We can see that for the cycle containing (x1,y;)
and the cycle containing (zs,ys), they either do not overlap, or they are the same
cycle. Therefore, the vertices in G' can be partitioned into several such cycles — so
ly - Iy is a multiple of lem(ly, Iy, 5) - t. Since lem(ly, 1o, £) is a multiple of Iy, I, must
be a multiple of ¢. Similarly, /; must be a multiple of ¢, too. So if G can be perfectly
t-interleaved, then both [y and [y are multiples of ¢.

Now we prove the other direction. Assume both [; and [y are multiples of t. Let
W be such a set of vertices in G: W = {(z,y)|z = 0mod %,y = 0mod £,z +y =
0 mod t}. It is easy to verify that the Lee distance between any two vertices in W is
at least t. Now for ¢ = 0,1,---,£ —1 and for j = 0,1,--- ,¢t — 1, define W*/ to be
W = {((z +14) mod Iy, (y + j) mod l)|(z,y) € W}. Clearly those % -t = |S,| sets
— W00 WO L Webitl g a partition of the vertices in G. For each Wi,
we label the vertices in it with one distinct integer. Clearly such an interleaving is a

perfect t-interleaving. So if both [; and Iy are multiples of ¢, then G can be perfectly

t-interleaved.

Case 3: t is odd. Firstly, we prove one direction. Assume both [; and Iy are
multiples of RTH Golomb and Welch have shown in [27] that a tQT“ X tQT“ torus can be

perfectly packed by the spheres S; for odd t. Therefore, G can also be perfectly packed
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by S; because a torus has a toroidal topology and G can be ‘folded’ into a tQT“ X tQT“
torus. Let C be a set of vertices in GG such that the spheres S; centered at the vertices
in C' form a perfect sphere packing. Then the Lee distance between any two vertices
in C'is at least ¢t. Let (x¢, yo) be an arbitrary vertex in C'. Define M to be such a set of
integer-pairs: M = {[,7]0<i<1;—1,0<j <lpy—1,((z+7) mod Iy, (y+7) mod )
is a vertex in the sphere S, }. Clearly |[M| = |S;|. For every [i,j] € M, define C*I
to be such a set of vertices in G: C* = {((z + i) mod Iy, (y + j) mod l)|(z,y) € C}.
We see that the sets C/, for all the elements [i, j] € M, partition the vertices in G;
and for every [i,j] € M, the Lee distance between any two vertices in C%’ is at least
t. For every [i,j] € M, we label the vertices in C* with a distinct integer. Such an
interleaving is clearly a perfect t-interleaving. So if both [; and Iy are multiples of
tZT“, then G can be perfectly t-interleaved.

Now we prove the other direction. Assume G can be perfectly t-interleaved. Let ¢
be an integer used by a perfect t-interleaving on G. Then by Theorem 3.1, the spheres
S; centered at the vertices labelled by ¢ form a perfect sphere packing in GG. Golomb
and Welch presented in [27] a way to perfectly pack spheres S; in a torus when ¢ is odd,
which can be described as “either of the following two conditions is true: (1) whenever
there is a sphere S; centered at a vertex (z,y), there are two spheres respectively
centered at ((z+51) mod Iy, (y+5*) mod I») and ((z—%5%) mod Iy, (y+52) mod y);
(2) whenever there is a sphere S; centered at a vertex (x,y), there are two spheres
respectively centered at ((z+%5+) mod [y, (y+55+) mod I5) and ((z—4+) mod Iy, (y+
t—1

=) mod l5)”. It is well known that that way of packing is in fact the only way to

perfectly pack S; for odd ¢, whose feasibility requires both [; and [, to be multiples of
241
2

. So if G can be perfectly t-interleaved, then both /; and [, are multiples of ﬁTH

O

Below we present the complete set of perfect sphere packing constructions. But
first let’s explain a few concepts. Let G be an l; X l; torus that is perfectly packed
by spheres S; — there are % such spheres. Define e as e = %, and let’s say

those spheres are centered (or left-centered) at the vertices (x1,v1), (z2,%2), -+,
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(e, ye). By wvertically (respectively, horizontally) shifting the spheres in G, we mean
to select some integer s, and get a new set of perfectly packed spheres that are centered
(or left-centered) at (zy + s mod ly,41), (2 + s mod ly,y2), -+, (ze + s mod Iy, y.)
(respectively, at (z1,y; + s mod ly), (z9,y2 + s mod ly), - -+, (2, ye + s mod l3)). By
vertically reversing the spheres in GG, we mean to get a new set of perfectly packed
spheres that are centered (or left-centered) at (—x; mod Iy, 1), (—z2 mod Iy, ys), - - -,
(—x. mod I, y.). After such a ‘shift’ or ‘reverse’ operation, technically speaking, the
way the spheres are perfectly packed in G are changed — however, the ‘pattern of

the sphere packing’ essentially remains the same.

Construction 2.1: The complete set of perfect sphere packing constructions
Input: A positive integer t. An l; XI5 torus G, where (1) both /; and [ are multiples
of t if t is even and t # 2, (2) Iy is even if t = 2, and (3) both [; and [, are multiples
of ££L if ¢ is odd.

Output: A perfect packing of the spheres S; in G.

Construction:

1. If t is even and t # 2, then do the following:

oLet Ah AQ,"',Ang(%’TQ 1
integer in the set {0, 1, - - ,%— 1} fori=1,2,---,gcd(,2) — 1.

tot

be ged(%,2) — 1 integers, where A; can be any

e Find the ged(X, 2) cycles in G (corresponding to the parameter 1) respectively
containing the vertex (0, 0) (Zzl LA Z;Zl(t + A)), (Z?Zl A;, Z?:1(t + Ay)),
o (ZQCd a AL Zng ek 1(75 + A;)). The spheres S; in those ged(%, 2)

t?t

cycles form a perfect sphere packing in the torus.
2. If t = 2, the do the following:

e The [y x [ torus G has l; rows, each of which can be seen as a ring of [ vertices.
When t = 2, the sphere S; simply consists of two horizontally adjacent vertices.
Split each row of G into l2 spheres in any way. The resulting = bl spheres form

a perfect sphere packing in the torus.
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3. If t is odd, then do the following:

e Find such a set of % spheres S;: each of the spheres is centered at a vertex
(i(m+1)4+j-(—=m) mod ly,i-m+ j(m+ 1) mod ly) for some integers i and j.

Those spheres form a perfect sphere packing in the torus.

4. Horizontally shift, vertically shift, and/or vertically reverse the spheres in G in
any way.

O

Theorem 3.4 Construction 2.1 is the complete set of perfect sphere packing con-

structions.

Proof: We consider the following three cases. For each case, we need to prove two
things: firstly, the ‘Input’ part of Construction 2.1 sets the necessary and sufficient
condition for a torus to have perfect sphere packing; secondly, the ‘Construction’
part of Construction 2.1 generates perfect sphere packing correctly, and every perfect

sphere packing that exists is a possible output of it.

Case 1: t is even and t # 2. In this case, since a sphere S; occupies t — 1 rows
and t columns, for the [y x Iy torus G to have perfect sphere packing, it must be
that [y > ¢t —1 and I > t. We can show that [y # ¢t — 1 in the following way —
assume [; = t — 1 and spheres S; are perfectly packed in G; say a sphere S; is left-
centered at (z,y) in G; then the two vertices, (z — (£ — 1) mod 1,y — 1 mod ) and
(x+ (£ —1) mod l;,y — 1 mod l5), cannot both be contained in spheres (see the proof
of Theorem 3.1 for a very similar argument), and that contradicts the statement that
spheres are perfectly packed in G. Therefore, if G can be perfectly packed by spheres,
[y >t and Iy > t. Then, from Theorem 3.2 and Theorem 3.3, we see that G can be
perfectly packed by spheres if and only if both [, and [, are multiples of . So the
‘Input’ part of Construction 2.1 correctly sets of the necessary and sufficient condition
for a torus to have perfect sphere packing.

Lemma 3.2 and its proof have shown that when spheres are perfectly packed in

a torus, those spheres can be partitioned into cycles. By observing the shape of
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the border of a cycle, we see that two adjacent cycles can freely ‘slide’ along each

other’s border — and there are % possible relative positions between two adjacent

L
2
2

cycles. In Construction 2.1, the & possible relative positions are determined by A;,

)

a variable that can take % possible values. Now it is easy to see that Step 1 of
Construction 2.1 provides a perfect sphere packing (which takes one of many possible
forms, depending on the value of the ‘A;’s), and its Step 4 changes the positions of

the spheres to furthermore cover all the possible cases of perfect sphere packing.
(2) Case 2: t = 2. This case is simple, so we skip its analysis.

(3) Case 3: t is odd. In this case, Construction 2.1 re-produces the sphere-
packing method presented in [27], which is commonly known as the unique way to
pack spheres for odd ¢ (see the final paragraph of the proof of Theorem 3.3 for more
detailed introduction).

O

Now we present perfect t-interleaving constructions that are based on perfect

sphere packing.

Construction 2.2: Perfect t-interleaving constructions

Input: A positive integer t. An [y X [, torus G, where both [; and [l are multiples of
t if t is even, and both [; and [, are multiples of ﬂT+1 if ¢t is odd.

Output: A perfect t-interleaving on G.

Construction:

(1) If t # 2, then do the following:

e Use Construction 2.1 to get a perfect sphere packing in G. Label each of those
spheres with |S;| distinct integers, in such a way that all the spheres have the

same interleaving pattern, and every integer is used exactly once in each sphere.

(2) If t = 2, then do the following:
e For every vertex (i,7) of G (0<i<[;—1,0<j <ly—1),if i+ j is even, label

it with the integer ‘0’, otherwise label it with the integer ‘1’.
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Figure 3.6: Example of perfect ¢t-interleaving using Construction 2.2.

Example 3.3 Lett =4, and let G be an 12 x 24 torus. Firstly, we use Construction
2.1 to find a perfect sphere packing in G. Since t is even, the Step 1 of Construction

2.1 is executed. We choose Ay, As, +--, Agcd , tobe Ay =0, Ay = 1. (Note

(4 2y
that here ged(%,2) — 1 =2.) Then the gcd(%jft) = 3 cycles in G are as shown in
Fig. 3.6 (a), which are three sets of spheres S; respectively of three different background
patterns. The spheres in those 3 cycles form a perfect packing in G.

Next, we use Construction 2.2 to perfectly t-interleave G. Let the perfect sphere
packing remain as it is; and label all the spheres with the same interleaving pattern,

using |Sy| = 8 distinct integers. The resulting perfect t-interleaving on G is shown in

Fig. 3.6 (b). O

We comment that Construction 2.2 provides the complete set of perfect t-interleaving

constructions that have the following property: for any two integers, the two sets of
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vertices respectively labelled by those two integers are cosets of each other in the
torus. What is more, in [11], three t-interleaving constructions were presented, all
based on lattice interleavers. Our Construction 2.2 generalizes the results in [11] in
two ways: firstly, it covers more constructions based on lattice interleavers, with the
results of [11] included as special cases; secondly, when ¢ is even, it also covers con-
structions that do not use lattice interleavers, which we can make happen by simply

letting any A; and A; take different values.

3.3 Achieving an Interleaving Degree within One

of the Optimal

In this section, we present a t-interleaving construction, with which we can t-interleave
any large enough torus with a degree within one of the optimal. The construction

presented here will also be used as a building block in Section IV.

3.3.1 Interleaving Construction

Definition 3.9 :

e Given a positive integer t, if t is odd, then P is defined to be a string of integers

‘ar, as, -, a%’, wherea% =t+1 andai:tf0r1§i<%; if t is even,

then P is defined to be a string of integers ‘ay, as, -- -, at " where ar =t and

a;=t—1 forl1 <i< % (For example, if t = 3, then P =*4’; if t = 4, then
P =34 ift=0>5, then P="50".)

e Given a positive integer t, if t is odd, then @) is defined to be a string of integers
by, by, -, b%’, where b% =t4+1andb;, =1t forl1 <i< %; if t is even,
then @) is defined to be a string of integers by, by, -+, b§+1 " where b§+1 =t

andbi:t—1f0r1§i<§—|—1.

e Given a positive integer t, an offset sequence is a string of ‘P’s and ‘Q’s. (As

an example, an offset sequence consisting of 1 ‘P’ and 2 ‘Q’s can be ‘PQQ’,
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‘QPQ’ or ‘QQP’.) The offset sequence is also naturally seen as a string of
integers which is the union of the integers in its ‘P’s and ‘Q’s. (For example,
when t = 3, if an offset sequence consisting of 1 ‘P’ and 2 ‘Q’s is ‘PQQ’, then
the offset sequence is also seen as ‘4,3,4,3,4°; when t =4, if an offset sequence
consisting of 3 ‘P’s and 2 ‘Q’s is ‘PQPPQ’, then the offset sequence is also
seen as ‘3,4,3,3,4,3,4,3,4,3,3,4".) The number of integers in an offset sequence

15 called its length.

O

In this section, we are particularly interested in one kind of ¢-interleaving on an

ly x Iy torus, which has the following features:

e Feature 1: I = |S;| + 1. (In other words, if ¢ is odd, then [; = tQTH + 1;if ¢ is

even, then [; = % +1)

e Feature 2: The degree of the t-interleaving equals /;. And in every column of

the torus, each of the [; integers is assigned to exactly one vertex.

e Feature 3: If the vertex (ay,b;) and the vertex (aq, b2) are labelled by the same
integer, then for ¢ = 1,2,--- ,l; — 1, the vertex ((a; + i) mod [1,b;) and the

vertex ((ag + ¢) mod [, by) are labelled by the same integer.

Example 3.4 Fig. 3.7 shows a t-interleaving on an ly X ly torus which has the above
three features. Theret =3, [ = |S;| +1 =6 and [y = 8.

Now let’s fized an integer 9°, where 0 < i <5, and say the set of vertices labelled
by 9’ are (x0,0), (z1,1), -+, (z,_1,lo — 1)". Then the following string of integers:
(21 — xp) mod Iy, (x9 — x1) mod Iy, - -+, (x7 — x¢) mod Iy, (xg — x7) mod Iy, equals
44,4,3,4,4,3,4". Since whent =3, P =" and Q =3,4’, the above string of integers
actually equals ‘PPPQPQ’, which is an offset sequence of length ls. We comment
that this phenomenon is not a pure coincidence — offset sequences do help us find
t-interleavings that have the above three features. In fact, we can prove that in many

cases (e.g., when t =5 or 7), for any t-interleaving on a torus that has the above
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Figure 3.7: An example of t-interleaving of special features.

three features, after horizontally shifting and/or vertically reversing the interleaving
pattern, the resulting interleaving will have the same phenomenon as the example
shown here.

O

The following construction outputs t-interleaving that has the three features.

Construction 3.1:
Input: A positive integer t. An [ X 5 torus, where l; = |S;| + 1. An integer m that
equals L%J Two integers p and ¢ that satisfy the following equation set if ¢ is odd:
pm+q(m+1) =1,
p(2m? +m +1) + q(2m? + 3m + 2) = 0 mod (2m? + 2m + 2) (3.1)

p and ¢ are non-negative integers, p + q > 0.

and satisfy the following equation set if ¢ is even:

pm+g(m+1) =1
p(2m? —m + 1) + ¢(2m?* + m) = 0 mod (2m? + 1) (3.2)
p and ¢ are non-negative integers, p + q > 0.
Output: A t-interleaving on the [; X [ torus.

Construction: Let S =‘sg,s1,---,5,-1" be an arbitrary offset sequence consisting

of p ‘Psand q ‘Q’s. For j =1,2,--- Iy and for : = 0,1,--- ,[; — 1, label the vertex
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(3204 s + 1) mod 1, j mod ly) with the integer ',
O

Example 3.5 Lett = 3,11 =6, [, =8 m =1, p =4, and ¢ = 2. We use
Construction 3.1 to t-interleave an ly X ly torus. Say the offset sequence S is chosen to
be ‘PPPQPQ’. Then Construction 3.1 outputs the t-interleaving shown in Fig. 3.7.

O

We explain Construction 3.1 a little bit. The Equation Set (1) (for odd ¢) and the
Equation Set (2) (for even t) ensure that the offset sequence S, which consists of p
‘P’s and ¢q ‘Q)’s, exists. Furthermore, for any integer j (0 < j <ly — 1), if (a,j) and
(b, (j41) mod Il3) are two vertices labelled by the same integer, then b—a = s; mod [y
— namely, the offset sequence S indicates the wvertical offsets of any two vertices in
adjacent columns that are labelled by the same integer. It is simple to verify that the
t-interleaving output by Construction 3.1 satisfies all the three features — Feature 1,
2 and 3 — listed earlier in this subsection.

The following lemma will be used to prove the correctness of Construction 3.1 and

also in future analysis.

Lemma 3.4 Leti € {0,1,---,|S:|} be any of the integers used by Construction 3.1
to interleave the 1y X ly torus. Let {(bg,0), (b1, 1), -+, (b_1,lo — 1)} be the set of
vertices in the torus that are labelled by i. Let m and S have the same meaning as in
Construction 3.1 (namely, m = | L], and S =‘so, s1,--- , s,-1 is the offset sequence
consisting of p ‘P’s and q ‘Q’s utilized by Construction 3.1). For any two integers
71 and jo (0 < g1 # jo < lo — 1), we define L;_;, as Lj,_.;, = [(j2 — j1) mod ly] +

min{(b;, — b;,) mod Iy, (b;, — b;,) mod l;}. Then we have the following conclusions:

e Case 1: if t is odd, jo — j1 = mmod la, and S;j,, S(j,+1) mod s> S(j1+2) mod l> " * * »

5(ja—1) mod Iy d0 mot all equal t, then b;, —b;, = —(m+1) mod l; and Lj _;, =t.

o Case 2: if t is odd, jo — j1 = m+ 1 mod Iy, and exactly one of sj,,5(j,+1) mod I
S(j142) mod los " " * > S(ja—1) mod I, €quals t+1, then bj,—b; = m mod ly and L, _.;, =

t.
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o Case 3: if t is even, jo — j1 = 1mod ly, and s;; = t — 1, then b, — b;, =

t—1modly and Lj,_.;, =t.

e Case 4: if t is even, jo — j1 = mmod Iy, and S;j,, $(j,+1) mod s> S(j1+2) mod l> " * * »

S5(jas—1) mod I d0 mot all equal t — 1, then b, — b;, = —m mod [y and Lj _;, = t.

e Case 5: if t is even, jo —j1 = m~+1mod ly, and exactly one of s;,, S(j,+1) mod I
S(j142) mod las * " * > S(ja—1) mod Iz €qualst, then bj,—b; = m—1mod l; and Lj; _;, =

t.

e Case 0: if none of the above five cases is true, and jo — j1 # t mod Iy, then
Lj ., >t. If none of the above five cases is true, and j» — j1 =t mod ly, then

Lj1—>j2 > t.

Proof: Let A = t+1iftisodd, and let A = tif tis even. The offset sequence S consists
of ‘P’s and ‘Q’s, so it has the following property: for any i € {0,1,--- ,l; — 1} such
that s; = A, the following m —1 integers — S(41) mod ls» 5(i+2) mod lzs * * " » S(i+m—1) mod I
— all equal A — 1, and either S(;4m) mod 1z OF S(i+m+1) mod 1, €quals A. Also note that
bj, —bj, = S5, +8(j141) mod lo T S(j142) mod Is T * * * + S(jo—1) mod 1, M0d /1. Based on those
two observations, this lemma can be proved with straightforward computation.

O
Theorem 3.5 Construction 3.1 is correct.

Proof: Let (bj,,71) and (bj,,j2) be any two vertices labelled by the same integer in
the Iy x Iy torus that was interleaved by Construction 3.1. The Lee distance between
them is d((bj,, j1), (bj,,J2)) = min{(j2 — j1) mod ly, (j1 — j2) mod lo} + min{(b;, —
b;,) mod Iy, (bj, — bj,) mod Iy} = min{L; _j,, Lj,—; }. From Lemma 3.4, it is clearly
that both Lj,_;, and L,,_.;, are no less than t. Therefore d((b;,,j1), (b;,,72)) > t. So
Construction 3.1 t-interleaved the torus. And as mentioned before, this t-interleaving
satisfies Feature 1, Feature 2 and Feature 3.

O
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3.3.2 Existence of Offset Sequences

The feasibility of Construction 3.1 depends only on one thing — whether the two
input parameters ‘p’ and ‘¢’ exist or not. The following theorem shows that when the

width of the torus, ls, exceeds a threshold, ‘p” and ‘q’ are guaranteed to exist.

Theorem 3.6 Let t be an odd (respectively, even) positive integer. When ly >
LE([5] + 1)(|Si] + 1), there exists at least one solution (p,q) to the equation set

(1) (respectively, equation set (2)), which is shown in the ‘Input’ part of Construction
3.1.

Proof: Firstly, let’s assume t is odd. The equation set (1) is as follows:

pm+q(m+1) =1
p(2m? +m+ 1) + q(2m? + 3m + 2) = 0 mod (2m? + 2m + 2)
p and ¢ are non-negative integers, p + q > 0.

where m = | £]. We introduce a new variable z, and transform the above equation

set equivalently to be:

m m+1 P lo
2m*+m+1 2m?+3m +2 q z(2m? + 2m + 2)

p and ¢ are non-negative integers; z is a positive integer.

which is the same as:

—1
b m m+1 lg

q 2m*+m+1 2m?+3m+2 z(2m? + 2m + 2)

p and ¢ are non-negative integers; z is a positive integer.

which equals:
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p=2(m+1)(m?*+m+1)z — (2m* + 3m + 2)l,
q=02m*+m+ 1Dl —2m(m*+m+ 1)z
p and ¢ are non-negative integers; z is a positive integer.
There exists a solution for the variables p, ¢ and z in the above equation set if

and only if the following conditions can be satisfied:

2(m+1)(m*+m+ 1)z — (2m* +3m+2)l, >0
2m?+m+ 1)y —2m(m?> +m+ 1)z >0
z is a positive integer.

which is equivalent to:

(2m2+3m+2)lo < 5 (2m2+m+1)ls
2(m+1)(m24+m+1) — © — 2m(m2+m+1)

z is a positive integer.

To enable a value for z to exist that satisfies the above conditions, it is sufficient

to make ;ﬁ;ﬁ?;?% — mismila 5 that is, to make Iy > 2m(m + 1)(m? +

2(m~+1)(m2+m+1)
m+1) = [§]([L] +1)(|S| + 1). Therefore when Iy > [L]([£] + 1)(|S| + 1), there

exists at least one solution (p, q) to the equation set (1).

When t is even, the conclusion can be proved in a very similar way. We skip its
details.
O

Corollary 3.1 When I, > [£](|5] + 1)(|S:| + 1), Construction 5.1 can be used to

output a t-interleaving on an (|S¢| + 1) x Iy torus.

Proof: When I > |£]([5] + 1)(|S¢| + 1), all the parameters in the ‘Input’ part of
Construction 3.1 exist, including p and gq.

O
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Figure 3.8: Examples of tiling tor:

3.3.3 Interleaving with Degree within One of the Optimal

We define the simple term of tiling tor: here. By tiling several interleaved tori verti-
cally or horizontally, we get a larger torus, whose interleaving is the straightforward
combination of the interleaving on the smaller tori. It is best explained with an

example.

Example 3.6 Three interleaved tori— A, B and C — are shown in Fig.3.8. The
torus D is a 5 x 4 torus, got by tiling A and B vertically in the form of . The
B

torus E is a 2 X 8 torus, got by tiling one copy of A and two copies of C horizontally

z'ntheformof[(j A (j].
O

The following construction ¢-interleaves a large enough torus with at most |S;| + 2

distinct integers.

Construction 3.2: t-interleave an Iy x ly torus G, where I > |S¢|(|S| + 1) and
lo > [5]([5] + 1)(|Se| + 1), using at most |S,| + 2 distinct integers.

1. Let Gy be an (|S;] + 1) x Iy torus that is t-interleaved by Construction 3.1,
using the integers ‘0’1", - -+, ‘|Sy|". Let {(co,0), (¢1,1),-- -, (ciy—1,l2 — 1)} be the set
of vertices in GG; labelled by the integer ‘0.

2. Let Gy be an (|.S;|+2) x I, torus. Label the nodes {(cg,0), (¢1,1), -+, (ci—1,loa—
1)} in Gy with the integer ‘|S;| + 1.
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Figure 3.9: Examples of Construction 3.2.

3. For j =0,1,--+,lp — 1 and for i = 1,2,---,|S;| + 1, label the node ((¢; +
i) mod (|S¢| +2), ) with the integer ‘i — 1’

4. Let x and y be two non-negative integers such that Iy = z(|S¢|+1) +y(|S:| +2).
Tile x copies of G and y copies of Gy vertically to get an [y x I torus G, which is
t-interleaved using at most |S;| + 2 distinct integers.

O

Example 3.7 We use Construction 3.2 to t-interleave a 7 X 6 torus G, where t = 2.
The first step is to use Construction 3.1 to t-interleave a 3 X 6 torus G1. Say the
offset sequence selected in Construction 3.11is S = ‘QQQ" = ‘1,2,1,2,1,2, then G is
as shown in Fig. 3.9. Then the 4 x 6 torus Gy is as shown in the figure. By tiling one
copy of G1 and one copy of Gy vertically, we get the t-interleaved torus G. |S;|+2 = 4
distinct integers are used to interleave G.

O

Theorem 3.7 Construction 3.2 is correct.

Proof: 1t is a known fact that for any two relatively prime positive integers A and B,
any integer C no less than (A—1)(B—1) can be expressed as C' = x A+yB where x and
y are non-negative integers. Therefore in Construction 3.2, since I; > [S¢|(|S:| + 1),
l; indeed can be expressed as I = x(|S¢| + 1) + y(|S:| + 2), as shown in the last

step of Construction 3.2. So the construction can be executed from beginning to
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end successfully. Now we prove that the construction does t-interleave G — that is,
for any two nodes (ay,by) and (as, b2) labelled by the same integer i in G, the Lee

distance between them is at least ¢. We consider three cases.

Case 1: by = by, which means that (a1, b1) and (ag, by) are in the same column of
G. We see every column of G as a ring of length [; (because it is toroidal). Then,
observe the integers labelling a column of G, and we can see that on the column,
the integers following an integer ‘|S;| + 1’ and before the next integer ‘|S;| + 1" must
be ‘0,1, ,[S],0,1, - |Sy|, -+ ,0,1,--+,|S¢|’, where the pattern 0,1,--- ,|S|
appears at least once. Therefore since (a,by) and (az,bs) are labelled by the same

integer, the Lee distance between them must be at least [S;| + 1 > t.

Case 2: by # by, and i # |S¢| + 1. In this case, let’s first observe two conclusions:

e The interleaving on G is t-interleaving. (See Construction 3.2 for the definition
of Gy.) This can be proved as follows: any two vertices labelled by the same
integer in G5 can be expressed as ((cj, +1p) mod (]S¢|+2), j1) and ((¢;, +ig) mod
(|S¢] 4+ 2), 72) (see the Step 2 and Step 3 of Construction 3.2); then, de, (((cj, +
io) mod (S| +2),31), ((e5, + o) mod (1Si] + 2),12)) = day (€5, ) (€02) =
da, (¢, 41), (G, J2)) 2 1.

e Let (o, j) and (f3, j) be two vertices respectively in G; and G5 both of which are
labelled by the same integer. Then it is simple to see that =« or § = a + 1.
Since G has | S| + 1 rows and G5 has |S¢| + 2 rows, we have dg,((5, ), (0,7)) >
e (0,7, (0,9)) and dgy (8, ), (1S + 1, 7)) > e (@, ), (1S4],7)). That is, if
u and v are two vertices respectively in (G; and Gy both of which are in the
J-th column and labelled by the same integer, the vertical distance from v to
the two ‘borders’ of (G5 is no less than the vertical distance from u to the two

‘borders’ of G;.

According to Construction 3.2, G is got by vertically tiling x copies of G; and y
copies of Gy. Let’s call each of those z+y tori a component torus of G. Now, if (a1, by)

and (ag, be) are in the same component torus of G, we know the Lee distance between
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them in G is no less than the Lee distance between them in that component torus,

which is at least ¢ because that component torus is t-interleaved. If (a1, b;) and (asg, bs)
are not in the same component torus of GG, we do the following. We firstly construct
a torus G’ which is got by vertically tiling x + y copies of GG;. It is simple to see that
G’ is t-interleaved. We call each of the x + y copies of G in G’ a component torus of
G'. Let’s say (a1,b;) and (ag, by) are respectively in the kj-th and ke-th component
torus of G. Let (c1,b1) and (cg, by) be the two vertices labelled by the integer ¢ that
are respectively in the k;-th and kp-th component torus of G’. Observe the shortest
path between (a1, b;) and (ag, be) in G, and we see that it can be split into such three
intervals: from (ay,b;) to a border of the ki-th component torus, from the border
of the ki-th component torus to the border of the ko-th component torus, and from
the border of the ko-th component torus to (asg,by). There is a corresponding (not
necessarily shortest) path connecting (ci, b1) and (cg, b2) in G, which can be split into
such three intervals similarly. And each of the three intervals of the first path is at
least as long as the corresponding interval of the second path. G’ is t-interleaved, so
the second path’s length is at least t. So the Lee distance between (aq, by) and (as, by)

in G is at least t.

Case 3: by # by, and i = |S| + 1. In this case, it is simple to see that the two
vertices in G, (a;+1 mod I3, b) and (az+1 mod 1y, by), are both labelled by the integer
0. Based on the conclusion of Case 2, dg((a; + 1 mod Iy, by), (ag + 1 mod Iy, by)) > t.
So da((ay,b1), (ag, b)) = dg((a; + 1 mod Iy, by), (az + 1 mod Iy, bs)) > t.

So Construction 3.2 correctly t-interleaved G.

O

As a result of Construction 3.2, we get the following theorem.

Theorem 3.8 When ly > [S,|(|S)|+1) and Iy > |£](|5] +1)(|S:|+1), an ly x 15 (or

equivalently, lo X 1y) torus’ t-interleaving number is at most |S;| + 2.

By combining Construction 2.2 (the construction for perfect t-interleaving) and
Construction 3.2, we can t-interleave any sufficiently large torus with a degree within

one of the optimal.
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3.4 Optimal Interleaving on Large Tori

In the previous section, it is shown that when [y is large enough, an (|S;| + 1) x Iy
torus can be t-interleaved using |S;| + 1 integers. In this section, we will construct an
[k(|S¢|+1) — 1] x I3 torus which is also ¢-interleaved using |S;| + 1 integers, by using an
operation we call ‘removing a zigzag row’. (‘k’ is some integer.) Those two tori have
a special property: when they (or multiple copies of them) are tiled vertically to get
a larger torus, the larger torus is also t-interleaved with degree |S;| + 1. |S;| + 1 and
k(|S¢|+1) — 1 are relatively prime, so a large enough /; must be a linear combination
of those two numbers with non-negative integral coefficients — therefore an [; x [,
torus can be t-interleaved using |S;|+ 1 integers in this way. We present constructions
to optimally ¢-interleave such tori; and as a parallel result, the existence of Region I
(see Section I: Introduction) is proved.

All the results of this section can be split into two parts: one for the case ‘t is
odd’, and the other for the case ‘¢ is even’. Those two cases can be analyzed with very
similar methods; however their analysis and results differ in details. For succinctness,
in this section, we only analyze in detail the case ‘¢ is odd’, which should suffice for
illustrating all the ideas. So in the first three subsections here — Subsection A, B,
and C, we always assume that ¢ is odd. In Subsection D, we present just the final
result for the case ‘t is even’. We list the major intermediate results for the case ‘t is

even’ in Appendix II.

3.4.1 Removing a Zigzag Row in a Torus

Definition 3.10 A zigzag row in an ly X ly torus is a set of I vertices of the torus:
{(ao,0), (a1, 1), -, (a,—1,lo — 1)}, where 0 < a; <l —1 fori=0,1,--- | lo—1. (For
example, {(2,0),(3,1),(0,2),(0,3),(3,4)} is a zigzag row in a 4 X 5 torus.) O

Definition 3.11 Let T be an l; X ly torus. Let {(ao,0), (a1,1),- -+, (a,—1,lo — 1)} be
a zigzag row in T. Let there be an interleaving on T, which labels T’s vertex (b, c)

with the integer I(b,c), forb=0,1,--- [l — 1 and c=0,1,--- ,ly — 1. Then a torus
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Figure 3.10: Removing a zigzag row {(3,0),(2,1),(1,2),(3,3),(1,4)} in 7"

G is said to be ‘got by removing the zigzag row {(ag,0), (a1,1), -, (a—1,lo — 1)} in

T’ if and only if these two conditions are satisfied:

e Gisan (I — 1) x Iy torus.

e Fori=0,1,---,l; —2 and j =0,1,--- ,ly — 1, the node (i,7) in G is labelled
by the integer 1(i,j) if i < aj, and by the integer I(i +1,7) if i > a;.

O

Example 3.8 In Fig. 3.10, a 6x5 torus T is shown. A zigzag row {(3,0), (2,1), (1,2),
(3,3),(1,4)} in T is circled in the figure. Fig. 3.10 shows a torus G got by removing
the zigzag row {(3,0),(2,1),(1,2),(3,3),(1,4)} in T.

It can be readily observed that G can be seen as being derived from T in the
following way: firstly, delete the zigzag row in T that is circled in Fig. 3.10; then in

each column of T', move the vertices below the circled vertex upward. O

We present three rules to follow for devising a zigzag row. Let B be an [y X Iy
torus which is ¢-interleaved by Construction 3.1. (That means [y = |Si| + 1.) Let
S ='sg, 81, ,5,-1 be the offset sequence utilized by Construction 3.1 when it
was t-interleaving B. Let H be an [y X [ torus got by tiling several copies of B

vertically. Let m = L%J Then the three rules for devising a zigzag row in H —

{(ao,0), (a1,1),- -, (aj,—1,lo — 1)} — are:
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e Rule 1: For any j such that 0 < j <y — 1, if the integers s;, S(j41) mod sy " * 5

S(j+m—1) mod 1, do not all equal ¢, then a; > a(j4m) mod 1, + M.

e Rule 2: For any j such that 0 < j < [y — 1, if exactly one of the integers

S5y S(j+1) mod las * * 5 S(j+m) mod Iy equals ¢ + 1, then a; < Q(j4m+1) mod I — (m - 1)-

e Rule 3: For any jsuchthat 0 <j <l -1, m<a; <l —m—1.

Lemma 3.5 Let B be a torus t-interleaved by Construction 3.1. Let H be a torus
got by tiling copies of B wvertically, and let T be a torus got by removing a zigzag row
in H, where the zigzag row in H follows the three rules — Rule 1, Rule 2 and Rule
3. Let G be a torus got by tiling copies of B and T wvertically. Then, both T and G

are t-interleaved.

Proof: When t = 1, the proof is trivial. So we assume ¢ > 3 in the rest of the proof.
It is simple to see that H is t-interleaved, because H is got by tiling B, a t-interleaved
torus. We assume B is an [y X ly torus (where Iy = |S;| + 1), H is an l; X 3 torus
(where [; is a multiple of ly), T is an Iy X Iy torus (where Il = [; — 1), and G is an
lg x Iy torus. Let m = |£]. Let S =‘so,s1,---,8,-1 be the offset sequence utilized

by Construction 3.1 when it was t-interleaving B.

(1) In this part, we will prove that T" is t-interleaved. Let (x1,7:1) and (x9,ys2)
be two vertices in T' both labelled by some integer ‘r’. We need to prove that
dr((z1,91), (x2,92)) = t.

Let {(ao,0), (a1,1),-- -, (a,—1, 2 — 1)} denote the zigzag row removed in H to get
T. If ay, < 1, then let 2y = z1 4 1; otherwise let z; = x;. Similarly, if a,, < x5, then
let zo = x9 + 1; otherwise let zo = xo. Clearly, the two vertices in H, (z1,y1) and
(22, 12), are also labelled by ‘r’.

We only need to consider the following three cases:

Case 1: y; = yo. In this case, duy((z1,v1), (22,2)) is a multiple of |S;| + 1 (the
number of rows in B); and dr((z1,v1), (z2,92)) > dg((z1,11), (22,42)) — 1 > |Sy]| =

t2+1
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Case 2: y1 # yo and dr((z1,v1), (22,92)) < dg((z1,v1), (22,92)) — 2. Without
loss of generality (WLOG), we assume x; > x5. Then, based on the definition of
the ‘removing a zigzag row’, it is simple to verify that the following must be true:
dr((z1,y1), (22, 92)) = du((21,91), (22,92)) =2, ay, < 22 < 21 < ay,, (2—21 mod ly) <
(21 — zzmod [1). By Rule 3, any vertex in the removed zigzag row is neither in
the first m rows nor in the last m rows of H, so (23 — 2y mod l;) > 2m + 3. So

dr((z1,91), (72,92)) = du((21,51), (22,92)) =2 > (22 —zrmod lh) =2 > 2m + 1 = 1.

Case 3: y1 # y2 and dr((21, y1), (T2, Y2)) > du((21,91), (22,92)) —1. We know that
di((z1,21), (22,92)) > t. So to show that dr((z1,v1), (z2,92)) > t, we just need to
prove that if dg((21,y1), (22,%2)) = ¢, then dp((x1,y1), (2, 92)) > du((21,11), (22, ¥2))-

By Lemma 3.4, there are only two non-trivial sub-cases to consider WLOG:

Sub-case 3.1: yo—y; = m mod Iy, 20—21 = —(m~+1) mod Iy, dg((21,11), (22, y2)) =
(Y2 — ya mod ly) + (21 — zomod l;) = ¢, and sy, S(y41) mod o S(y142) modlas "
S(y1+m—1) mod I, d0 not all equal ¢. If z; > 2y (which means z; = 25 + (m + 1)), then
from Rule 1, it is simple to see that x1 — o = 21 — 20 — so dr((x1, 1), (T2,Y2)) =
du((z1,y1), (22,92)) = t. If z; < 2z (which means that (z1,y;) and (22, ys) are respec-
tively in the first and last m + 1 rows of H), since the first and last m rows of H and
T must be the same, we get that (1 — 2 mod Ir) = (21 — 2z mod l;) = m+ 1 — so

dr((x1,41), (T2, 92)) = du((21, 1), (22,92)) = L.

Sub-case 3.2: yo —y; =m + 1 mod ly, 20 — z; = mmod Iy, dy((z1,vy1), (22,y2)) =
(y2—y1 mod ly)+(22—21 mod ;) = t, and exactly one of sy, S(y,41) mod 15, S(y1+2) mod Is»
“t, S(y+m)mod o €quals ¢ + 1. If 21 < 2z, (which means z; = 2, — m), then from
Rule 2, it is simple to see that xo — 21 = 23 — 21 — so dr((z1,v1), (T2,92)) =
du((z1,11), (22,92)) = t. If z; > 25 (which means that (z1,y;) and (z2,y2) are re-
spectively in the last and first m rows of H), since the first and last m rows of H
and T must be the same, we get that (x9 — x; mod ) = (23 — z; mod 1) = m — so

dr((z1,91), (22,12)) = du((21, 1), (22,12)) = .

So T is t-interleaved.

(2) In this part, we will prove that G is t-interleaved. First let’s have an obser-
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vation: when a t-interleaved torus K is tiled with other tori vertically to get a larger
torus G, for any two vertices p and v in K (which are now also in G) labelled by the
same integer, the Lee distance between them ﬂ, dea(p, v), is clearly no less than
t. Let’s also notice that the torus got by tiling one copy of B and one copy of T
vertically is t-interleaved, which can be proved with exactly the same proof as in part
(1).

G is got by tiling multiple copies of B and T'. Let’s call each copy of B or T in
G a component torus. Let (z1,y1) and (z2,y2) be two vertices in G labelled by the
same integer. Assume dg((x1,91), (z2,y2)) < t. Then since both B and T have more
than ¢ rows, (x1,y;) and (x2,y,) must be either in the same component torus or in
two adjacent component tori. Now if (z1,4;) and (x2,y,) are in the same component
torus, let K denote that component torus; if (x1,41) and (z2,y2) are in two adjacent
component tori, let K be the torus got by vertically tiling those two component tori;
let G be the same as G. By using the observation in the previous paragraph, we can
readily prove that dg((z1,y1), (x2,y2)) > t. So G is t-interleaved.

O

3.4.2 Constructing the Zigzag Row

We presented three rules on devising a zigzag row in the previous subsection. But
specifically, how to construct a zigzag row that follows all those rules? In this sub-
section, we present such constructions.

Before the formal presentation, let us go over a few concepts. An offset sequence
is a string of ‘P’s and ‘Q’s, where P and () are strings of integers depending on t.
For example, when t =5, P =5,6" and Q) ='5,5,6’. Then an offset sequence ‘PP(Q)’
can also be written as ‘5,6,5,6,5,5,6". Let’s also express the offset sequence ‘PPQ)’
as ‘sg, S1, S2, S3, S4, S5, S¢_, where s =5, s1 =6, ---, s¢ = 6. Then for: =0,1,--- ,6,
s; is called the ‘(i + 1)-th element’ of the offset sequence. ss is also called the ‘first
element of a P’, because it is the first element of the second P in the offset sequence.

For the same reason, sq is the first element of a P (the first P in the offset sequence),
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s1 is the second (or last) element of a P (the first P in the offset sequence), s, is the
first element of a @ (the first/last/only @ in the offset sequence), and so on.

Now we begin the formal presentation of the constructions. Let B be an [y X [y
torus that is t-interleaved by Construction 3.1. (Therefore Iy = S|+ 1.) Let H be an
[1 %1y torus got by tiling z copies of B vertically. (Therefore [} = zly = z(]S¢|+1).) Let
S ='sg, 81, -+, 5,1 be the offset sequence utilized by Construction 3.1 when it was
t-interleaving B. We say that the offset sequence S consists of p ‘P’s and ¢q ‘Q)’s, where
we require p > 0 and ¢ > 0. We require that in the offset sequence, the ‘P’s and ‘Q)’s
are interleaved very evenly — to be specific, in the offset sequence, between any two
nearby ‘P’s (including between the last ‘P’ and the first ‘P’, because we see the offset
sequence as being toroidal, so the last ‘P’ and the first ‘P’ are also nearby ‘P’s), there
are either [1] or [1] consecutive ‘Q)’s; and between any two nearby ‘@Q’s (including
between the last ‘Q” and the first ‘Q)"), there are either [2] or [2] consecutive ‘P’s.
Also, we require the offset sequence to start with a ‘P’ and to end with a ‘Q’. (For
example, an offset sequence consisting of 3 ‘P’s and 5 ‘Q)’s that satisfies the above
requirements is ‘PQQPQQPQ’.) Let m = % Let L = m + mﬁﬂ if p > ¢, and
let L = m+ (m—1)[2] if p < ¢. We require that [ > ([2] + 1)m* + 2m + 1
if p > ¢, and require that I, > ([Z] + m? +m + (2 — [1]) if p < g. Below we

present two constructions for constructing a zigzag row in H, applicable respectively

when p > ¢ and when p < ¢. Note that the constructed zigzag row is denoted by
{(ao,0), (a1,1), -+, (a,_1,lo — 1)}. Also note that both constructions require ¢ > 3.
(The analysis for the case ‘t = 3’, as a somewhat special case, will be presented in

Appendix I.)

Construction 4.1: Constructing a zigzag row in H, when t is odd, t > 3, and
p=2q>0

1. Let sgy, Suyy -+ - be the integers such that 0 = 21 < 29 < -+ < Tpyq =

) Sxvaq
lo —m — 1, and each s,, (1 < i < p+ q) is the first element of a ‘P’ or ‘Q’ in the
offset sequence S.

Let a,, = L. Fori = 2 to p+gq, if s, , is the first element of a ‘Q)’, let a,, = L.
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For i =2 to p+gq, if s,,_, is the first element of a ‘P’, then let a,, = a,, , —m.
2. For i =2 tom and for j =1to p+q, let az,4i1 = az,4i 2+ L.
3. Let sy, Sy,, <+, 8y, be the integers such that y; <yo <--- <y, =1l — 1, and
each s,, (1 <i < gq) is the last element of a ‘Q)’ in the offset sequence S.
For i =1 to ¢, let ay,, = mL + m.
Now we have fully determined the zigzag row, {(ao,0), (a1,1), -, (aj,—1,l2 —
1)}, in the torus H.

O

The zigzag row constructed by Construction 4.1 has a quite regular structure. We

show it with an example.

Example 3.9 We use this example to illustrate Construction 4.1. In this example,
t =15, and B is an 14 x 18 torus as shown in Fig. 3.11(a). B is t-interleaved by Con-
struction 3.1 by using the offset sequence S =‘PPPQPPPQ’=5,6,5,6,5,6,5,5,6,5,
6,5,6,5,6,5,5,6". The torus H is shown in Fig. 3.11(b). H is an 28 x 18 torus got
by tiling 2 copies of B wertically. The rest of the parameters used by Construc-
tion 4.1 are p = 6, g = 2, m = 2 and L = 8. It is not difficult to verify that
the zigzag row in H constructed by Construction 4.1 is {(8,0), (16, 1), (6,2), (14, 3),
(4,4),(12,5),(2,6),(10,7),(18,8),(8,9), (16, 10), (6,11), (14,12), (4, 13), (12, 14),
(2,15),(10,16), (18,17)}. In Fig.3.11(b), the vertices in the zigzag row are shown in
solid-line circles, solid-line hexagons, or dashed-line circles.

Now we briefly analyze the structure of the zigzag row in H. Let us write the
offset sequence S as S =‘sg, 81, ,s17". Then fori=20,1,---,17, we can see that s;
actually shows the ‘offset’ between the i-th column and the (i + 1)-th column of H —
in other words, if we shift the integers in the i-th column of H down (toroidally) by
s; units, we get the (i + 1)-th column of H. So we can think of s; as ‘spanning from
the i-th column to the (i 4+ 1)-th column of H’. And let’s say a P or Q in the offset
sequence spans the columns that all its elements span. Then, since the offset sequence
here is ‘PPPQPPPQ’, the ranges each of them spans is as indicated in Fig. 3.11(b).

Let us observe the vertices in the zigzag row that are in solid-line circles. If we
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indicate them by (ag,,%1), (Gag, T2), 5 (Aapry> Tprq), Where T4 < Ty -+ < Tpyq, then

we can see that Sz, Sy, are the ‘first elements’ of the ‘P’s and ‘Q)’s in the

1 STpiq
offset sequence (namely, each of them is the first element of a ‘P’ or a ‘Q’ in the
offset sequence). And we can see that the vertices in solid-line circles have a regular
structure — basically, it climbs up by m = 2 units from one vertex to the next, and
drops to a base-position if it is between the spanned ranges of a ) and a P. Now
let us observe the vertices in solid-line hexagons. We can see that they correspond to
those ‘second elements of the ‘P’s and ‘Q)’s in the offset sequence’, and they also have
a reqular structure. To be specific, the positions of the vertices in solid-line hexagons
can be got by shifting the positions of the vertices in solid-line circles horizontally
by 1 unit and then down by L = 8 units. In general, those vertices in a zigzag row
that correspond to the (i + 1)-th elements of ‘P’s and ‘Q’s can be got by shifting
the positions of the vertices that correspond to the i-th elements of ‘P’s and ‘Q’s
horizontally by 1 unit and down by L unit (here 0 < i < m). As for the vertices
in dashed-line circles, they correspond to the ‘last elements of the ‘QQ’s in the offset
sequence’, and they are all in the same row. The above observations can be extended
i an obvious way to the general outputs of Construction 4.1.

(]
Now we present the second construction.

Construction 4.2: Constructing a zigzag row in H, when t is odd, t > 3, and
O<p<yq

1. Let sz, Sgpy = - be the integers such that 0 = 21 < 29 < -+ < Tpyq =

» STpiq
lo —m — 1, and each s,, (1 < i < p+ q) is the first element of a ‘P’ or ‘Q’ in the
offset sequence S.
Let a,, = L.
For i =2 to p+¢q, if s,, is the first element of a ‘P’, let a,, = L; if s, , is the
first element of a *P’, let a,, = L — [1](m — 1); otherwise, let a,, = a,, , + (m —1).
2. For i =2 tom and for j =1to p+q, let az, 11 = az,4i2+ L.

3. Let sy, Sy,, <+, 8y, be the integers such that y; <y <--- <y, =1l —1, and



97

(b)

@

N
)

11/6 0|93 |12|6 |1 |1

3

’
N

0/9(3(12|/6(1|9|4|13|7|2|10/5(13/8|2|11|6

1/10(4|13/7|2|10|{5|0|8|3(11/6|0|9|3(12|7

2/11|5|0|8|3|@D|6|1|9|4|12|7|1|10/@)|13|8
3(12|6|1|9|4(12|7|2|10/5|13[8|2|11|5|0|9

4013|7|2|@0|5(13|8|3|11|6|0|9|®|12|6|1 |10
5/0|8|3|11|6|0|9|4|12|7|1(10|4|13|7 |2 |11
6|1|©@|4|12|7|1]10|5|13|8|@[11|5|0|8|3 |12
7|2|10|/5|13|8|2(11|6|0|9|3 (12|61 |9 |4 |13

®|3[11|6|0|9|3]12|7|@®|10|4 (13| 7|2|10|/5|0

94127 |1|10|4|13|8|2(11|5|/0|8|3 (11|61

10/513/8|2[11|5{0) 9|3 |12]6|1]9|4a]12({7) 2

11/6|0|9|3(12|{6|1|10|4|13|7|2|10/5|13|8 |3

12|7]1]10]4{a3)7|2]1|[5]0]8|3|11f6)o|9]4

13/8(2(11{5|0|8|3|12/6|1|9|4(12|7|1|10|5

0l9|3f2)6|1|9|a13|7|2]w0(5)13]8]2]11]6

1/10(4|13/7|2|10|{5|0|8|3(11/6|0|9|3(12|7

25 |o|s|3|1n|6|1|9fa)12|7|1]0]4]13]8
3|12]6]1|9]4]12]7]2]|10|5]138]8]2|11|5]0]9

4113|7|2|10|5(13|8

5/0(8|3|11/6|0|9|4(12|7|1|10/4|13|7 |2 |11
6/1/9(412/7|1|10|5(13|8|2(11/5|0|8|3 |12
712(10/5|13/8|2|11|{6|0|9(3(12/6|1|9|4|13

8/3(11/6|/0|9|3|12{7|1(10/4|13|7|2|10|5|0

914127 |1|10|4|13|8|2(11|5|/0|8|3 (11|61

10/5(13{8|2(11|5(0|9|3|12|6|1|9 4127 |2

11/6|0|9|3(12|{6|1|10|4|13|7|2|10/5|13|8 |3

12|/7|1|10{4 /13| 7|2|11|/5|0|8|3(11{6|0|9 |4

13/8|2(11{5|0|8|3|12/6|1|9|4(12/7|1|10|5

0/9(3(12|/6(1|9|4|13|7|2|10/5(13/8|2|11|6

1/10(4|13/7|2|10|{5|0|8|3(11/6|0|9|3(12|7

2115|083 |11|{6|1|9|4(12/7|1|10|4|13|8
3/12(6|1|9|4|12{7|2|10{/5(13/8|2|11|5|09
4113|7210/ 5(13/8|3|11|6|0|9|3(12(6 |1 |10

5/0(8|3|11/6|0|9|4(12|7|1|10/4|13|7 |2 |11
6/1/9(412/7|1|10|5(13|8|2(11/5|0|8|3 |12
712(10/5|13|8|2|11|{6|0|9(3(12/6|1|9|4|13

8/3(11/6|/0|9|3|12{7|1(10/4|13|7|2|10|5|0

914127 |1|10|4|13|8|2(11|5|/0|8|3 (11|61
10/5|13{8|2(11|5(0|9|3|12|6|1|9 4127 |2

11/6|0|9|3(12|{6|1|10|4|13|7|2|10/5|13|8 |3

12|/7|1|10{4|13|7|2|11|/5|0|8|3(11{6|0|9 |4

13/8|2(11{5|0(8|3|12/6|1|9|4(12/7|1|10|5

Figure 3.11: An example of Construction 4.1.
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each s,, (1 <17 < q) is the last element of a ‘Q)’ in the offset sequence S.
For ¢« =1 to ¢, let a,, = a,,—1 + L.
Now we have fully determined the zigzag row, {(ao,0), (a1,1), -+, (a,—1,l> —
1)}, in the torus H.

O

Like Construction 4.1, the zigzag row constructed by Construction 4.2 also has a

regular (and similar) structure.

Theorem 3.9 The zigzag rows constructed by Construction 4.1 and Construction

4.2 follow all the three rules — Rule 1, Rule 2 and Rule 3.

The above theorem can be proved with straightforward verification. So we skip

its proof.

3.4.3 Optimal Interleaving When ¢ Is Odd

In this subsection, we prove that when ¢ is odd, for a torus whose size is large enough
in both dimensions, its t-interleaving number is at most one more than the sphere
packing lower bound, |S;|. We also present the corresponding optimal ¢-interleaving

construction.

Lemma 3.6 In Equation Set (1) (the equation set in Construction 3.1), let the values
of t, m and ly be fixed. Let ‘p = po,q = qo’ be a solution that satisfies the Equation
Set (1). Then, another solution ‘p = p1,q = q1’ also satisfies the Equation Set (1) if
and only if there exists an integer ¢ such that p; = po + c(m +1)(2m* +2m +2) >0
and ¢, = qo — em(2m? + 2m + 2) > 0.

Proof: We can easily prove that “p = p;,q = ¢1’ is a solution that satisfies the
Equation Set (1) if p; = pg + c(m + 1)(2m? +2m + 2) > 0 and ¢; = gy — cm(2m? +
2m + 2) > 0 for some integer ¢, by plugging ‘» = p1,q = ¢’ into the Equation Set

(1). Now let’s prove the other direction.
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Assume ‘p = p1,q = ¢’ is a solution that satisfies the Equation Set (1). Let
x =p; —po and y = q; — qo. By the first equation in Equation Set (1), pym + ¢ (m +
1) = ly = pom + qo(m + 1) — therefore (p; — po)m = —(q¢1 — qo)(m + 1), which is
xm = —y(m + 1). So z is a multiple of m + 1 and y is a multiple of m. So there
exists an integer a such that z = a(m + 1) and y = —am.

Now let us look at the second equation in Equation Set (1), p;(2m? + m + 1) +
q1(2m? 4+ 3m +2) = 0 mod (2m? 4 2m + 2). Note that 2m? +m+1 = —(m + 1) mod
(2m?+2m +2) and 2m?+3m +2 = m mod (2m?*+2m +2). So —p1(m+1)+gm =
0 mod (2m?+2m+2). Since p; = po+x = po+a(m+1) and ¢ = go+y = go—am, we
get —[po+a(m+1)](m+1)+ (g —am)m = [—po(m+1)+qgom] — [a(m+1)? +am?] =
—a(2m? +2m+ 1) = 0 mod (2m? 4+ 2m + 2). Since 2m? + 2m + 1 and 2m? + 2m + 2
must be relatively prime, we get 2m?+2m +2|a. So there exist an integer ¢ such that
a = c¢(2m*+2m+2). Then p; = py+z = pot+a(m+1) = po+c(m~+1)(2m*+2m+2) > 0
and ¢, = qo +y = qo — am = qo — cm(2m? + 2m + 2) > 0.(The two inequalities come
from the last condition in Equation Set (1).) That completes the proof of the other
direction of this lemma.

O

Lemma 3.7 In Equation Set (1) (the equation set in Construction 3.1), let the values
of t, m and ly be fized. Let Ap = (m+1)(2m?+2m+2) and Ag = m(2m?+2m+2).
If there exists a solution of p and q that satisfies the Equation Set (1), then there
exists a solution ‘p = p*,q = ¢*’ that satisfies not only the Equation Set (1) but also

one of the following two inequalities:

l2 AQ l2 AP
29 oy i 3.3
omil 2 TSP S5 T (3.3)

I, Ap I, Ag
e e Y G R 3.4
omt1 2 =P ST S5, 17 (3-4)

Proof: Assume there is a solution ‘p = py,q = qo’ that satisfies Equation Set (1).
Trivially, either pg > qo or py < qo. Firstly, let us assume that py > qo. If pg >
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— l=pom  l=[l2/@m+1)+Aplm _
m+1  — m~+1 m~+1

lo—[l2/(2m~+1)+(m+1)(2m2+2m+2)Jm

2m+1 + Ap, then qo =

2m+1 — A (and vice versa) — so then by Lemma 3.6, ‘p = po—Ap, ¢ = go+A¢’ is also

a solution to Equation Set (1), and what’s more, pg—Ap > 2m+1 > qo+Ag. Based on

the above observation, we can see that there must exist a solution ‘p = p;,q = ¢’ such
Ag

2m+1 2

that 5 lzﬂ AP , then ¢; >

then we can simply let p* = p; and let ¢* = ¢;. If p; > 273“ —|—T, then ¢; < 2722“ —A2—Q

— then we will let p* = p; — Ap and let ¢* = ¢; + Ag, in which case we will have

277[12“ A <pt <3 +1 <q < %lfﬂ %. So when pg > qp, this lemma holds. The

case that ‘py < qo’ can be analyzed similarly.

O
Theorem 3.10 Let t be a positive odd integer. Let m = ==. Define A as
l m+1)(2m~+1)(m2+m+1
A = max{ ([ 272(_£(;,2+1§(731(2+$+S 1+ )m? 4 2m + 1,
la+m(2m+1)(m2+m+1) la4+m(2m+41)(m2+m+1)
([12—2(m+1)(2m+1)(m2+m+1)1 +1)m? +m+2 - “2 2(m+1)(2m+1)(m2+m+1)—|}
Then when
L>m+1)2m+1)(m* +m+1)+1
and
A
L > (2m* +2 D [————=]2m*+2m +2) -2
1_(m—|—m—|—)((2m2+2m+2](m+m+) ),

an ly X Iy (or equivalently, ly x 1y ) torus’ t-interleaving number is either |S;| or |Sy|+1.

Proof: This theorem is trivially correct when ¢ = 1. When ¢ = 3, by the result of
Appendix I (Theorem 3.13), we can also easily verify that this theorem is correct. So
in the following analysis, we assume that t > 3.
Let’s first define a few variables for the ease of expression. Let Ap = (m +
lo+(m+1)(2m+1)(m32+m+1)
1)(2m2 4 2m + 2), Ag = m(2m? + 2m + 2), B = 2y2<_;(;;n+;(g;2+;+l+ C =

lo+m(2m—+1)(m24+m+1
Sttt ) < D = ([B]+1)m?+2m+1, and B = ([C]+1)m? +m+2—[C].

Then clearly A = max{D, E}.
When I > (m+1)(2m+1)(m*+m~+1)+1 = (m+1)(m+1)(2m*+2m+2)+1 >

m(m+1)(2m*+2m+2) = | £]([5]+1)(|S;|+1), by Theorem 3.6, there exists at least
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one solution of p and ¢ that satisfies Equation Set (1). Then by Lemma 3.7, there
exists a solution ‘p = p*, ¢ = ¢*’” to Equation Set (1) that satisfies either the condition

—i—AP or the condition 3 ZQ AP <pt<qg- < +=9 Q

l

2m+1

2m+1 +1 2m+1

We analyze the two cases below.

e Case 1: there is a solution ‘p = p*,q¢ = ¢*’ to Equation Set (1) that satisfies

the condition znlf+1 -2 < <p< e +1

t-interleave an (|St|+1) X I torus Gy. Note that when ly > (m+1)(2m+1)(m?

+ %. We use Construction 3.1 to

lo/(2m+1)+Ap/2
m+ 1)+ 1, 52y L@ —ag2 = B

so D > ([E ]+ 1)m?+2m+ 1. Let Gy be an[[%}(\&ﬁ—i—l)]xlg torus got by

— ﬂ > 0, so ¢* > 0. Also note that Z—* <

tiling (WW copies of Gy vertically. We use Construction 4.1 to find a zigzag
row in Go; then by removing the zigzag row in Ga, we get a torus G whose
size is H%WUSA + 1) — 1] x l5. Clearly the number of rows in Gy, |S¢| + 1,
and the number of rows in Gj, (#W(\St] + 1) — 1, are relatively prime. So
for any Iy x Iy torus G where [y > (|S;| + 1 — 1)((#1“&% +1)—-1-1) =
|St|([%1 (|S¢]4+1)—2), it can be got by tiling copies of G; and G35 vertically —
and by Lemma 3.5, G is t-interleaved, with the t-interleaving degree of |.S;| + 1.

e Case 2: there is a solution ‘p = p*,q¢ = ¢*’ to Equation Set (1) that satisfies

[ave)
=2,

the condition 2nlz2+1 - % < pt < g < 2nl1,2+1 +

We use Construction
3.1 to t-interleave an (]S + 1) x Iy torus G;. Note that when Iy > (m +

D(2m + 1)(m* + m + 1) + 1, 277112+1 — 22 > 0, so p* > 0. Also note that

* lo/(2m+1)+Ap/2 * *
Lo pemEReR = Cyso E > ([L] 4 Dm? +m + (2 = [£]). Let Gy be

n H#}(LSH + 1)] x Iy torus got by tiling f%} copies of Gy vertically.
We use Construction 4.2 to find a zigzag row in (G; then by removing the
zigzag row in Go, we get a torus i3 whose size is H#W(\Sﬁ +1) = 1] x lo.
Clearly the number of rows in Gy, |S;| + 1, and the number of rows in Gj,
[#]OSA + 1) — 1, are relatively prime. So for any [y x I torus G where
0 = (IS0 + 1= DT E 1080+ 1) = 1= 1) = [SITE 108 + 1) - 2), it
can be got by tiling copies of GG; and Gj3 vertically — and by Lemma 3.5, G is
t-interleaved, with the t-interleaving degree of | S| + 1.
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Now let G be an Iy x Iy torus where ly > (m + 1)(2m + 1)(m? + m + 1) + 1 and
max{D,
b > (2m? +2m 4 1)([ grrigmrs | (2m? + 2m + 2) = 2) =[S (252215, +1) - 2).
Based on the analysis for Case (1) and Case (2), we know that G’s t-interleaving
number is at most |S;| + 1. By the sphere packing lower bound, G’s t-interleaving

number is at least |S;|. So G’s t-interleaving number is either |S;| or [S;| + 1.

O

For easy reference, we show the method for optimally t-interleaving a large torus as
a construction below. Note that the construction below is applicable only when ¢ > 5
(and by default, ¢ is odd). When ¢ = 1, any torus can be t-interleaved with 1 integer
in a trivial way. When ¢ = 3, the torus can be t-interleaved with the construction to

be presented in Appendix I.

Construction 4.3: Optimal t-Interleaving on a Large Torus

Input: An odd integer ¢ such that t > 5. An integer m such that m = % An [y x 1y

torus, where
lb>(m+1D2m+D(m* +m+1)+1

and
A

2m2 +2m + 2

l12(2m2+2m+1)(( 1(2m2+2m+2)—2>

. (The parameter A is as defined in Theorem 3.10.)
Output: An optimal t-interleaving on the [; X Iy torus.
Construction:

1. If both I3 and Il are multiples of |S;|, then the l; X Iy torus’ t-interleaving
number is |S|. In this case, we use Construction 2.2 to t-interleave the [; x Iy torus
with |S;| distinct integers.

2. If either I or Iy is not a multiple of |S;|, then the l; x Iy torus’ t-interleaving
number is |S;| + 1. In this case, we t-interleave the torus with |S;| 4+ 1 integers in the
following way: firstly, we t-interleave an (|S;|+1) x [5 torus, B, by using Construction

3.1 (note that |S;| +1 = 2m? + 2m + 2); secondly, let H be an Hﬁ](\&/] +1)] x Iy

A

m} copies of B vertically, and use Construction 4.1

torus which is got by tiling [
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or Construction 4.2 (depending on which is applicable) to find a zigzag row in H;
thirdly, remove the zigzag row in H to get a Hﬁ} (|S¢|+1) —1] x I3 torus T} finally,
find non-negative integers x and y such that i1 = x(|S;|+1) —l—y[(ﬁ} (1S +1) —1],
and get an [y X [y torus by tiling x copies of B and y copies of T vertically. The
resulting interleaving on the [; X l5 torus is a t-interleaving.

O

3.4.4 Optimal Interleaving When ¢t Is Even

When t is even, the optimal ¢-interleaving on large tori can be analyzed in a very
similar way as in the case of odd . The main result for even t is shown in the following
theorem. For succinctness, we leave the major steps and intermediate results of the

corresponding analysis in Appendix II.

Theorem 3.11 Let t be a positive even integer. Let m = % Define A as

o 2l2+(m+1)(2m+1)(2m2+1) 2l5+(m+1)(2m+1)(2m2+1)
A = max{ (] i m(2m+1)(2m2+1) W‘Fl) 2+ 22l27m(2m+1)(2m2+1) [)m =3,

2lp+m(2m+1)(2m2+1) 2lp+m(2m+1)(2m2+1)

([212 2(m+1)(2m+1) 2m2+1) T+ 1)m? + (3 - (21272(m+1)(2m+1)(2m2+1)-|)m —1
2l2+m(2m+1)(2m2+1)

_2(2@ 2(m+1)(2m+1 (2m241) ”’

. Then when
(m+1)(2m +1)(2m?* + 1)

l2> 5

and

2m?2 + 1

zlzzmQ([ 1(2m2+1)—2)

, an ly X ly (or equivalently, ly X ly) torus’ t-interleaving number is either |S;| or

S| + 1.

3.5 General Bounds on Interleaving Numbers

We have shown that for a torus whose size is large enough in both dimensions (The-

orem 3.10 and Theorem 3.11), its t-interleaving number is at most |S;| + 1. If the
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requirement on the torus’ size is loosened to some extent (Theorem 3.8), then its
t-interleaving number is at most |S;| + 2. Does that mean for a torus of any size, its
t-interleaving number is always at most |.S;| plus a small constant? The answer is no.

The following theorem shows bounds on ¢-interleaving numbers.

Theorem 3.12 (1) The t-interleaving numbers of two-dimensional tori are |S;| +
O(t?) in general. And that upper bound is tight, even if the following restriction is
enforced on the tori — the number of rows or the number of columns of the torus
approaches infinity. (2) When both Iy and ly are of the order Q(t?), the t-interleaving

number of an ly X ly torus is |Sy| + O(t).

Proof: (1) Firstly, let’s show that the t-interleaving numbers of two-dimensional
tori are |Sy| + O(#?) in general. Let G be an [; X Iy torus. First we assume that
tiseven and Iy > ¢, I > t. Let K; = L%J, K, = L%J We see G as being
tiled by small blocks in the way shown in Fig. 3.12, where the blocks are labelled
by ‘A’ or ‘B’. (Note that two blocks both labelled as ‘A’ are not necessary of the
same size. And two blocks both labelled as ‘B’ are not necessary of the same size,
either.) For every block labelled as ‘A’ (respectively, ‘B’), the four blocks around it
(to its left, right, up and down) are all labelled as ‘B’ (respectively, ‘A’). Each block

consists of either [5-] or Ll—lj rows, and either [52-] or |52-| columns. (Note that

2K, 2K, 2K 2K>

] = fKKm ) = &4 [Uedt], || — £ |Amedt] [f] ¢y [lmedt]
LQ%J Ly |lmodt mOdtJ ) We see each block as a torus of its corresponding size. (So
for a block whose size is « x f3, it vertices are denoted by (i,7) fori =0,1,--+ ,a—1
and 7 = 0,1,--- (3, in the same way a torus’ vertices are normally denoted.) Now

we interleave all the blocks following these two rules: (i) only integers in the set
{1,2,---, u?lﬂ . (1—2 } are used to interleave any block ‘A’, and only integers in the
set {[55=1 - [3& 1+ L I51 T35 1+2,---,2 [55] - [5&]} are used to interleave
any block ‘B’; (ii) for all the blocks labelled by ‘A’ (respectively, ‘B’) and for any
i and j, the vertices denoted by (7, ;) in them (provided they exist) are all labelled

by the same integer. It is very easy to see that G is t-interleaved in this way, using

2- Topr ] [afs] =266 + TRH DG + 157D <26+ [5G+ 7)) =267 =
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Figure 3.12: See G as being tiled by small blocks.

|S;| + 3¢* distinct integers. So G’s t-interleaving number is | S| + O(#?).

Now we assume ¢ is even, and l; < t or Iy < t. Without loss of generality, let’s

say [ < t. Then we see G as being tiled horizontally by smaller tori Ay, As, -+, Ay,
where each A; —fori=1,2,--- ;n—1—isanl; Xt torus, and A, is an [; X (I mod t)
torus. We interleave Ay, As, -+, A,_1 in exactly the same way, and assign [y X ¢

distinct integers to each of them. We interleave A,, with a disjoint set of 1 x (I mod )
integers. Clearly G is t-interleaved in this way, using Iy -t +1; - (I mod t) = | S| +O(t?)
distinct integers. So again, G’s t-interleaving number is |S;| + O(£?).

Finally we assume ¢ is odd. We can (t+1)-interleave G using |S; 1|+ O((t+1)?) =
@ FO((t+1)?) = B+ O(#?) = | S| + O(¢?) distinct integers. ¢ + 1 is even, and
a (t + 1)-interleaving is also a t-interleaving. So G’s t-interleaving number is still
|Si| + O(t?).

Now let’s show that the above bound on t-interleaving numbers, |S;| + O(?), is
tight, no matter if ¢ is even or odd. Consider an l; X [, torus where [; is the largest
even integer that is no greater than L%tj, and [y is any integer greater than or equal
to L%tj. We are firstly going to show that a t-interleaving can place an integer at
most twice in any [3¢] consecutive columns of the torus.

Assume a t-interleaving places an integer on three vertices in L%tJ consecutive

columns of the torus. Without loss of generality, let’s say those three nodes are v,

v;, 4, and v, j,, where 0 < j; < [2¢] —1 and 0 < j, < [3¢] — 1. Since the interleaving
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is a t-interleaving, the Lee distance between any two of those three vertices is at least
t. Let a = % and b = L%tj — 1. It is not difficult to see that the Lee distance between
vy and vgp is at most min{(a—i;) mod Iy, (iy —a) mod l1 } + (b—ji) = 4 —min{(0—
i1) mod Iy, (i1—0) mod 1 }+(b—j1) = 4 +b—[min{(0—i;) mod Iy, (i;—0) mod & }+j1].
Since the Lee distance between vgo and vy, j is at most min{(0 — 4;) mod [y, (i1 —
0) mod I3} + 71, we know that min{(0—4;) mod Iy, (i1 —0) mod I } +j; > t. Therefore
the Lee distance between vy, j, and v,p is at most &4 +b—¢ < [3t]/2+ |3t] —1—¢
< L. Similarly, the Lee distance between v;, j, and v, is also less than £. Therefore
the Lee distance between v;, j, and v, j, is less than ¢, which is a contradiction. So a
t-interleaving cannot place an integer on more than two vertices in [%t] consecutive

columns of the torus.

Any | 3t] consecutive columns of the Iy XI5 torus contain [y x [ 3¢| > (3t—2)x (3¢—1)

9

8752 — 3t + 2 vertices, where each integer can be placed on at most two vertices by a

t-interleaving. Therefore the t-interleaving number of the torus is at least w =
2t —St41 = 4 LS D> S|+ L2 — 3t 41 = |5, + O(#?), which matches
the upper bound |S;| + O(#?). Since here I, can be any integer that is no less than
[3t], the upper bound is tight even if the number of columns (or equivalently, the
number of rows) of the torus approaches infinity. The first part of this theorem has

been proved by now.

(2) Let’s prove the second part of this theorem. In the previous part of this proof,
a method for t-interleaving an [; X [, torus has been proposed for the case ‘t is even
and l; > t, I > . That method uses 2(% + [13524T) (5 + [255241]) distinct integers.

(Note that K; = [%] and K5 = [2].) When both {; and I, are of the order Q(t?),

t
both K and K are of the order of Q(t) — and then 2(5 + f%})(% + f% ) =
20t +0(1))(t +0(1)) = £ +O(t) = |Si| + O(t). When ¢ is odd, we can t-interleave
an [; x Iy torus, where I} = Q(t?) = Q((t + 1)?) and I, = Q(t?) = Q((t + 1)?), by
(t+1)-interleaving it using [ S, 11| +O(t+1) = L4 O(t) = ZH 1 O(t) = |S,|+O(1)

distinct integers. So no matter if ¢ is even or odd, when both [; and [, are of the

order Q(t?), the t-interleaving number of an [; X Iy torus is |S;| + O(#).
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3.6 Brief Discussions

In this chapter, we study the t-interleaving problem for two-dimensional tori. The
necessary and sufficient conditions for tori that can be perfectly t-interleaved are
proven, and the corresponding perfect t-interleaving construction is presented, based
on the method of sphere packing. The most important contribution of this paper is
to prove that for tori whose sizes are large in both dimensions, which constitute by
far the majority of all existing cases, their t-interleaving numbers are at most one
more than the sphere packing lower bound. Optimal ¢-interleaving constructions for
such tori are presented, based on the method of removing-a-zigzag-row and tori-tiling.
Then, some bounds on the t-interleaving numbers are shown. Those results together
give a general picture for the t-interleaving problem for two-dimensional tori.

The importance of the t-interleaving method based on removing-a-zigzag-row and
tori-tiling is not limited to the results in Theorem 3.10 and Theorem 3.11. Those two
theorems should be seen as a lower bound for the performance of the t-interleaving
method. By analyzing the performance of the corresponding ¢-interleaving construc-
tions more carefully, and furthermore, by keeping the main idea of the t-interleaving
method but tuning its specific parameters on a case-by-case basis, we can improve
the bounds derived in Theorem 3.10 and Theorem 3.11. The content of Appendix I
can serve as an example in this aspect. What’s more, the t-interleaving method can
be used to optimally ¢-interleave some tori whose sizes do not fall within the derived

bounds.

3.7 Appendix 1

The optimal ¢-interleaving construction for odd ¢, Construction 4.3, if applicable only
when ¢ > 5. In this appendix, we present the optimal t-interleaving construction

when ¢ = 3, thus completing the result for ¢-interleaving on large tori while ¢ being
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odd. We also use this case, t = 3, as an example to show how previous results can be
improved if the t-interleaving problem is analyzed case by case and more carefully.
We will show that when l; > 20 and I, > 15 (or equivalently, when {; > 15 and
ly > 20), an [ X [y torus’ 3-interleaving number is either 5 or 6. (Note that |S3| = 5.)
Below we present an construction that can optimally 3-interleaves any [y x [y torus

where [; > 20 and [, > 15, except when [, = 19.

Construction 4.4: Optimally 3-Interleave an Iy X ls torus, where [y > 20, [y > 15,
and ly # 19.

1. If both [; and Il are multiples of 5, then the [; X [ torus’ 3-interleaving number
is [S;] = 5. In this case, 3-interleave the l; x Il torus with 5 integers by using
Construction 2.2.

If I; or [, is not a multiple of 5, then use the following 3 steps to 3-interleave
the [ x [y torus with 6 integers.

2. Find non-negative integers x; and xy such that l; = 5z; + 6x5. Find non-
negative integers vy, yo and y3 such that Iy = 5y; + 8ys + 12ys.

3. There are 6 tori shown in Fig. 3.13(a)— an 5 x 5 torus ‘A’, an 5 x 8 torus ‘B’,
an 5 x 12 torus ‘C”, an 6 x 5 torus ‘A”’, an 6 x 8 torus ‘B”” and an 6 x 12 torus ‘C"".

Get a b x [y torus M, by tiling horizontally y; copies of ‘A’, ys copies of ‘B’ and
y3 copies of ‘C” (whose order can be arbitrary).

Get a 6 X [y torus M, by tiling horizontally y; copies of ‘A", y, copies of ‘B”
and y3 copies of ‘C”’, whose order needs to satisfy this rule: for i =1 to y1 + y2 + y3,
if the i-th module-torus in M; is an ‘A’ (respectively, a ‘B’ or a ‘C”), then the i-th
module in My is an ‘A’ (respectively, a ‘B’ or a ‘C"").

4. Get an [; x Iy torus by tiling x; copies of M; and x5 copies of M, vertically

(whose order can be arbitrary). The interleaving on the I; X [5 torus is a 3-interleaving.

O

Example 3.10 We use Construction 4.4 to 3-interleave an ly X ly torus where [y = 11

and ly = 25. 1y is not a multiple of |Sy|, so the torus’ 3-interleaving number is greater
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(b) Tiling of modules
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1/3(0|2|5)1|3|5(2|4|0(|2|5)1|3|0|2|5]1/4|0(|3|5|2]|4
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(a) The 6 modules; (b) Tiling the

Figure 3.13: Using modules for 3-interleaving.

modules.
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than 5. Since ly =5+6 and ls =5+ 8+ 12, the variables in Construction 4.4 can be

set as follows: v1 =1, o =1, y1 =1, yo =1 and y3 = 1. And we can let the torus

M, have the form of [ABC], and let the torus My have the form of [A'B'C']. We
A B C
A/ B/ C/
This 3-interleaved torus is shown in Fig. 3.13(b). The interleaving used 6 = |Ss| + 1

then tile My and My to get the Iy X ly torus, which is of the form

integers.

Clearly, since 25 =5 x5+4+8 x 04 12 x 0, another choice to tile the 11 x 25 torus
A A A A A

A A A A A

(I

Construction 4.4 constructs a 3-interleaved [y XI5 torus by tiling copies of 6 module-
tori — the 6 tori shown in Fig. 3.13(a). It can be readily verified that when those 6
tori are tiled following the rule in Construction 4.4, the resulting interleaving on the
[y x Iy torus is indeed a 3-interleaving. There are only a limited number of cases to
analyze for the verification, so we skip the details. We comment that Construction
4.4 does not work for the case ls = 19, because 19 cannot be written as a linear
combination of 5, 8 and 12 with non-negative coefficients — therefore an /; x 19 torus

cannot be got by tiling the module-tori. We present the construction for the case

I3 = 19 below.

Construction 4.5: Optimally 3-Interleave an l; X 19 torus, where l; > 20.
Construction: Find non-negative integers x; and x5 such that l; = 5xy + 6x5. There
are 2 tori shown in Fig. 3.14 — a 5 x 19 torus F' and a 6 x 19 torus F’. Get an
l1 x 19 torus by tiling x; copies of F' and x5 copies of F’ vertically (whose order can
be arbitrary). The resulting interleaving on the [; x 19 torus is a 3-interleaving. O
The correctness of Construction 4.5 can be easily verified, so we skip the details.
Based on the previous two constructions, we readily get the following conclusion for

3-interleaving.

Theorem 3.13 When [; > 20 and Iy > 15, or when l; > 15 and Iy > 20, an l; X Iy
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Figure 3.14: Two modules used for 3-interleaving an [y x 19 torus, where [; > 20.

torus’ 3-interleaving number is either |Ss| or |Ss| + 1.

We comment that the result we got here is comparatively better than the result
derived in Section IV. (For example, if Theorem 3.10 is applied for the case t = 3,
then the bound for I, would be 19. However here our bound for I, is 15.) However, we
should notice that the t-interleaving method used here is the same as the method used
for t > 3 per se. (We can see that the module-tori ‘A, ‘B’, ‘C” in Fig. 3.13(a) and ‘F’
in Fig. 3.14 are got by removing a zigzag row from ‘A", ‘B"” ‘C”” and ‘F"’. The zigzag
rows are shown in circles in those two figures. Both the interleaving method here and
the method in Section IV are based on torus tiling.) The improvement is made by
better tuning of construction parameters and more careful analysis of the bounds.
The construction used for t = 3 does not follow all the requirements used in Section
IV. (For example, the zigzag row in Fig. 3.14 does not follow Rule 3.) In Section
IV, while endeavoring to optimally tune all the parameters, we also need to ensure
that the construction will work for all the cases of ¢t > 3. If the interleaving problem
is analyzed case by case (specifically, for each value of ¢, [; and l,), the interleaving

construction has room for further optimization.
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3.8 Appendix II

In this appendix, we show how to optimally ¢-interleave large tori when ¢ is even. The
process is similar to the case where t is odd, differing only in details. For this reason,
we just present a succinct description of the process and results. This appendix’s
content is parallel to that of the first three subsections of Section IV, so comparative
reading should help the understanding greatly.

We assume t is even throughout the remainder of this appendix. The definitions
of ‘a zigzag row’ and ‘removing a zigzag row’ are the same as in Definition 4.1 and
4.2.

Let B be an [y x [ torus which is t-interleaved by Construction 3.1 utilizing the
offset sequence S = ‘sg, 51, ,5,,-1". Let H be an [; x [ torus got by tiling several
copies of B vertically. Let m = £. There are four rules to follow for devising a zigzag

row — denoted by {(ao,0), (a1,1), -+, (aj,—1,lo — 1)} — in H:

e Rule 1: For any j such that 0 < j < Iy — 1, if the integers s;, 5(j+1) mod 125 * * 5

S(j+m—1) mod 1, do not all equal £ — 1, then a; > a(j1m) mod1, +m — 1.

e Rule 2: For any j such that 0 < j < [y — 1, if exactly one of the integers

55, S(j4+1) mod lz> " " * » S(j+m) mod I, €quals t, then a; < a(j1m+1) mod s, — (M — 2).

e Rule 3: For any j such that 0 < j <l —1,if s; =t —1, then a; < a(j11) mod 1, —
(2m — 2).

e Rule 4: For any jsuchthat 0 <j <l —1,2m—-2<a; <l —1—(2m — 2).

Lemma 3.8 Let B be a torus t-interleaved by Construction 3.1. Let H be a torus
got by tiling copies of B vertically, and let T be a torus got by removing a zigzag row
in H, where the zigzag row in H follows the four rules — Rule 1, Rule 2, Rule 3 and
Rule 4. Let G be a torus got by tiling copies of B and T vertically. Then, both T and

G are t-interleaved.

Now we present two constructions for finding a zigzag row, which are the coun-

terparts of Construction 4.1 and 4.2. Let B be an [y x [y torus which is t-interleaved



113

by Construction 3.1 utilizing the offset sequence S = ‘sg, 1, ,s,-1". Let H be an
l1 x5 torus got by tiling z copies of G vertically. We say the offset sequence S consists
of p ‘P’s and q ‘Q)’s, where p > 0 and ¢ > 0. We require that in S, the ‘P’s and
‘Q)’s are interleaved very evenly, and that S starts with a P and ends with a (). Let
m =% Let L = (2m—2)+(m—1)[E]ifp > ¢, and let L = (2m—2)+(m—2)[L]+1
if p < g. We require that {; > ([2]+ 1)m?+ (3 — [£])m =3 if p = ¢, and require that
L= ([1] +1)m?+(3— [4])m—(2[L]+1) if p < g. Below we present two constructions
for constructing a zigzag row, which is denoted by {(ao,0), (az, 1), -, (ay-1,lo—1)},
in H, applicable respectively when p > ¢ and p < q.

Construction 4.6: Constructing a zigzag row in H, when t is even, t > 2, and
p=2q>0

1. Let 54y, Sy, -+ be the integers such that 0 = 21 < 29 < -+ < Tpyq =

1 Sapig
lo —m — 1, and each s,, (1 < i < p+ q) is the first element of a ‘P’ or ‘Q’ in the
offset sequence S.
Let a,, = L. For v =2 to p+gq, if s,,_, is the first element of a ‘Q)’, let a,, = L.
For i =2 to p+ ¢, if s,, , is the first element of a ‘P’, then let a,, = a,, , —
(m—1).
2. For i =2tom and for j =1to p+q, let az,4i1=as,4i 2+ L—m+1
3. Let sy, Sy,, -+, 8y, be the integers such that y; <y <--- <y, =1l —1, and
each s,, (1 <17 < q) is the last element of a ‘Q)’ in the offset sequence S.
Fori=1toq,a, =L+ (m—1)(L—m+1)+ (m—1).
Now we have fully determined the zigzag row, {(ao,0), (a1,1), -+, (a,—1,l> —
1)}, in the torus H.

O

Construction 4.7: Constructing a zigzag row in H, when t is even, t > 2, and
O<p<yq

1. Let sz, Supy = - be the integers such that 0 = 21 < 29 < -+ < Tpyq =

) Smp-&-q
lo —m — 1, and each s,, (1 <i < p+ q) is the first element of a ‘P’ or ‘Q’ in the

offset sequence S.
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Let a,, = L. For i = 2 to p + q, if s,, is the first element of a ‘P’, then let
ag, = L; if sy, is the first element of a ‘P’ then let a,, = L — [1](m —2) — 1
otherwise, let a,, = a,, , + (m — 2).
2. Fori=2tom and for j =1top+q,let az,4i1 = as, 452+ L—m+1
3. Let sy, 8y,, -+, 8y, be the integers such that y; <y <--- <y, =1y —1, and
each s,, is the last element of a ‘Q)” in the offset sequence S.
For:=1to q, ay, = ay,—1 + L —m+ 1.
Now we have fully determined the zigzag row, {(ao,0), (a1,1), -+, (ay,—1,l2 —
1)}, in the torus H.
(]

Theorem 3.14 The zigzag rows constructed by Construction 4.6 and Construction

4.7 follow all the four rules — Rule 1, Rule 2, Rule 3 and Rule 4.

Lemma 3.9 In Equation Set (2) (which is in Construction 3.1), let the values of t,
m and ly be fived. Let ‘p = po,q = qo’ be a solution that satisfies the FEquation Set
(2). Then, another solution ‘p = p1,q = ¢  also satisfies the Equation Set (2) if
and only if there exists an integer ¢ such that p; = py + c(m +1)(2m? + 1) > 0 and
q = qo—cm(2m?+1) >0,

Lemma 3.10 In Equation Set (2) (which is in Construction 3.1), let the values of
t, m and ly be fived. Let Ap = (m+ 1)(2m? + 1) and Ag = m(2m? + 1). If there
exists a solution of p and q that satisfies the Equation Set (2), then there ezists a
solution ‘p = p*,q = q*’ that satisfies not only the Equation Set (2) but also one of

the following two inequalities:

I, 0 L Ap
_ £ < =p 3.5
omil 2 ~9SP s Tt (3.5)

I, Ap . Ao

+ =2 (3.6)
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Theorem 3.11 Let t be a positive even integer. Let m = % Define A as

. 2lo4(m41)(2m41) (2m2+1) 2lo+(m+1)(2m+1)(2m2+1)
A = max{ (] S m(2m+1)(2m2+1) 1 +1)m*+ (31 22l2—m(2m+1)(2m2+1) [)m =3,
2l +m(2m+1)(2m2+1) 2l +m(2m+1)(2m3+1)
((252 2(m+1)(2m+1) 2m2+1)—‘ + 1) (3 o ’72l2—2(m+1)(2m+1)(2m2+1)—‘)m -1
2lo+m(2m+1)(2m2+1)

_2(21 2m+1)(2¢7~L+1)(2rnZ+1)1}

. Then when
(m+1)(2m +1)(2m?* + 1)
ly >
2

and

A

, an ly X ly (or equivalently, ly x ly) torus’ t-interleaving number is either |S;| or
|Se| + 1.

We skip the specific construction of optimally t-interleaving large tori here, be-
cause of its similarity to Construction 4.3. But we present its sketch. Basically, if
the torus can be perfectly t-interleaved, then it can be optimally t-interleaved using
Construction 2.2; if the torus cannot be perfectly t-interleaved and ¢ > 4, then it can
be optimally t-interleaved using the tori-tiling method. The only remaining case is
‘the torus cannot be perfectly t-interleaved and ¢ = 2’. In that case, we can optimally
t-interleave the torus (say it is an [; X Iy torus) using |S;| + 1 = 3 distinct integers
in the following way: interleave a ring of [y vertices and a ring of [, vertices using 3
integers — 0, 1 and 2 — such that no two adjacent vertices in those two rings are
assigned the same integer; for i = 1,2,--- Iy (respectively, for i = 1,2,--- |l3), use
I(i) (respectively, use J(i)) to denote the integer assigned to the i-th vertex in the
ring of [y (respectively, ly) vertices; for ¢ = 0,1,--- Iy — 1 and 5 = 0,1,--- |l — 1,
label the vertex (4, j) in the l; X Iy torus with the integer (I(¢+ 1)+ J(j + 1)) mod 3

— and then the torus is optimally 2-interleaved.
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Chapter 4

Multi-Cluster Interleaving on
Paths and Cycles

4.1 Introduction

As we have discussed before, interleaving codewords is an important method not
only for error-correction, but also for data storage and retrieval. For instance, data-
streaming and broadcast schemes using erasure-correcting codes have received ex-
tensive interest in both academia and industry, where interleaved components of a
codeword are transmitted in sequence, and every client can listen to this data flow
for a while until enough codeword components are received for recovering the in-
formation [17], [54]. (An example is shown in Fig. 4.1 (a), where a codeword of 7
components is broadcast repeatedly. We assume that the codeword can tolerate 2
erasures. Therefore every client only needs to receive 5 different components.) An-
other instance is file storage in networks, where a file is encoded into a codeword,
and components of the codeword are interleavingly placed on a network, such that
every node in the network can retrieve enough distinct codeword components from
its proximity for recovering the file [35], [63]. (An example is shown in Fig. 4.1 (b),
where the codeword again has length 7 and can tolerate 2 erasures. We assume that
all edges have length 1. Then every network node can retrieve 5 distinct codeword
components from its proximity of radius 2 for recovering the file.) In all the above

cases, the codeword components are interleaved on some graph structure. For exam-
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Figure 4.1: Examples of interleaving for data retrieving

ple, in the data streaming and broadcast case, the codeword components can be seen
as interleaved on a path, because they are sequentially transmitted along the time
axis. (If the sequence of data are transmitted repeatedly — e.g., using a broadcast
disk — then they can be seen as interleaved on a cycle.) For the network file storage
case, the codeword components are interleaved on more general graphs. We see that
a client (or a network node) usually retrieves data from a connected subgraph of the
graph. We call every such connected subgraph a cluster.

By using interleaving, the above schemes all enable ‘flexible’ data-retrieving, in
the sense that the information contained in the interleaved data can be recovered
by accessing any reasonably large cluster. The data-retrieving performance can be
further improved if multiple clusters can be accessed in parallel. Accessing data placed
in different parts of a graph in parallel has the benefits of balancing load and reducing
access time, and has been studied to some extent [16], [73]. Then, it is natural to
ask the following question: what is the appropriate form of interleaving for parallel
data-retrieving?

If it is required that for any m (m > 2) non-overlapping clusters, the interleaved
codeword components on them are all distinct, then each codeword component can be
placed only once on the graph, even if m is as small as 2. Such an interleaving scheme,

although minimizing the total size of the clusters that each client needs to access, is
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not scalable because it requires the number of components in the codeword to equal
the size of the graph, which would imply very high encoding/decoding complexity or
even non-existence of the code if the graph is huge. So in an interleaving scheme for
parallel data-retrieving, a tradeoff is needed between the scheme’s scalability and the
amount of overlapping among codeword components on different clusters.

In this chapter, we only study interleaving for parallel data-retrieving on paths and
cycles, which seems to have natural applications in data-streaming and broadcasting.
Imagine that codeword components interleaved the same way are transmitted asyn-
chronously in several channels. Then a client can simultaneously listen to multiple
channels in order to get data faster, which is equivalent to retrieving data from mul-
tiple clusters. Another possible application is data storage on disks, where we assume
multiple heads can read different parts of a disk in parallel to accelerate 1/0O speed.

Now assume the codeword in consideration contains N components, and assume
this codeword can be decoded by using any K (K < N) distinct codeword compo-
nents. Assume every client can access m (m > 2) clusters in the path or cycle in
parallel, where a cluster is defined to be a connected subgraph of the path or cycle
containing L vertices. The only constraint on the m clusters a client can access is that
those m clusters don’t overlap each other. That constraint is for guaranteeing that
each client can access no less than mL vertices. Then to enable clients to decode the
codeword, there need to be at least K distinct codeword components placed on any
m non-overlapping clusters. Therefore we define the following general interleaving

problem for parallel data-retrieving:

Definition 4.1 Let G = (V, E) be a path (or cycle) of n vertices. Let N, K, m and
L be positive integers such that N > K > L and m > 2. A cluster is defined to be
a connected subgraph of the path (or cycle) containing L vertices. Assign one integer
in the set {1,2,--- , N} to each vertex. Such an assignment is called a Multi-Cluster
Interleaving (MCI) if and only if any m clusters that are non-overlapping are assigned

no less than K distinct integers.

From the above definition, it can be seen that an MCI problem is fully charac-
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Figure 4.2: An example of multi-cluster interleaving (MCI)

terized by the five parameters n, N, K, m, L and the graph G = (V, E). For the
ease of explanation later on, we note that throughout this chapter, the parameters n,
N, K, m, L and the graph G = (V, E) will always have the meanings as defined in
Definition 4.1.

Clearly if we let m = 1 in Definition 4.1 (and then let K = L), then it becomes
the traditional 1-dimensional interleaving. And if an interleaving on a path (or cycle)
is an MCI for some given value of m, then it is an MCI for larger values of m as well.

The following is an example of MCI.

Example 4.1 A cycle G = (V,E) of n = 21 wertices is shown in Fig. 4.2. The
parameters are N =9, K =5, m = 2 and L = 3. An interleaving is shown in the
figure, where the integer on every vertex is the integer assigned to it. It can be verified
that any 2 clusters of size 3 that don’t overlap have at least 5 distinct integers. For
example, the two clusters in circle in Fig. 4.2 have integers ‘9, 1, 2" and ‘7, 1, 6’
respectively, so they together have no less than 5 distinct integers. So the interleaving
18 a multi-cluster interleaving on the cycle G.

If we remove an edge in the cycle, then G will become a path. Clearly if all other
parameters remain the same, the interleaving shown in Fig. 4.2 will be a multi-cluster
interleaving on the path.

O

The general MCI problem can be divided into smaller problems according to the
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values of the parameters. The key results in this chapter are:

e The family of problems with constraints that L = 2 and K = 3 are solved for
both paths and cycles. We show that when L = 2 and K = 3, an MCI exists
on a path if and only if the number of vertices in the path is no greater than
(N—1)[(m—1)N —1]+2, and an MCI exists on a cycle if and only if the number
of vertices in the cycle is no greater than (N — 1)[(m — 1)N — 1]. Structural
properties of MCls in this case are analyzed, and algorithms are presented which

output MCIs on paths or cycles as long as the MCls exist.

e The family of problems with the constraint that K = L+1 are studied for paths.
A scheme using a ‘hierarchical-chain’ structure is presented for constructing
MCIT on paths. It is shown that the scheme solves the MCI problem for paths
that are asymptotically as long as the longest path on which MCIs exist, and

clearly, for shorter paths as well.

The rest of the chapter is organized as follows. In Section 4.2, we firstly derive an
upper bound for the lengths of paths and cycles on which MCIs exist. We then prove
a tighter upper bound for paths for the case of L = 2 and K = 3. In Section 4.3, we
present an optimal construction for MCI on paths for the case of L = 2 and K = 3,
which meets the upper bound presented in Section 4.2. In Section 4.4, we study the
MCT problem for paths when K = L 4 1. In Section 4.5 we generalize our results on

MCI from paths to cycles.

4.2 Upper Bounds

While the traditional interleaving exists on infinitely long paths, that is no longer
true for MCI. The following proposition derives a very simple upper bound for the

lengths of paths and cycles on which MClIs exist.

Proposition 4.1 If an MCI ezists on a path (or cycle) of n wvertices, then n <
(m=1L(}) + (L -1).
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Proof: Let G = (V, E) be a path (or cycle) of n vertices with an MCI on it. We
can find at most | %] non-overlapping clusters in G. Let S C {1,2,--- ,N} be an
arbitrary set of L distinct integers. Then since the interleaving on G is an MCI,
among those | ] non-overlapping clusters, at most m — 1 of them are assigned only
(all or part of the) integers in S and no integers in {1,2,--- , N} — S. S can be one
of (]}j) possible sets. So | 7] < (m — 1)(12) So we get n < (m — 1)L(Jg) +(L-1).

O

We comment that for the same set of parameters N, K, m and L, if an MCI exists
on a path of n = ny vertices, then an MCI also exists on any path of n < ng vertices.
That is because given an MCI on a path, the interleaving on the path’s connected
subgraph (which is a shorter path) is also an MCI for the same set of parameters N,
K, m and L. However, such an argument does not necessarily hold for cycles.

The upper bound of Proposition 4.1 is in fact loose. In the remainder of this
section, we shall prove a tighter upper bound for MCI on paths for the case of L = 2
and K = 3. We present it as the following theorem. Later study will show that this

upper bound is exact.

Theorem 4.1 When L = 2 and K = 3, if there exists an MCI on a path of n vertices,
thenn < (N —1)[(m —1)N — 1] + 2.

Before proving the above theorem, we firstly define some notations that will be

used throughout this chapter as follows. Let G = (V, E) be a path. We denote the n

vertices in the path G by vy, vg, -+, v,. For 2 <i <n — 1, the two vertices adjacent
to v; are v;_; and v;41. A connected subgraph of GG induced by vertices v;, Vi1, -+, v;
(j > i) is denoted by (v, vit1,- - ,v;). If a set of integers are interleaved on G, then

c(v;) denotes the integer assigned to vertex v;. The integers assigned to a connected
subgraph of G, (v;, vit1,- -+ ,v;), are denoted by [c(v;) — c(vig1) — -+ - — c(vy)].
The following lemma reveals a certain relationship between the structure of MClIs

and the lengths of paths.

Lemma 4.1 Let the values of N, K, m and L be fixed, where N >4, K =3, m > 2

and L = 2. Let nye.: denote the maximum value of n such that an MCI exists on
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a path of n vertices. Then in any MCI on a path of Ny, vertices, no two adjacent

vertices are assigned the same integer.

Proof: Let G = (V, E) be a path of n,,, vertices. Assume that there is an MCI on
G. We'll prove this lemma by showing that in this MCI, if two adjacent vertices of G
are assigned the same integer, then there exists a longer path that also has an MCI,
which would clearly contradict the definition of 7,,4,.

Assume that in the MCI on G, there are two adjacent vertices that are assigned
the same integer. Then without loss of generality (WLOG), one of the following four
cases must be true (because we can always get one of the four cases by permuting the
names of the integers and by reversing the indices of the vertices):

Case 1: There exist 4 consecutive vertices in G — v;, V; 41, Viro, v;+3 — such that

c(v)) =1, c(viy1) = c(vig2) = 2, and ¢(v;13) = 1 or 3.

Case 2: There exist x+2 > 5 consecutive vertices in G — v;, Vi1, **, Vit Vitatl
— such that ¢(v;) = 1, ¢(viy1) = c(vig2) = -+ = c(Vigz) = 2, and ¢(Viqz41) = 1 o1 3.

Case 3: ¢(v1) = ¢(v2) = 1, and ¢(v3) = 2.

Case 4: ¢(v1) = ¢(vg) = -+ = ¢(v,) = 1 and ¢(vy41) = 2, where x > 3.

We analyze the four cases one by one.

Case 1: In this case, we insert a vertex v’ between v;;1 and v;,2, and get a new
path of n,,.. + 1 vertices. Call this new path H, and assign the integer ‘4’ to v'.
Consider any m non-overlapping clusters in H. If none of those m clusters contains
v/, then clearly they are also m non-overlapping clusters in the path G, and therefore
have been assigned at least K = 3 distinct integers. If the m clusters contain all
the three vertices v;,1, v" and v; 9, then either v; or v;,3 is also contained in the m
clusters because each cluster contains L = 2 vertices, and therefore the m clusters
have been assigned at least K = 3 distinct integers: ‘1,24 or ‘2,3,4. WLOG, the
only remaining possibility is that one of the m clusters contains v;y; and v' while
none of them contains v;;5. Note that among the m clusters, the m — 1 of them
which don’t contain v are also m — 1 clusters in the path G, and they together with

(Viy1, Vige) are m non-overlapping clusters in G and therefore are assigned at least
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K = 3 distinct integers. Since c(v;11) = c(vi42), the original m clusters including
(vit1,v") must also have been assigned at least K = 3 distinct integers. Now we can
conclude that the interleaving on H is also an MCI. But H’s length is greater than
Numaz, Which contradicts the definition of 7,,,,.

Case 2: In this case, we insert a vertex v’ between v,y and v;;2, and insert a
vertex v” between v;,,_1 and v; ., and get a new path of n,,., + 2 vertices. Call this
new path H, assign the integer ‘4’ to v/, and assign the integer ‘3’ to v”. Consider any
m non-overlapping clusters in H. If neither v’ nor v” is contained in the m clusters,
then clearly those m clusters are also m non-overlapping clusters in the path G, and
therefore are assigned at least K = 3 distinct integers. If both v’ and v” are contained
in the m clusters, then at least one vertex in the set {v;i1,vi2,** , Vita_1,Vite} 1S
also in the m clusters, and therefore the m clusters have at least these 3 integers:
‘27, ‘3" and ‘4’. WLOG, the only remaining possibility is that the m clusters con-
tain v but not v”. (Note that the cluster containing v’ is assigned integers ‘2" and
‘4’.) When that possibility is true, if the m clusters contain v;,,,1, then they are
assigned at least 3 distinct integers — ‘1,2,4" or ‘2,3,4’; if the m clusters don’t contain
Vitz+1, then they don’t contain v;,, either — then we divide the m clusters into two
groups A and B, where A is the set of clusters none of which contains any vertex
in {v', 42,013, ,Vise_1}, and B is the set of clusters none of which is in A. Say
there are y clusters in B. Then, if the cluster containing v’ also contains v;y; (respec-
tively, v;19), there exist a set C' of y clusters in the path G that only contain vertices
in {v;11, Vg0, Vite_1, Vigs ) (vespectively, {viro, Vivs, *+ , Vite_1,Vire}), such that
(in both cases) the m clusters in AUC are non-overlapping in GG. Those m clusters in
AU C are assigned at least K = 3 distinct integers since the interleaving on G is an
MCI; and they are assigned no more distinct integers than the original m clusters in
AU B are, because ¢(v;41) = ¢(vi2) = -+ = ¢(vi4,) and either v; 41 or v;1o is in the
same clusters as v'. So the m clusters in A U B are assigned at least K = 3 distinct
integers. Now we can conclude that the interleaving on H is also an MCI. And that

again contradicts the definition of 7,,4;.
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Case 3: In this case, we insert a vertex v’ between v; and v9, and assign the integer
‘3" to v'. The rest of the analysis is very similar to that for Case 1.

Case 4: In this case, we insert a vertex v’ between v; and v,, and insert a vertex
v” between v,_; and v,, assign the integer ‘3’ to v/, and assign the integer ‘2’ to v”.
The rest of the analysis is very similar to that for Case 2.

So a contradiction exists in all four cases. Therefore, this lemma is proved.

O

The next two lemmas derive upper bounds on the lengths of paths, respectively

for the case of N > 4 and N = 3.

Lemma 4.2 Let the values of N, K, m and L be fixed, where N >4, K =3, m > 2
and L = 2. Let Ny, denote the mazimum value of n such that an MCI exists on a

path of n vertices. Then npe, < (N —1)[(m —1)N — 1] + 2.

Proof: Let G = (V, E) be a path of n,,,, vertices. Assume there is an MCI on G. By
Lemma 4.1, no two adjacent vertices in GG are assigned the same integer. We color the
vertices in G with three colors — ‘red’; ‘yellow” and ‘green’ — through the following
three steps:

Step 1, for 2 < i < nypae — 1, if ¢(v;_1) = ¢(vi41), then color v; with the ‘red’
color;

Step 2, for 2 < i < Nypaz, color v; with the ‘yellow’ color if v; is not colored
‘red” and there exists j such that these four conditions are satisfied: (1) 1 < j < 1,
(2) v; is not colored ‘red’, (3) c¢(v;) = c(v;), (4) the vertices between v; and v; — that
is, Vjt1, Vjq2, - -+, v;—1 — are all colored ‘red’;

Step 3, for 1 < i < nypaq, if v; is neither colored ‘red’ nor colored ‘yellow’, then
color v; with the ‘green’ color.

Clearly, each vertex of GG is assigned exactly one of the three colors.
If we arbitrarily pick two different integers — say ‘4" and ‘j° — from the set

{1,2,---, N}, then we get a pair [i,j] (or [j,4], equivalently). There are totally (g)
such un-ordered pairs. We partition those (g ) pairs into four groups ‘A’, ‘B’, ‘C’

and ‘D’ in the following way:
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(1) A pair [i,j] belongs to group A if and only if the following two conditions
are satisfied: (i) at least one ‘green’ vertex is assigned the integer ‘" and at least
one ‘green’ vertex is assigned the integer ‘j’, (ii) for any two ‘green’ vertices that are
assigned integers ‘¢’ and ‘j’ respectively, there is at least one ‘green’ vertex between
them.

(2) A pair [i, j] belongs to group B if and only if the following two conditions are
satisfied: (i) at least one ‘green’ vertex is assigned the integer ‘¢’ and at least one
‘green’ vertex is assigned the integer ‘j’, (ii) there exist two ‘green’ vertices that are
assigned integers ‘¢” and ‘j’, respectively, such that there is no ‘green’ vertex between
them.

(3) A pair [i, 7] belongs to group C'if and only if one of the following two conditions
is satisfied: (i) at least one ‘green’ vertex is assigned the integer ‘i’ and no ‘green’
vertex is assigned the integer ‘7, (ii) at least one ‘green’ vertex is assigned the integer
‘77 and no ‘green’ vertex is assigned the integer ‘i’.

(4) A pair [i, 7] belongs to group D if and only if no ‘green’ vertex is assigned the
integer ‘¢’ or ‘j’.

E is the set of edges in G = (V, E). Forany 1 <i # j < N, let E(i,j) C E denote
such a subset of edges of G: an edge of G is in E(i, ) if and only if one endpoint of
the edge is assigned the integer ‘" and the other endpoint of the edge is assigned the
integer ‘j’. Let z(i,7) denote the number of edges in E(i, j). Upper bounds for z(3, j)
are derived below.

For any pair [i,j] in group A or group C, z(i,j) < 2m — 2. That’s because
otherwise there would exist m non-overlapping clusters in G — note that a cluster
contains exactly one edge — each of which is assigned only integers 4" and ‘j’, which
would contradict the assumption that the interleaving on G is an MCI.

Now consider a pair [i,j] in group B. z(i,7) < 2m — 2 for the same reason as in
the previous case. Assume 2(i,7) = 2m — 2. Then in order to avoid the existence of
m non-overlapping clusters in G' each of which is assigned only integers ‘¢’ and ‘5,
the z(i,7) = 2m —2 edges in E(7, j) must be consecutive in the path GG, which means,

WLOG, that there are 2m — 1 consecutive vertices vyi1, Vyto, -+, Uyram—1 (y > 0)
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whose assigned integers are in the form of [c(vy41) — c(vyr2) — -+ — c(Vytram—1)] =
li—j—i—j—---—i—j—1i]. According to the definition of ‘group B’, there exist
a ‘green’ vertex vg, and a ‘green’ vertex vg,, such that vy, is assigned the integer ‘¢,
U, is assigned the integer ‘5, and there is no ‘green’ vertex between them. Therefore
every vertex between vy, and vy, is either ‘red’ or ‘yellow’. By the way the vertices
are colored, it’s not difficult to see that either ‘k; < ko and wvg,_; is assigned the
integer c(vy,) = ¢ (let’s call this ‘case 17), or ‘ky < ki and vy, _; is assigned the
integer c(vx,) = j’ (let’s call this ‘case 2’). If ‘case 1’ is true, then since there is

an edge between vy, 1 (which is assigned the integer ‘i’) and vy, (which is assigned

the integer ‘j’), v, is in the set {vyi1,vy42, -+, vy4om—1}. However, it’s simple to
see that every vertex in the set {vy,11,Vyt2,  , Vyram—1} that is assigned the integer
‘7" must have the color ‘red” — so v, must be ‘red” instead of ‘green’ — therefore

a contradiction exists. Now if ‘case 2’ is true, since there is an edge between vy, 1
(which is assigned the integer ‘j’) and vy, (which is assigned the integer ‘’), both
U, —1 and v, are in the set {vy19, Vyts, -+, Vyrom—1}. Then again since every vertex
in the set {vyt11,vy42, -, Vytom—1} that is assigned the integer ‘j’ must have the
color ‘red’, and since the color of vy, is ‘green’, it is simple to see that all the vertices
in the set {vy41,vy42, -+, Uk, -1} that is assigned the integer ‘2" must have the color
‘red’. Then since the color of vy, is ‘red’, the vertex v, exists and it must have
been assigned the integer ‘j° — and that contradicts the statement that all the edges
in E(i,j) are in the subgraph (vy41,vVy+2, -+, VUytom—1). Therefore a contradiction
always exists when z(i,j) = 2m — 2. So z(i,j) # 2m — 2. So for any pair [i,j] in
group B, z(i,7) < 2m — 3.

Now consider a pair [i,j] in group D. By the definition of ‘group D’, no ‘green’
vertex is assigned the integer ‘¢’ or ‘j’. Let {vg,, Uk,, -+ , Uk, } denote the set of vertices
that are assigned the integer ‘¢, where ky < ko < -+ < ky. If {vg,, Ugy, -+ , 0k, } # 0,
by the way vertices are colored, it’s simple to see that vy, cannot be ‘yellow” — so

vg, must be ‘red’. Then similarly, vg,, vg,, - -+, vg, must be ‘red’, too. Therefore all

t
the vertices that are assigned the integer ‘i’ are of the color ‘red’. Similarly, all the

vertices that are assigned the integer ‘j’ are of the color ‘red’. Assume there is an
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edge whose two endpoints are assigned the integer ‘2" and the integer ‘j’, respectively.
Then since the two vertices adjacent to a ‘red’ vertex must be assigned the same
integer, there exists an infinitely long segment (subgraph) of the path G to which

I

the assigned integers are in the form of -+ —¢—j5—4—j—4i— 7 — .-’ which is

certainly impossible. Therefore a contradiction exists. So for any pair [i, j] in group
D, z(i,5) = 0.

Let ‘2’ denote the number of distinct integers assigned to ‘green’ vertices, and let
‘X’ denote the set of those x distinct integers. It’s simple to see that exactly (92”)
pairs i, j]| are in group A or group B, where i € X and 7 € X — and among them

at least © — 1 pairs are in group B. It’s also simple to see that exactly x(N — z)

N—z

9 ) pairs are in group D. By using the upper

pairs are in group C' and exactly (
bounds we've derived for z(i,j), we see that the number of edges in G is at most
()= @-1]-Cm-2)+(@-1)-2m—-3)+a(N—z)-2m—2)+ (";%)- 0=
(1 —m)z* + (2mN — 2N — m)z + 1, whose maximum value (at integer solutions) is
achieved when © = N — 1 — and that maximum value is (N — 1)[(m — 1)N — 1] + 1.
SO Nmaz, the number of vertices in G, is at most (N — 1)[(m — 1)N — 1] + 2.

(]

Lemma 4.3 Let the values of N, K, m and L be fixed, where N =3, K =3, m > 2
and L = 2. Let Ny, denote the mazimum value of n such that an MCI exists on a

path of n vertices. Then e, < (N — 1)[(m —1)N — 1] + 2.

Proof: Let G = (V, E) be a path of n vertices that has an MCI on it. We need to
show that n < (N —1)[(m — 1)N — 1] + 2.

If in the MCI on G, no two adjacent vertices are assigned the same integer, then
with the same argument as in the proof of Lemma 4.2, it can be shown that n <
(N —=1D[(m—-1)N —1] + 2.

Now assume there are two adjacent vertices in GG that are assigned the same
integer. Clearly we can find ¢ non-overlapping clusters in G, such that n < 2t + 2
and at least one of the ¢ clusters contains two vertices that are assigned the same

integer. Among those ¢ non-overlapping clusters, let x, y, z, a, b and ¢ respectively
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denote the number of clusters that are assigned only the integer ‘1’ only the integer
‘2’ only the integer ‘3’, both the integers ‘1" and ‘2’, both the integers ‘2" and ‘3’, and
both the integers ‘1’ and ‘3’. Since the interleaving is an MCI, any m non-overlapping
clusters are assigned at least K = 3 distinct integers. Therefore x +y +a < m — 1,
y+z+b<m-—-1,z+x+c<m-—1. So2x+2y+2z24+a+b+c<3m—3. So
r4+y+z+a+b+c<3m—-3—(r+y+z). Sincex+y+z>1,t=x+y+z+a+b+c,
andn <2t4+2, weget n <2(z+y+z+a+b+c+1) <2Bm—-3—(r+y+2)+1] <
6m—6=(N—-1)[(m—-1)N—1]+2.

Therefore this lemma is proved.

O

So with Lemma 4.2 and Lemma 4.3 proved, we see that Theorem 4.1 becomes a

natural conclusion.

4.3 Optimal Construction for MCI on Paths with
Constraints L =2 and K =3

In this section, we present a construction for MCIs on paths whose lengths attain the
upper bound of Theorem 4.1, therefore proving the exactness of that bound. The

construction is shown as the following algorithm.

Algorithm 1: MCI on the longest path with constraints L =2 and K = 3

Input: Parameters N, K, m and L, where N >3, K =3, m > 2 and L = 2. A path
G=(V,E)ofn=(N—1)[(m—1)N — 1] + 2 vertices.

Output: An MCI on G.

Algorithm:

Let H = (Vy, Fy) be a multi-graph. The vertex set of H, Vy, is {uy, ug, -+ ,un}.
For any two vertices u; and u; (i # j), there are 2m — 3 edges between them if
2<i=j4+1<N—-1lor2<j=14+1<N—1, and there are 2m — 2 edges between
them otherwise. There is no loop in H. (Therefore H has exactly n — 1 edges.)

Find a walk in H, uy, — ug, — --- — uy,, that satisfies the following two
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requirements: (1) the walk starts with u; and ends with uy_; — namely, ug, = uy
and uy, = uy_; — and passes every edge in H exactly once; (2) for any two vertices
of H, the walk passes all the edges between them consecutively.
For ¢ = 1,2,--- ,n, assign the integer ‘k;’ to the vertex v; in GG, and we get an
MCI on G.
O

Here is an example of the above algorithm.

Example 4.2 Assume G = (V, E) is a path of n = 11 vertices, and the parameters
are N =4, K =3, m =2 and L = 2. Therefore n = (N — 1)[(m — 1)N — 1] + 2.
Algorithm 1 constructs a graph H = (Vig, Ey), which is shown in Fig. 4.3(a). The
walk in H, ug, — ug, — -+ — uyg,, can be easily found. For example, we can let the
walk be uy — uz — U — Uy — U — Uy — Uy — Us — Uz — Uy — us. Corresponding
to that walk, we get the interleaving on G as shown in Fig. 4.3(b). It can be easily
verified that the interleaving is indeed an MCI.
(]

Theorem 4.2 Algorithm 1 correctly outputs an MCI on the path G.

Proof: The interleaving on G that Algorithm 1 outputs corresponds to a walk in the
graph H = (V, Ey). The N vertices of H correspond to the N integers interleaved
on G. First let us assume such a walk exists and show that the interleaving on G is
indeed an MCI. Every cluster in G is assigned two different integers since there is no
loop in H. For any two vertices in H, there are at most 2m — 2 edges between them,
and those edges are passed consecutively in the walk. So there do not exist m or more
than m non-overlapping clusters in GG that are assigned the same two integers. So
every m non-overlapping clusters in GG are assigned at least K = 3 different integers.
So the interleaving on G is an MCI.

Now we show that the walk in H exists. The following is a simple way to find a
valid walk. Note that the graph H has the following property: only the number of

edges between u; and ug, or ug and ug, - -+, or uy_s and uy_1, is odd; the number
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Figure 4.3: (a) The graph H = (Vi, Ey)  (b) MCI on the path G = (V, E)

of edges between any two other vertices is even. So we first get the following walk:
Uy — Uy — U3 — -+ — Un_9 — Un—_1. Then, for i = 1,2,---, N — 2, replace
the segment ‘u; — w41’ in the walk with the segment ‘u; — u;11 — u; — w1 —
- — u; — U1, where in the latter segment, each of the 2m — 3 edges between
u; and u;q; is passed exactly once. Next, for any vertex u; and vertex u; such
that the edges between them have not been passed by the walk, we make the walk
pass the edges between them by replacing a node ‘u;’ in the walk with a segment
‘ug — u; — u; — u; — -0 — u; — u; — w;, where in the segment, each of the
2m — 2 edges between u; and u; is passed exactly once. When doing the replacement,
ensure that the edges between any other two vertices are still passed consecutively. It
is simple to verify that the final walk we get satisfies all the requirements in Algorithm
1. And that completes our proof.
(I
The graph H = (Vy, Ey) in Algorithm 1 has either 2m—2 or 2m—3 edges between
any two of its vertices. H has the same number of edges as the path for which the
MCI is computed. If we reduce the number of edges between the vertices of H, then
the walk in H will correspond to an MCI on a shorter path (since the walk will pass

fewer edges). Based on this idea, we get an algorithm that can find MClIs for any path
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on which MCIs exist, instead of just for the longest path. We present it as Algorithm
4, and leave it in Appendix I for simplicity. Obviously, an MCI on a short path can
be got by simply taking a segment of the interleaving on the longest path computed
by Algorithm 1. However such a method has some unnecessary computation and
becomes inefficient when the path is substantially shorter than the longest path.

The following theorem presents the necessary and sufficient condition for there to
exist an MCI on a path, when L = 2 and K = 3. Equivalently, it shows that the

upper bound given in Theorem 4.1 is exact.

Theorem 4.3 When L =2 and K = 3, there exists an MCI on a path of n vertices
if and only if n < (N —1)[(m —1)N — 1] + 2.

Proof: By Theorem 4.1 and Theorem 4.2. O

4.4 MCI on Paths with Constraint K = L + 1

In this section we study the MCI problem on paths with the constraint that K = L+1.
It covers the MCI problem with constraints that L = 2 and K = 3, which is studied

in the previous sections, as a special case.

We define three operations on paths — ‘remove a vertex,” ‘insert a vertex’ and
‘combine two paths.” Let G be a path of n vertices: (v1,va, -+ ,v,). By ‘removing
the vertex v;" from G (1 < ¢ < n), we get a new path ‘(vy,vg, -+ , Vi 1, Vi1, " ,Up) "

By ‘inserting a vertex v’ in front of the vertex v; in G (1 <17 < n), we get a new path

Y

“(v1,v9, - Vi_1, 0,04, - ,v,) . (Similarly we can define ‘inserting a vertex v behind
the vertex v; in G’ and ‘inserting a vertex © between the vertices v; and v;41 in G”.)
Let H be a path of n’ vertices: (ug,ug, - ,uy ). Assume for 1 <i < n, v; is assigned
the integer ¢(v;); and assume for 1 < i < n/; u; is assigned the integer c(u;). Also,
let [ be a positive integer between 1 and min(n,n’), and assume for 1 < i < [,
c(v;) = ¢(up—11;). Then by saying ‘combining H with G such that the last [ vertices

of H overlap the first [ vertices of G’, we mean to construct a path of n’+n—1[ vertices

whose assigned integers are [c(u1) —c(ug) — -+ — c(Up ) — c(vi11) — c(Vig2) — - - - — c(vy)]



132

(@ (b)
1 4 1 2 3 4 1 2 3

G: (v v Vs @ v @ 3 @ v
(c) (d)

1 4 1 2 3 2 4 1 4
v @ V) V) (Vg v H u @ Us) u
(e)

2 4 1 4 1 2 3

Q () () () () () Q

Figure 4.4: Tlustrations of three operations on paths.
(which is the same as [c(u1) — c(ug) — - -+ — c(up—;) — c(vy) — c(va) — -+ - — c(vy)])-

Examples of those operations are shown below.

Example 4.3 Let G be a path as shown in Fig. 4.4(a), where the integer above each
vertex is the integer assigned to it. (So there is an interleaving on G.) By removing
the vertez vy from G, we get the path shown in Fig. 4.4(b). By inserting a vertex ¥
in front of the vertex vy in G (or equivalently, behind the vertex vy in G, or between
the vertez vy and vs in G ), we get the path shown in Fig. 4.4(c).

Let H be a path as shown in Fig. 4.4(d), where the integer above each vertex is
the integer assigned to it. (So there is an interleaving on H, too.) By combining H
with G such that the last 2 vertices of H overlap the first 2 vertices of G, we get the
path shown in Fig. 4.4(e).

O

Now we present an algorithm which computes an MCI on a path. Being different
from Algorithm 1, in this algorithm the length of the path is unknown. The algorithm
tries to find the longest path that has an MCI, and computes an MCI for it. Thus
the output of this algorithm not only provides an MCI solution, but also gives a lower

bound on the maximum length of the path on which MCls exist.
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Algorithm 2: MCI on a path with the constraint K = L + 1
Input: Parameters N, K, m and L, where N > K =L+ 1> 3 and m > 2.
Output: An MCI on a path G = (V, E) of n vertices, with the value of n as large as
possible.
Algorithm:

1. If L = 2, then let G = (V, E) be a path of n = (N = 1)[(m — 1)N — 1] + 2
vertices, and use Algorithm 1 to find an MCI on G. Output G and the MCI on it,
then exit. (So step 2 to step 4 will be executed only if L > 3.)

2. Find a path B as long as possible that satisfies the following two conditions:

(1) Each vertex of By is assigned an integer in {1,2,--- , L}, namely, there
is an interleaving of the integers in {1,2,--- , L} on Bpy1;

(2) Define a segment of a path to be a connected subgraph of the path. Then
any m non-overlapping segments of Bp,; each of which contains L — 1 vertices are
assigned at least L distinct integers.

To find the path By, (recursively) call Algorithm 2 in the following way:
when calling Algorithm 2, replace the inputs of the algorithm — N, K, m and L —
respectively with L, L, m and L — 1; then let the output of Algorithm 2 be the path
By1 with an interleaving on it.

Scan the vertices in By, backward (from the last vertex to the first vertex),
and insert a new vertex after every L — 1 vertices in Byy;. (In other words, if the
vertices in By, are vy, vg, ---, v, then after inserting vertices into Bp,; in the
way described above, we get a new path of n + LL%J vertices; and if we look at
the new path in the reverse order — from the last vertex to the first vertex — then
the path is of the form (vs, va—1, -+, Vag1-(L-1), & Dew vertex, vVa_(L—1), Va—(L-1)—1,

©y Upg1-2(L—1), & NeW vertex, va_or—1), Ya—2(L—1)—-1, ***» Vat1-3(L—1), & NEeW vertex,
------ ). In this new path, every connected subgraph of L vertices contains exactly
one newly inserted vertex.) Assign the integer ‘L + 1’ to every newly inserted vertex
in the new path, and denote this new path by ‘A;.4’.
3. fori=L+2to N do
{ Find a path B; as long as possible that satisfies the following three conditions:
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(1) Each vertex of B; is assigned an integer in {1,2,--- 7 — 1}, namely,
there is an interleaving of the integers in {1,2,--- i — 1} on B;;

(2) Define a segment of a path to be a connected subgraph of the path.
Then any m non-overlapping segments of B; each of which contains L — 1 vertices
are assigned at least L distinct integers;

(3) for j =1 to L —1, the j-th last vertex of B; is assigned the same integer
as the (L — j)-th vertex of A; ;.

To find the path B;, (recursively) call Algorithm 2 in the following way:
when calling Algorithm 2, replace the inputs of the algorithm — N, K, m and L —
respectively with ¢ — 1, L, m and L — 1; then let the output of Algorithm 2 be the
path B; with an interleaving on it.

Scan the vertices in B; backward (from the last vertex to the first vertex), and
insert a new vertex after every L — 1 vertices in B;. Assign the integer ‘4’ to every
newly inserted vertex in the new path, and denote this new path by ‘A;’.

}

4. Get a new path by combining the paths Ay, Ay_1, -+, Ary1 in the following
way: combine Ay with Ay_;, combine Ay_; with Ay_o, - -+, and combine Ay, with
Ap 1 such that the last L — 1 vertices of Ay overlap the first L — 1 vertices of Ax_1,
the last L — 1 vertices of Ay_; overlap the first L — 1 vertices of Ay_s, ---, and the
last L — 1 vertices of Ap o overlap the first L — 1 vertices of Ay, 1. (In other words,
if we denote the number of vertices in A; by [;, for L+ 1 <14 < N, then the new path
we get has ZiN:LH li—(L—1)(N —L—1) vertices.) Let this new path be G = (V, E).
Output G and the interleaving (which is an MCI) on it, then exit.

O

The following is an example of Algorithm 2.

Example 4.4 In this example, the input parameters for Algorithm 2 are N = 6,
K =4 m =2 and L = 3. That is, we use Algorithm 2 to compute an path that
15 as long as possible and interleave 6 integers on it, such that in the path, any 2

non-overlapping clusters of length 3 are assigned at least 4 distinct integers.
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Figure 4.5: An example of Algorithm 2.
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Algorithm 2 firstly computes a linear path By as long as possible that satisfies the
following two conditions: (1) each vertex of By is assigned an integer in {1,2,3};
(2) any m = 2 non-overlapping segments of By each of which contains L —1 = 2
vertices are assigned at least L = 3 distinct integers. To compute By, Algorithm 2
calls itself in a recursive way, by setting the inputs of the algorithm — N, K, m
and L — to be 3, 3, 2 and 2; during that call, it uses Algorithm 1 to compute By.
There are more than 1 possible outcomes of Algorithm 1; without loss of generality
(WLOG), let us assume the output here is that By is assigned integers in the form of
[1—-3—1—-2—-3-2|. The path By is shown in Figure 4.5 (a).

Algorithm 2 then scans By backward, inserts a new vertex into By after every L —
1 = 2 vertices, and assigns the integer ‘4’ to every newly inserted vertex. As a result,
we get a path whose assigned integers are in the form of [4A—1—3—4—1—-2—4—-3-2].
We call this new path Ay. Ay is shown in Figure 4.5 (b).

Algorithm 2 then computes a path Bs as long as possible that satisfies the following
three conditions: (1) each vertex of Bs is assigned an integer in {1,2,3,4}; (2) any
m = 2 non-overlapping segments of By each of which contains L —1 = 2 vertices are
assigned at least L = 3 distinct integers; (3) the last vertex of Bs is assigned the same
integer as the 2nd vertex of Ay (which is the integer ‘1°), and the 2nd last vertex of
By is assigned the same integer as the 1st vertex of Ay (which is the integer °4’).

Algorithm 2 computes Bs by once again calling itself. Algorithm 2 can use the
following method to find a path that satisfies all the above 3 conditions. Firstly,
use Algorithm 1 to find a path that satisfies the first 2 conditions, which is easy,
and call this path Cs. All the integers assigned to Cs are in the set {1,2,3,4}; and
from Algorithm 1, it is simple to see that the last two vertices in C5 are assigned
two different integers. (Note that the first two vertices in Ay are also assigned two
different integers.) So by permuting the names of the integers assigned to Cs, we can
get a path that satisfies not only the first 2 conditions but also the 3rd condition. Call
this path Bs. There are more than 1 possible result of Bs. WLOG, we assume the
integers assigned to Bs are in the form of [3—4—-3—-1—-3-2—-4—-2—-1—-4—1].

Bs is shown in Figure 4.5 (c). Then Algorithm 2 inserts vertices into Bs and gets a
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new path As, whose assigned integers are in the form of [3—5—4—-3—-5—-1—3—
5—2—-4-5—-2—-1-5—4—1]. A5 is shown in Figure 4.5 (d).

Next, Algorithm 2 computes a path Bg, by calling itself again. WLOG, we assume
the integers assigned to Bg are in the form of [1—-3—-1—-4—-1-5—-1-2-3-2—
5—2—4—3—-4—-5—-3-5]. Bg is shown in Figure 4.5 (e). Then Algorithm 2 inserts
vertices into Bg and gets a new path Ag, whose assigned integers are in the form of
6-1-3-6—-1-4-6—1-5—6—-1-2—6—3—-2—-6—5—2—6—4—3—6—4—5—-6—3—5].
Ag is shown in Figure 4.5 (f).

Finally, Algorithm 2 combines Ag, As and Ay such that the last L —1 = 2 vertices
of Ag overlap the first 2 vertices of As, and the last L — 1 = 2 wvertices of As overlap
the first 2 vertices of Ay. As a result, we get a path G = (V| E) of 48 vertices which is
assigned the integers [6—1—3—6—1—4—6—1-5—6—1-2—6—3—2—6—5—2—6—4—
3—6-4-5—6-3-5—-4-3-5-1-3—-5—2—-4-5-2—-1-5—-4—-1-3—-4-1-2—-4-3-2].
G is shown in Figure 4.5 (g). This is the output of Algorithm 2. It can be verified
that the interleaving on G is indeed an MCI.

O

Algorithm 2 outputs a path G, which is as long as the algorithm can find, and
an MCI on G. The MCI on G has a ‘hierarchical-chain’ structure, because G is a
chain of the sub-paths A1, Apyo, -+ -, Ay, and these sub-paths form the horizontal
hierarchy because on them more and more integers are interleaved and they have
increasing lengths. Fach A; (L 4+ 1 < i < N) is derived from a path B;. Since B; is
got by recursively calling Algorithm 2, it also is a chain of its own sub-paths — and
the same analysis can be performed for the sub-paths in B; ------ So such sub-paths
form the vertical hierarchy in the MCI. G’s length, n, is unknown before Algorithm 2
ends. But if we can use n to evaluate the complexity of Algorithm 2, then Algorithm
2 can be easily seen to have complexity O(n). Algorithm 2 constructs the path G
piece by piece. So it is simple to see that the algorithm can be easily modified to
efficiently compute MCIs on any path of less than n vertices.

Below we prove the correctness of Algorithm 2.
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Theorem 4.4 Algorithm 2 is correct.

Proof: We prove this theorem by induction. If L = 2, then Algorithm 2 uses Algo-
rithm 1 to compute the MCI — so the result is clearly correct. Also, we notice that
for any MCI output by Algorithm 1, any two adjacent vertices are assigned different
integers. We use those as the base case.

Let I be an integer such that 2 < I < L. Let’s assume the following statement is
true: if we replace the inputs of Algorithm 2 — parameters N, K, m and L — with
any other set of valid inputs N,K =i+ 1,7 and i such that 2 < i < I, Algorithm 2
will correctly output an MCI on a path; and in that MCI, any i consecutive vertices
are assigned 7 different integers. (This is our induction assumption.)

Now let’s replace the inputs of Algorithm 2 — parameters N, K, m and L — with
a set of valid inputs N, K/ = I + 1,m/ and I. Then Algorithm 2 needs to compute
(in its step 2 and step 3) N’ — I paths: Byi1, Brye, --+, Byr. For I+1 < j < N', B,
is (recursively) computed by calling Algorithm 2. The interleaving on B; is in fact
an MCI where the size of each cluster is I — 1 — so by the induction assumption,
Algorithm 2 will correctly output the interleaving on B;. B; is assigned the integers in
{1,2,---,j—1}; and by the induction assumption, any / —1 consecutive vertices in B,
are assigned I —1 different integers. The path A;,; is constructed by inserting vertices
into By such that every I consecutive vertices in A;,; contains exactly one newly
inserted vertex, and all the newly inserted vertices are assigned the integer ‘I + 1'.
So any I consecutive vertices in Ay, are assigned I different integers. Therefore it
is always feasible to adjust the interleaving on Bj., to make the last [ — 1 vertices
of Bris be assigned the same integers as the first I — 1 vertices of A;,;. Noticing
that the last I — 1 vertices of By s are assigned the same integers as the last I — 1
vertices of Ay, o, we see that Ao and A; ; can be successfully combined with I — 1
overlapping vertices by Algorithm 2. Similarly, for I +3 <t < N’, A; and A;_; can
be successfully combined by Algorithm 2; and for I +2 <t < N’, any I consecutive
vertices in A; are assigned [ different integers. Algorithm 2 uses G to denote the

path got by combining Ay 1, Ao, ---, Ay. Clearly any I consecutive vertices in



139

G are also I consecutive vertices in A; for some j (I +1 < j < N'), therefore are
assigned [ different integers. And for any m’ non-overlapping clusters in G — each
cluster here contains I vertices — either they are all contained in A; for some j
(I4+1<j<N'),orat least one cluster is contained in A for some j' and one other
cluster is contained in A;» for some j” # j' (I +1 < j',5” < N’). In the former
case, by removing those vertices that are assigned the integer ‘j’ in those m’ clusters,
we get m’ non-overlapping connected subgraphs in B; each of which contains I — 1
vertices, which are assigned at least I different integers not including ‘5 — so the m/
clusters in G (which are also in A;) are assigned at least I + 1 different integers. In
the latter case, without loss of generality, let’s say j° < j”. Then the cluster in A
are assigned I different integers not including ‘j”’, and the cluster in A;» is assigned
an integer ‘j”” — so the m’ clusters in G are assigned at least I 4+ 1 different integers.
Therefore the interleaving on G is an MCI (with parameters N', K',m’ and I). So
the induction assumption also holds when ¢ = I.

Algorithm 2 computes the result for the original problem by recursively calling
itself. By the above induction, every intermediate time Algorithm 2 is called, the
output is correct. So the final output of Algorithm 2 is also correct.

(]

The length of the longest path on which an MCI exists increases when N, the
number of integers that are interleaved, increases. The performance of Algorithm 2
can be evaluated by the difference between the length of the path constructed by
Algorithm 2 and the length of the longest path on which an MCI exists. We're inter-
ested in studying how the difference goes when N increases. The following theorem

shows the result.

Theorem 4.5 Fix the values of the parameters K, m and L, where K = L+1>3
and m > 2, and let N be a variable (N > K ). Then the longest path on which an

MCT exists has (LWT_II)!NL + O(NE=Y) wertices. And the path output by Algorithm 2

also has (P55 N* + O(NF1) wertices.

Proof: Let G = (V, E) be a path of n vertices with an MCI on it. Then by Proposi-
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tion 4.1, n < (m = 1)L(Y) + (L —1). Son < F=E NP + O(NF),

When L = 2, Algorithm 2 outputs a path of (N — 1)[(m — 1)N — 1] + 2 vertices.
When L > 3, to get the output, Algorithm 2 needs to construct the paths Ap,q,
Apio, -+, Ay; and for L+ 1 <4 < N, A; is got by inserting vertices into the path
B;. B; is again an output of Algorithm 2, which is assigned ¢ — 1 distinct integers,
and in which an corresponding ‘cluster’ has L — 1 vertices. Let’s use F'(N,m, L) to
denote the number of vertices in the path output by Algorithm 2, and use A(i,m, L)
to denote the number of vertices in the path A;. Then based on the above observed
relations, we get the following 3 equations:

(1) F(N,m,2) = (N —1)[(m —1)N — 1] + 2;

(2) when L >3, F(N,m,L) =Y, ., A(i,m,L) — (N — L — 1)(L - 1);

(3) when i > L+1 > 4, A(i,m,L) = | - F(i — 1,m,L — 1)]. (Note that

F(i—1,m,L — 1) is the number of vertices in the path B;.)

By solving the above equations, we get FI(N,m, L) = (Z‘_’ll)!NL + O(NE=1), which
meets the upper bound on the path’s length we’ve derived. So the longest path
on which an MCI exists has (LWT_II)!NL + O(NE=Y) vertices; and the path output by

Algorithm 2 also has ﬁNL + O(NL=1) vertices.

O

Theorem 4.5 shows that the path output by Algorithm 2 is asymptotically as long
as the longest path on which an MCI exists. What’s more, the lengths of those two
paths have the same highest-degree term (in N).

We end this part of discussion with some numerical results which are representa-
tive. In Table 1, the length of the path output by Algorithm 2 (denoted by ‘Output
of Algorithm 2’ in the table) is compared with the upper bound on path lengths of
Theorem 4.1 (denoted by ‘Upper bound’ in the table), for four different sets of pa-
rameters —m =2and L =3, m=2and L =5, m=>5and L =3, and m =5 and
L = 5. (Note that here K = L + 1, so the value of parameter K is determined by
L. The length of a path is defined to be the number of vertices in it.) If we use n to
denote the length of the path output by Algorithm 2, and use Upyypng to denote the

upper bound of Theorem 4.1, then the ‘relative difference’ in the table is defined to
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be Ubound—"n — 1_ n
Ubound Ubound

. Table 1 shows how the ‘relative difference’ decreases when N

increases. With Theorem 4.5, we can prove that as IV approaches +oo, the ‘relative

difference’ becomes arbitrarily close to 0 — the optimal value. We comment that

Upouna 1s a quite loose upper bound, so the relative difference between the length of

the path output by Algorithm 2 and the true length of the longest path on which an

MCI exists is even smaller than that shown in the table.

m=2and L =3 m=2and L =5
N || Output of Upper Relative || Output of Upper Relative
Algorithm 2 bound  difference || Algorithm 2 bound difference
10 || 312 362 0.1381 || 930 1264 0.2642
20 || 3177 3422 0.0716 || 68265 77524 0.1194
50 || 57072 58802 0.0294 || 10081020 10593804 0.0484
100 || 477897 485102 0.0149 || 367196445 376437604 0.0245
150 || 1637472 1653902 0.0099 || 2.9093 x 10°  2.9580 x 10° 0.0165
200 || 3910797 3940202 0.0075 || 1.2521 x 10** 1.2678 x 1010 0.0124
m=>5and L =3 m=>5and L =5
N || Output of Upper Relative || Output of Upper Relative
Algorithm 2 bound  difference || Algorithm 2 bound difference
10 || 1383 1442 0.0409 || 4395 5044 0.1287
20 || 13428 13682 0.0186 || 298785 310084 0.0364
50 || 233463 235202 0.0074 || 41846205 42375204 0.0125
100 || 1933188 1940402 0.0037 || 1.4964 x 10°  1.5058 x 10° 0.0062
150 || 6599163 6615602 0.0025 || 1.1783 x 101 1.1832 x 10'Y 0.0041
200 || 15731388 15760802 0.0019 || 5.0556 x 101 5.0713 x 100 0.0031

Table 1: Comparison between the length of the path output by Algorithm 2 and an upper bound,

and their relative difference.
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4.5 MCI on Cycles

In this section, we generalize our results on MCI from paths to cycles, for the case of
L =2 and K = 3. The analysis for the two kinds of graphs bears plenty of similarity,
even though the ‘circular’ structure of the cycle leads to certain difference sometimes.

Let G = (V, F) be a cycle. The following notations will be used in this section and
the appendices of this chapter. We denote the n vertices in the cycle G = (V, E) by vy,
Vg, -+, Uy. For 2 < i < n—1, the two vertices adjacent to v; are v;_; and v; 1. Vertex
vy and v,, are adjacent to each other. A connected subgraph of G induced by vertices
Vi, Vig1, -+ ,v; is denoted by (v;, vit1,---,v;). If a set of integers are interleaved on
G, then c(v;) denotes the integer assigned to vertex v;. The integers assigned to a
connected subgraph of G, (v;, vi41, - -+ ,v;), are denoted by [c(v;) —c(vig1)—- - —c(v;)].

The following three lemmas reveal some structural properties of MCI on cycles

and present an upper bound on the cycles’ lengths.

Lemma 4.4 Let the values of N, K, m and L be fixed, where N >4, K =3, m > 2
and L = 2. Let Ny, denote the mazimum value of n such that an MCI exists on a
cycle of n vertices. Then in any MCI on a cycle G = (V, E) of npae vertices, no two

adjacent vertices are assigned the same integer.

Lemma 4.5 Let the values of N, K, m and L be fixed, where N >4, K =3, m > 2
and L = 2. Let Ny, denote the mazimum value of n such that an MCI exists on a

cycle of n vertices. Then N, < (N —1)[(m —1)N —1].

Lemma 4.6 Let the values of N, K, m and L be fixed, where N =3, K =3, m > 2
and L = 2. Let Ny, denote the mazimum value of n such that an MCI exists on a

cycle of n vertices. Then Npae < (N —1)[(m —1)N —1].

The techniques used to prove the above three lemmas are similar to the proofs
of Lemma 4.1, 4.2 and 4.3 (but also have difference, especially for Lemma 4.5 and
Lemma 4.6). For simplicity, we present the proofs of the above three lemmas in

Appendix II.
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Below we present an algorithm for finding MCIs on cycles. Note that a Eulerian

walk in a graph is a closed walk that passes every edge of the graph exactly once.

Algorithm 3: MCI on a cycle with constraints L =2 and K = 3
Input: A cycle G = (V, E) of n vertices. Parameters N, K, m and L, where N > 3,
K=3 m2>2and L =2.
Output: An MCI on G.
Algorithm:
1. If n > (N —1)[(m — 1)N — 1], there does not exist an MCI on G, so exit the
algorithm.
2. If n < N, arbitrarily select n integers in the set {1,2,--- N}, and assign one
distinct integer to each vertex, then exit the algorithm.
BIUN<n<(N-=1)[(m—1)N—-1]and n — {(N — 1)[(m — 1)N — 1]} is even,
then let H = (Vy, Ey) be such a multi-graph: its vertex set Vg = {uy,us, - ,un};
for any 1 <1 < j < N, there are z; ; undirected edges between u; and u;; there is no
loop in H. The integers z; ; (1 <1i < j < N) satisfy the following four requirements:
(1) for 1 <i<N—1,x;yiseven and 0 < z; vy < 2m — 2;
(2)for1<i<N—-2andj=1i+1, z;;is odd and 1 < z; ; < 2m — 3; also,
zin—1isodd and 1 < 2y y_1 < 2m — 3;
(B)forl1<i< N—4andi+2<j< N-2 z;;isevenand 0 < z;; < 2m—2;
also, for 2<¢< N —-3and j=N —1, z;jiseven and 0 < z; ; < 2m — 2;
(4) if we define S as S ={z;;li =1,2,--- ,N;j =1,2,--- ,N;i < j}, then
D aes T =1
Find a Eulerian walk in H, uy, — ug, — --- — ug, (and finally back to ug,),
that satisfies the following condition: for any 1 <17 < j < N, the walk passes all the
x; ; edges between w; and u; consecutively.
For i =1,2,--- ,n, assign the integer ‘k;’ to the vertex v; in GG, then exit the
algorithm.
4. EIN<n<(N-=1)[(m—-1)N—-1] and n — {(N — 1)[(m — 1)N — 1]} is odd,
then let H = (Vy, Ey) be such a multi-graph: its vertex set Vg = {uy,us, - ,un};
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for any 1 <1 < j < N, there are z; ; undirected edges between u; and u;; there is no
loop in H. The integers z; ; (1 <i < j < N) satisfy the following three requirements:
(I)for1<i<N—1landj=i+1, z;;isodd and 1 < x;; < 2m — 3; also,
z1yisodd and 1 <z n < 2m — 3;
(2)for1 <i< N—-3andi+2<j< N-1,z;;isevenand 0 < z; ; < 2m—2;
also, for 2<¢< N —-2and j =N, z;; is even and 0 < z;; < 2m — 2;
(3) if we define S as S = {z;;]i =1,2,--- ,N;j =1,2,--- ,N;i < j}, then
D ees T =N
Find a Eulerian walk in H, ug, — ug, — -+ — ug, (and finally back to wuy,),
that satisfies the following condition: for any 1 <1 < j < N, the walk passes all the
x;; edges between u; and u; consecutively.
For : = 1,2,--- n, assign the integer ‘k;” to the vertex v; in G, then exit the
algorithm.

O

The following is an example of Algorithm 3.

Example 4.5 Assume G = (V, E) is a cycle of n = 12 vertices, and the parameters
are N =4, K =3, m =3 and L = 2. Therefore N <n < (N — 1)[(m —1)N — 1]
and n — {(N — 1)[(m — 1)N — 1]} = =9 is odd. So Algorithm 3’s step 4 is used
to compute the interleaving. We can (easily) choose the following values for x; ;:
Ti2 =3, X13 =2, T14 = To3 = T34 = 1, oy = 4. Then the graph H = (Vy, Eg) is
as shown in Fig. 4.6(a). We can then (easily) find the following Eulerian walk in H :
Up — Uz — U — Uy — U] — Uy — Uy — Uy — Uy — Uy — Uz — Uy (then back to
uy ). Corresponding to that walk, we get the MCI as shown in Fig. 4.6(b).
(]

Theorem 4.6 Algorithm & correctly outputs an MCI on the cycle G.

Theorem 4.7 When L =2 and K = 3, there exists an MCI on a cycle of n vertices
if and only if n < (N — 1)[(m — 1)N —1].



Figure 4.6: (a) The graph H = (Vi, Ey)  (b) MCI on the cycle G = (V. E)

For simplicity, we skip the proofs of the above two theorems. (The correctness
of these two theorems should be very clear once the proofs for Theorem 4.2 and

Theorem 4.3 are understood.)

4.6 Appendix 1

In this appendix, we present Algorithm 4, which computes MCIs for linear paths
when L =2 and K = 3.
Algorithm 4: MCI on linear path with constraints L =2 and K = 3
Input: A path G = (V| E) of n vertices. Parameters N, K, m and L, where N > 3,
K=3m2>2and L =2.
Output: An MCI on G.
Algorithm:

1. If n> (N —1)[(m—1)N — 1] + 2, there does not exist an MCI on G, so exit
the algorithm.

2. If n < N, arbitrarily select n integers in the set {1,2,--- N}, and assign one

distinct integer to each vertex, then exit the algorithm.



146
J.IN<n< (N-1)[(m—1)N—1]4+2and n—{(N—1)[(m—1)N —1]+2} is even,
then let H = (Vig, Ey) be such a multi-graph: its vertex set Vg = {uy, ug, -+ ,un};
for any 1 <¢ < j < N, there are z; ; undirected edges between w; and w;; there is no
loop in H. The integers z; ; (1 <i < j < N) satisfy the following four requirements:
(1) for 1 <i< N —1,a;yiseven and 0 < z; vy < 2m — 2;
(2)for1<i<N—-2and j=i+1, 2;;isodd and 1 <z, ; <2m — 3;
(3)for1 <i< N-3andi+2<j < N-1,z;;isevenand 0 < z;; < 2m—2;

(4) if we define S as S = {z;;li =1,2,--- ,N;j =1,2,--- ,N;i < j}, then

DgesT=n—1
Find a walk in H, uy, — ug, — -+ — uy,, that satisfies the following two
requirements:
(1) the walk starts with u; and ends with uy_; — namely, uy, = u; and

ug, = uny—_1 — and passes every edge in H exactly once;
(2) for any 1 < i < j < N, the walk passes all the z; ; edges between w; and
u; consecutively.
For : = 1,2,--- n, assign the integer ‘k;” to the vertex v; in GG, then exit the
algorithm.

4. fN<n<(N-1)[(m—-1)N-1]+2and n—{(N —1)[(m —1)N — 1]+ 2}
is odd, then use step 3 to find an interleaving on a path of n + 1 vertices. Remove
one vertex from an end of that path, and we get an interleaving on G. Then exit the
algorithm.

O

We comment that in step 3 of the above algorithm, the numbers of edges between
the vertices of H, z; ; (1 <i < j < N), can be easily determined using just elementary

methods, since the constraints there are very simple.

4.7 Appendix 11

In this appendix, we present the proofs of Lemma 4.4, 4.5 and 4.6.
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Lemma 4.4  Let the values of N, K, m and L be fized, where N > 4, K = 3,
m > 2 and L = 2. Let nyq, denote the maximum value of n such that an MCI exists
on a cycle of n vertices. Then in any MCI on a cycle G = (V, E) of Nunas vertices,

no two adjacent vertices are assigned the same integer.

Proof: The proof is by contradiction. Let G = (V, E) be a cycle of nq, vertices.
Assume there is an MCI on G; and assume two adjacent vertices of G are assigned
the same integer. Then WLOG, one of the following two cases must be true (because
we can always get one of the two cases by permuting the names of the integers and
by shifting the indices of the vertices):

Case 1: There exist 4 consecutive vertices in G — v;, v;41, Viro, v;43 — such that
c(v;) =1, c(viz1) = c(viz2) = 2, and ¢(v;43) = 1 or 3.

Case 2: There exist x+2 > 5 consecutive vertices in G — v;, Vi1, ***, Vit Vitarl
— such that ¢(v;) = 1, ¢(viy1) = c(Vig2) = -+ = c(Vitz) = 2, and ¢(V;qz41) = 1 or 3.

With the same argument as for the case 1 and case 2 in Lemma 4.1’s proof, we can
show that for both cases here, there is a cycle of more than n,,,, vertices on which
an MCI exists. And that contradicts the definition of n,,,,. So this lemma is proved.

O

Lemma 4.5 Let the values of N, K, m and L be fized, where N > 4, K = 3,
m > 2 and L = 2. Let Ny, denote the maximum value of n such that an MCI exists

on a cycle of n vertices. Then npqe, < (N —1)[(m —1)N —1].

Proof: Let G = (V, E) be a cycle of n,,, vertices. Assume there is an MCI on G. By
Lemma 4.4, no two adjacent vertices in GG are assigned the same integer. And clearly,
each one of the N > 4 integers is assigned to at least one vertex in G. We color the
vertices in G with three colors — ‘red’; ‘yellow” and ‘green’ — through the following
three steps:

Step 1, for 1 < i < e, if the two vertices adjacent to v; are assigned the
same integer, then we color v; with the ‘red’ color;

Step 2, for 1 < i < nypaq, We color v; with the ‘yellow’ color if v; is not colored

‘red” and there exists j such that these four conditions are satisfied: (1) j # 4, (2)
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v; is not colored ‘red’, (3) c(v;) = c(v;), (3) the following vertices between v; and v;
— Vj41, Ujto, -+, U1 (note that if a lower index exceeds N4, it is subtracted by
Tomaz, SO that the lower index is always between 1 and n,,,,) — are all colored ‘red’;
Step 3, for 1 < @ < Nypae, if v; is neither colored ‘red’ nor colored ‘yellow’,
then we color v; with the ‘green’ color.
Clearly, each vertex in G is assigned exactly one of the three colors.

If we arbitrarily pick two different integers — say ‘¢’ and ‘j° — from the set
{1,2,---, N}, then we get a pair [i,j] (or [j,i], equivalently). There are totally (JQV)
such un-ordered pairs. We partition those (];7) pairs into four groups ‘A’, ‘B’, ‘C’
and ‘D’ in the following way:

(1) A pair [i,j] is placed in group A if and only if the following two conditions
are satisfied: (i) at least one ‘green’ vertex is assigned the integer ‘i’ and at least one
‘green’ vertex is assigned the integer ‘j’, (ii) there doesn’t exist a connected subgraph
of G such that the subgraph contains exactly two green vertices (and possibly also
vertices of other colors), where one of the green vertices is assigned the integer ‘i’ and
the other green vertex is assigned the integer ‘j’.

(2) A pair [i,j] is placed in group B if and only if the following two conditions
are satisfied: (i) at least one ‘green’ vertex is assigned the integer ‘4’ and at least one
‘green’ vertex is assigned the integer ‘j’, (ii) there exists a connected subgraph of G
such that the subgraph contains exactly two green vertices (and possible also vertices
of other colors), where one of the green vertices is assigned the integer ‘4’ and the
other green vertex is assigned the integer ‘j’.

(3) A pair [i,j] is placed in group C' if and only if one of the following two
conditions is satisfied: (i) at least one ‘green’ vertex is assigned the integer .’ and no
‘green’ vertex is assigned the integer ‘j’, (ii) at least one ‘green’ vertex is assigned the
integer ‘57 and no ‘green’ vertex is assigned the integer ‘i’.

(4) A pair [i,j] is placed in group D if and only if no ‘green’ vertex is assigned
the integer 4’ or ‘j’.

E is the set of edges in G = (V,E). Forany 1 < i # j < N, let E(i,j) C FE
denote such a subset of edges of G: an edge of G is in E(i,7) if and only if the two
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endpoints of the edge are assigned the integer ‘4’ and the integer ‘j’ respectively. Let
2(i,7) denote the number of edges in E(i,7). Upper bounds for z(i,j) are derived
below.

For any pair [i,j] in group A or group C, z(i,j) < 2m — 2. That is because
otherwise there would exist m non-overlapping clusters in G — note that a cluster
contains exactly one edge — each of which is assigned only integers 4" and ‘j’, which
would contradict the assumption that the interleaving on G is an MCI.

Now consider a pair [i,j] in group B. z(i,7) < 2m — 2 for the same reason as in
the previous case. Assume z(7,j) = 2m — 2. Then in order to avoid the existence of
m non-overlapping clusters in GG each of which is assigned only integers ‘2’ and ‘j’, the

z(i,j) = 2m — 2 edges in E(i,7) must be consecutive in the cycle G, which means,

WLOG, that there are 2m — 1 consecutive vertices vyi1, Uys2, -+, Uyrom—1 (Y > 0)
whose assigned integers are in the form of [c(vy41)—c(vyt2) —- - - —c(Vypom—1)] = [i—J—
i—j—--+-—i—j—1i]. According to the definition of ‘group B’, there exist a ‘green’ vertex

vk, and a ‘green’ vertex vy,, such that vy, is assigned the integer ‘i’, v, is assigned the
integer ‘77, and either all the vertices in the subgraph (vg, 11, Vg, 42, , Uk,—1) (nOtE
that if an index is greater than n,,.,, then it is subtracted by n,,.. so that the index
for a vertex is always between 1 and n,,,,; the same applies to the following contexts)
are ‘yellow” or ‘red’, or all the vertices in the subgraph (vg,y1,Vkyto, -, Uk 1) are
‘yellow’ or ‘red’. By the way the vertices are colored, it’s not difficult to see that either
‘Ug,—1 1 assigned the integer c(vg,) = i’ (let’s call this ‘case 1), or ‘vg, 1 is assigned
the integer c(vx,) = j’ (let’s call this ‘case 2’). If ‘case 1’ is true, then since there is

an edge between vy, 1 (which is assigned the integer ‘i’) and vy, (which is assigned

the integer ‘j’), vk, is in the set {vy41,vyt2, -+, Vytrom—1}. However, it’s simple to
see that every vertex in the set {v,11,Vyt2, -, Vyrom—1} that is assigned the integer
‘7" must have the color ‘red” — so vy, must be ‘red” instead of ‘green’ — therefore

a contradiction exists. Now if ‘case 2’ is true, since there is an edge between vy, 1
(which is assigned the integer ‘j’) and vy, (which is assigned the integer ‘’), both
U, —1 and v, are in the set {vy19, Vyts, -+, Vyrom—1}. Then again since every vertex

in the set {vyt11,vy42, -, Vytom—1} that is assigned the integer ‘j’ must have the



150

color ‘red’, and since the color of vy, is ‘green’, it is simple to see that all the vertices
in the set {vy41, vyta, -+ , Uk —1} that is assigned the integer ‘> must have the color
‘red’. Then since the color of v,; is ‘red’, the vertex v, must have been assigned the
integer ‘j° — and that contradicts the statement that all the edges in E(i,7) are in
the subgraph (vy4+1, Uy42, -+, Uypam—1). Therefore a contradiction always exists when
2(i,7) = 2m—2. So z(i, j) # 2m—2. So for any pair [i, j] in group B, 2(i,j) < 2m—3.

Now consider a pair [i,j] in group D. By the definition of ‘group D’, no ‘green’
vertex is assigned the integer ‘i’ or ‘j’. Let {vg,,v,, -, Uk} denote the set of
‘vellow’ vertices that are assigned the integer ‘7’, where k1 < ky < --- < k. If
{Vky, Vky, -+ s Uk, } # 0, by the way vertices are colored, it’s simple to see that every
vertex of G that is not in the set {vk,, vy, -+ , vy, } is ‘red’. And if {vg,, vgy, -+, 0k, } =
(), then all the vertices that are assigned the integer ‘" are ‘red’. Similarly, we can
show that either all the vertices that are assigned the integer ‘)’ are ‘red’, or there is
no ‘green’ vertex in G and every ‘yellow’ vertex is assigned the integer ‘j’. Together,
there are three possible cases in total — case 1, every vertex that is assigned the in-
teger ‘2" or ‘57 is ‘red’; case 2, there is no ‘green’ vertex in GG and every ‘yellow’ vertex
is assigned the integer ‘i’; case 3, there is no ‘green’ vertex in G and every ‘yellow’
vertex is assigned the integer ‘j’. If case 1 is true, assume there is an edge whose
two endpoints are assigned the integer ‘4’ and the integer ‘j’, respectively. Then since
the two vertices adjacent to a ‘red’ vertex must be assigned the same integer, every
vertex in (G is assigned either the integer ‘4’ or the integer ‘j’, which contradicts the
fact that all the NV > 4 integers must have been assigned to the vertices in GG. So for
any pair [i, 7] in group D, if case 1 is true, then z(7,j) = 0. If case 2 is true, then for
any k # i, there are at most 2m — 2 edges in E(i, k); and for any k; # i and ks # 1,
since every vertex that is assigned the integer ‘k;’ or ‘ky’ is ‘red’, there is no edge in
E(k1, ko) — therefore, there are at most (N —1)-(2m —2) < (N —1)[(m —1)N — 1]
edges in G. So when case 2 is true, there are less than (N —1)[(m — 1) N — 1] vertices
in G, and this lemma is proved. Similarly, when case 3 is true, there are also less
than (N — 1)[(m — 1)N — 1] vertices in G, and this lemma is also proved. For this

reason, in the following paragraph, we’ll simply assume that case 1 is always true —
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and therefore z(7, j) = 0 is true for any pair [i, j] in group D.
Let the number of distinct integers assigned to ‘green’ vertices be denoted by
‘7, and let ‘X’ denote the set of those x distinct integers. It’s simple to see that
exactly (g) pairs [i, j| are in group A and group B, where i € X and j € X — and

among them at least x pairs are in group B. It’s also simple to see that exactly

N—z

9 ) pairs are in group D. By using

(N — x) pairs are in group C' and exactly (
the upper bounds we’ve derived on z(i,j), we see that the number of edges in G
is at most [(3) — ] - 2m —2)+a-(2m —3)+ (N —2) - 2m—2) + (";*) -0 =
(1—=m)x?+(2mN —2N —m)z, whose maximum value (at integer solutions) is achieved
when x = N — 1 — and that maximum value is (N — 1)[(m — 1)N — 1]. So Nz, the
number of vertices in G, is at most (N — 1)[(m — 1)N — 1].

O

Lemma 4.6  Let the values of N, K, m and L be fized, where N = 3, K = 3,
m > 2 and L = 2. Let nyq, denote the maximum value of n such that an MCI exists

on a cycle of n vertices. Then e, < (N —1)[(m —1)N —1].

Proof: Let G = (V, E) be a cycle of n,, vertices that has an MCI on it. We need to
show that 1,4, < (N —1)[(m —1)N — 1]. It’s simple to see that G is assigned N =3
distinct integers. If in the MCI on G, no two adjacent vertices are assigned the same
integer, then with the same argument as in the proof of Lemma 4.5, it can be shown
that nye, < (N —1)[(m — 1)N — 1]. Now assume there are two adjacent vertices in
G that are assigned the same integer. Then there are three possible cases.

Case 1: n,,,, is even.

Case 2: Nyq, is 0dd, and there are at least 2 non-overlapping clusters in G' each
of which is assigned only 1 distinct integer.

Case 3: Ny is odd, and there don’t exist 2 non-overlapping clusters in G each of
which is assigned only 1 distinct integer.

We consider the three cases one by one.

Case 1: Nyqe 1s even. In this case, clearly we can find "2 non-overlapping clusters

(of size L = 2) such that at least one of them contains two vertices that are assigned
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the same integer. Among those *#e= non-overlapping clusters, let x, y, 2, a, b and
¢ respectively denote the number of clusters that are assigned only integer ‘1’, only
integer ‘2’, only integer ‘3’, both integers ‘1’ and ‘2’, both integers ‘2" and ‘3’, and
both integers ‘1’ and ‘3’. Since the interleaving is an MCI, clearly x +y+a < m — 1,
y+z+4b<m-1,z4x+c<m-—1. So2x+2y+2z2+a+b+c < 3m—3.
Sor+y+z+a+b+c<3m—-3—-—(r+y+2z2). Sincexz+y+2z > 1 and
Nnae = 2(x+y+2+a+b+c), we get e <2[3m—3—(x+y+2)] <6m—8=
(N —1)[(m —1)N —1].

Case 2: Nyq, is odd, and there are at least 2 non-overlapping clusters in G' each
of which is assigned only 1 integer. In this case, clearly we can find ”’"“Tz_l non-
overlapping clusters (of size L = 2) among which there are at least two clusters
each of which is assigned only one integer. Among those ”m“Tz_l non-overlapping
clusters, let =, y, 2, a, b and ¢ respectively denote the number of clusters that are
assigned only integer ‘1’, only integer ‘2’; only integer ‘3", both integers ‘1" and ‘2’,
both integers ‘2" and ‘3’, and both integers ‘1’ and ‘3’. Since the interleaving is an
MCI, clearly s +y+a < m—-1, y+z2z+b <m-—-1, z+2+c <m-—1.So
2e+2y+2z+a+b+c<3m—-3. Sox+y+z+a+b+c<3m—-3—(z+y+2).
Since t+y+2z > 2and e = 2 +y+2z+a+b+c)+ 1, we get Nypae <
2Bm -3 —(r+y+2)]+1<6m—-9<(N—-1)[(m—-1)N—1].

Case 3: Nyae is odd, and there don’t exist 2 non-overlapping clusters in G each
of which is assigned only 1 integer. Let 2/, 3/, 2/, d’, b’ and ¢ respectively denote the
number of edges in G whose two endpoints are both assigned integer ‘1’, are both
assigned integer ‘2’, are both assigned integer ‘3’, are assigned integers ‘1’ and ‘2, are
assigned integers ‘2’ and ‘3’; are assigned integers ‘1’ and ‘3’. (Then o’ +y'+2'+a' +
b+ ¢ = nypgs.) It’s simple to see that among z’, 3 and 2/, two of them equal 0, and
the other one is either 1 or 2. So without loss of generality, we consider the following
two sub-cases.

Sub-case 1: 2/ =1, and 3y = 2/ = 0. In this case, a’ < 2m — 3, because otherwise
there will be m non-overlapping clusters in GG that are assigned only integers ‘1’ and

‘2’. Similarly, ¢ < 2m — 3. Also clearly, ¥’ <2m —2. If ' =2m — 3 and ¢ = 2m — 3,
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then since there don’t exist m non-overlapping clusters in G that are assigned only
1 or 2 distinct integers, the MCI on GG can only take the following form: in G, there
are ' = 2m — 3 consecutive edges each of which has integers ‘1’ and ‘2’ assigned
to its endpoints (the segment of the cycle G consisting of these edges begins with
a vertex that is assigned the integer ‘2’ and ends with a vertex that is assigned the
integer ‘17), followed by an edge whose two endpoints both are assigned the integer
‘1’, then followed by ¢ = 2m — 3 consecutive edges each of which has the integers ‘1’
and ‘3’ assigned to its endpoints (the segment of the cycle G consisting of these edges
begins with a vertex that is assigned the integer ‘1’ and ends with a vertex that is
assigned the integer ‘3’), then followed by ' consecutive edges each of which has the
integers ‘2" and ‘3’ assigned to its endpoints (the segment of the cycle G consisting
of these edges begins with a vertex that is assigned the integer ‘3’ and ends with
a vertex that is assigned the integer ‘2’) — then it’s simple to see that b’ can’t be
even, which implies that " < 2m — 2 here. So in any case, we have a’ + V' + ¢ <
(2m—=3)4+(2m—2)4+(2m—3) = 6m —8. So Npax = ' +y' +2'+d +b'+ <6m—71.
SO Npar < 6m —8 = (N —1)[(m —1)N —1].

Sub-case 2: 2/ = 2, and 3y = 2’ = 0. In this case, with arguments similar
to those in sub-case 1, we get ' < 2m — 4, ¢ < 2m —4, and V/ < 2m — 2. So
Naz =T +y +2 +d +0+ <24+0C2m—-4)+2m—-2)+2m—4)=6m—-8=
(N —1[(m—-1)N —1].

So it’s proved that in any case, npa: < (N — 1)[(m — 1)N — 1]. And this lemma
is proved.

O
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Chapter 5

Monotone Percolation and
Topology Control

5.1 Preface

As discussed at the beginning of the thesis, the topological construction is a most
fundamental challenge for peer-to-peer type of networks, including overlay networks
and wireless networks. The topology-control method should be localized, in order
to be scalable to the size and dynamics of the network; however, at the same time,
the derived topology needs to achieve good global performance, including enabling
geographic routing and many other performance requirements.

In this chapter, we present a novel topology-control algorithm for wireless net-
works, which accomplish the above objectives. The nodes in the wireless networks
are modelled by a Poisson point process on a 2-dimensional Euclidean plane. For
nodes in higher-dimensional normed spaces, our algorithm can be naturally extended
to achieve similar performance — unless the nodes follow some very ill point pro-
cess (such as having many big ‘holes’ in the normed space with no nodes inside).
Therefore, the algorithm provides a very promising solution for the topology control

of overlay networks as well.
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5.2 Introduction

The topology of a wireless network is the basis for its performance. Nearly all the
important properties — e.g., routing efficiency, capacity — are relying on it. The
topology control of a wireless network is for every node to determine its connectivity
to other nodes by selecting its coverage radius (transmission range). In this chapter,
we always consider the wireless nodes to be a Poisson point process on an infinite
2-dimensional Euclidean plane; and we consider all the nodes to have omnidirectional
coverage — namely, if a node v selects its coverage radius to be r, then there is a
directed link (edge) from v to every other node within distance r.

Many topology control algorithms have been proposed, and the study on their
performance has been extensive [20], [24], [31], [33], [56], [79], [82], [87]. They are
generally using different tradeoffs among the design parameters, including coverage
radius, node degree, connectivity, etc. Here we briefly introduce some most represen-
tative algorithms — the unit-disk graph scheme, the nearest-neighbors scheme, the

Bluetooth scheme, and the nearest-with-forward-progress scheme:

e Unit-disk graph (UDG) scheme [24]: in this scheme, all the nodes have the
same coverage radius. The network has no strong connectivity with probability
1. However, if the coverage radius is big enough, the network percolates —
namely, there exists an infinite strongly-connected component in the network

whose size is a positive (instead of 0) percentage of the network.

e Nearest-neighbors (NN) scheme [87]: in this scheme, all the nodes connect
themselves to the same number of nearest neighbors. (Then the edges are made
bidirectional.) It is shown that if we use n to denote the total number of nodes
in the network (where n — ©0), in order to make the network asymptotically
connected, it is sufficient and necessary for every node to have O(logn) neigh-

bors.

e Bluetooth (BT) scheme [20]: in this scheme, the network has n nodes (where
n — oo) and is confined in a [0, 1]? square. Every node connects itself to ¢ other

nodes chosen randomly within distance r, where ¢ and r are constants. (Then
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the edges are made bidirectional.) It is proven that when r > 0 and ¢ > 2, the

network is asymptotically connected.

e Nearest-with-forward-progress (NFP) scheme [33]: every node v connects itself
to enough neighbors such that for every infinitely faraway point, the nearest
node that is closer to the point than v is is included as a neighbor of v. (In
the original definition of this scheme, the coverage radius of a node was assume
to be dynamically changing. Here we’ll regard a node’s coverage radius as the

maximum value it can be.)

In wireless networking, routing is probably the most extensively studied topic. For
a large-scale wireless (and possibly mobile) network, the control messages for finding
and maintaining routing paths can easily consume most of the network capacity.
Currently geographic routing [14], [43], [45], [44], [59], or at least compact routing
schemes similar to geographic routing, seem to be the way to make routing scalable. In
geographic routing, when a node needs to forward a message to a destination, it tries
to select a neighbor that is geographically closer to the destination as the next hop.
The potential of geographic routing depends on the network’s topology. In a general
topology, geographic routing will meet many dead-ends (a dead-end is a node whose
Euclidean distance to the destination is smaller than all its neighbors’); and to counter
that problem, path-recovery mechanisms need to be used, where a well known method
is to route on a planar sub-graph [6], [14], [43] . Such methods ensure correct delivery
at the cost of extra routing length, under-utilization of communication links and
possibly load un-balancing. Topologies more appropriate for geographic routing can
be got by using schemes such as NFP [33], where dead-ends are eliminated with high
probability for faraway destinations. The ideal topology will be one that eliminates
dead-ends for all destinations.

The great value of the topology control algorithms proposed so far is evident,
and some of their results are very deep. Their performance, however, is not yet
satisfactory. The objectives that a good topology control algorithm should try to

achieve include:
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Localized construction: every node determines its own coverage radius and

connectivity to other nodes using only the information of its nearby nodes.

Strong connectivity: a network is strongly connected if there is a directed

path from any node to any other node.

Good expansion: a wireless network has good expansion if for any connected
area in the 2-dimensional plane, when the size of the area increases, the proba-
bility that all the nodes can reach the area (through directed paths) approaches
1.

Small node degree: the degree of a node v is the number of other nodes within
the coverage radius (transmission range) of v. (Namely, here ‘degree’ means out-
degree.) A small degree of v means that when v transmits a message, its signal

interferes with only a small number of other nodes.

Small node degree for utilization: in some schemes, a node does not use all
its links to forward messages. Instead, it uses only a subset of its links, whose
cardinality we call the ‘degree for utilization’. Such an action is sometimes

useful, e.g., for simplifying link-usage control mechanisms.
Small coverage radius: it leads to small power consumption.

Small hop distortion: for any two nodes v and v, we define the hop distortion
for them to be the ratio between the minimum number of hops (edges) it takes
to travel from u to v and the Euclidean distance between them. (But we only
consider the cases where the number of hops is at least 2, because otherwise
it’s neither necessary nor possible to bound this ratio.) The hop distortion of a

network is the supreme value of the hop distortions for all the node pairs.

Small length distortion: for any two nodes u and v, we define the length
distortion for them to be the ratio between the length of the shortest path (in
length) from u to v and the Euclidean distance between them. The length
distortion of a network is the supreme value of the length distortions for all the

node pairs.
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The hop distortion and the length distortion together reflect the optimality of

transmission delay and power usage.

e Enabling geographic routing with no dead-ends: such a property will

greatly facilitate scalable, compact and efficient routing.

In this chapter, we present an adaptive topology control algorithm. More specifi-
cally, it includes a family of algorithms that incrementally achieve many or all of the
above objectives. These are the first algorithms that achieve such comprehensive per-
formance guarantees, to the best of our knowledge. We call the algorithms we present
Monotone Percolation algorithms, because they all share these common features: for
every node, it can reach infinitely many other nodes, which span every (big enough)
area of the 2-dimensional plane; and for any pair of source and destination nodes,
there exists a path that makes monotonic progress in the direction of the destination
and maybe also in reducing the distance to the destination. (When we say ‘one node
can reach another node’, it means there exists a directed path from the first node to the
second one.) Such a percolation model bears both clear similarity and distinction
when compared to classic percolation processes; in particular, it should be contrasted
with the oriented percolation studied previously [30], [61].

We present 5 related algorithms, which we shall call Algorithms I, II, III, IV and
V. We summarize and compare their performance with that of the four representative
algorithms that we introduced — UDG, NN, BT and NFP — in the Table 1 below.
(In Table 1, ‘A-I’) ‘A-II’, ---, ‘A-V’ mean the 5 algorithms we present. Both the
‘Hop distortion’ and the ‘Length distortion’ are for the whole network. We assume the
nodes in the network follow a Poisson point process on an infinite 2-dimensional plane,
whose density is 1 node per unit area. To better explain the asymptotic performance
of the previous algorithms, we use n to denote the total number of nodes in the
network — and of course, n — oco. For the BT algorithm, in its original definition all
the nodes are confined in a [0, 1]* square; since now we are enforcing the density to
be 1, we scale up the lengths in the square at a rate of \/n.)

From the table, we can clearly see that the algorithms we present make substantial

improvements.
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UDG NN BT NFP A-1 A-II | A-IIT | A-IV | A-V

Localized Yes Yes No Yes Yes Yes Yes Yes Yes
construction
Strong No Yes Yes — — Yes Yes Yes Yes
connectivity
Good No Yes Yes Yes Yes Yes Yes Yes Yes
expansion

Average Note* | Q(og(n)) o(n) o(1) o(1) (1) | ©(1) | 8(1) | 6(1)

degree — 00 — 00

Average Note* | aogn)) | O(1) | ©(1) (1) | 6(1) | ©(1) | 8(1) | 6(1)
degree for — 00

utilization

Average Note* | ooty | awvm | ©(1) || ©(1) | ©(1) | ©(1) | ©(1) | 6(1)
coverage —o00 | — 00

radius

Hop 00 — 00 00 00 00 00 O(1) | e(1)

distortion

Length 00 — 00 00 00 — (1) | e(1) | ©(1)

distortion

Enabling No — No Far Far Far Yes Yes Yes
geographic only* || only* | only*
routing

with no

dead-ends

Note*: for UDG, its average node degree (which is the same as average node degree for utilization)
depends on the uniform coverage radius. For percolation to happen, the average degree needs to be
at least 4.51258 — or equivalently, the coverage radius needs to be at least 1.1985.

Far only*: geographic routing is enabled with no dead-ends with high probability only for faraway

destinations.

Table 1: Summary and comparison of topology control algorithms.
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Our contribution is in presenting these novel algorithms and their performance
analysis, which uses some new techniques. And these algorithms demonstrate how
good global connectivity-, expansion- and distortion-objectives can be achieved using
purely local constructions.
The rest of the chapter is organized as follows. In Section 5.3, we define some basic
terms. Section 5.4 through Section 5.8 respectively introduce the 5 related topology

control algorithms and analyze their performance.

5.3 Basic Terms

The wireless network we consider consists of nodes on an infinite 2-dimensional Eu-
clidean plane that follow a Poisson point process, whose density is 1 node per unit
area. (All the results here can be modified very easily for a more general density A.)
We assume the nodes know their coordinates on the plane. Every node determines
its coverage radius using the given topology control algorithm. If a node v chooses
its coverage radius to be r, then there is a directed edge from v to every other node
whose distance to v is less than or equal to r (and such a node is called a neighbor
of v). (See Fig. 5.1.) As a result, we get a network that is a directed graph. The

number of outgoing-edges of v is called the degree of v.

Figure 5.1: Coverage radius and outgoing edges.

Given a network, for any two nodes u and v, d(u, v) denotes the Euclidean distance
between them. Given a directed path from u to v, we use H (u, v) to denote the number

of edges (namely, hops) in that path. h(u,v) denotes the minimum number of edges in
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a directed path from u to v — that is, h(u,v) = Minpaths from u to v H (4, v). Given a
directed path from u to v that consists of nodes ‘u, wy, ws, - -+, wg, v’, we use L(u,v)
to denote the length of that path, where L(u,v) = d(u,w)+d(wy,ws)+- - +d(wy, v).

[(u,v) denotes the minimum length of a directed path from u to v.

Given a directed path from node u to node v, we call I;((Sf)) the hop distortion of

that path. In this chapter, we only consider those cases where the number of edges in

the path is at least 2, because if it is 1, then the hop distortion of the path is simply

m — then if d(u,v) — 0, it becomes neither necessary nor possible to bound the

hop distortion for any topology control method. We define the hop distortion of the

h(u,v)

duv) that is, the worst hop distortion we may suffer even if

network to be max,,,
the shortest-path routing (measured in hops) is always used.

Similarly, given a directed path from u to v, we define % to be the length dis-
I(u,v)

d(u,w) "

tortion of that path. We define the length distortion of the network to be max,, ,

Now we define cones. Assume a node v has m neighbors. Then the rays starting
at v and respectively crossing those neighbors cut the plane into m disjoint areas,
which we call the cones of v. (For example, in Fig. 5.2, node v has 5 cones, whose
cone angles are Ay, As, -+, As. Certainly A; + A + - -+ + A5 = 27.) We say that

those cones (or cone angles) of v are caused by those neighbors.

Figure 5.2: The cones and cone angles of v.

We would like to mention the difference between our work and two previously

published algorithms, the cone-based algorithm [85], [49] and NFP [33]. The cone-
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based algorithm and our algorithms both use the concept of ‘cones’, but other than
that they have very different components and constructions; NFP bears some limited
similarity with our Algorithm I, but the similarity quickly diminishes as we move on to
Algorithms II, III, IV and IV — and even for NFP and Algorithm I, they have totally
different node-connection and routing methods. In both the cone-based algorithm
and NFP, the nodes’ coverage radii change over time, while our algorithms use a
static-coverage model (where the coverage radii are fixed once they are determined).
The studied performance aspects are also distinct — for the cone-based algorithm,
connectivity preservation, power-usage competitive analysis and power minimization
were studied; for NFP, signal interference, throughput and forward progress were
studied; while for our algorithms, the performance aspects we study are as listed in

Section 5.2. So as a result, the algorithms, analysis and results are all very different.

5.4 Algorithm I

5.4.1 Definition

Algorithm I is defined as follows: “every node chooses its coverage radius to be the

minimum value such that its cone angles are all smaller than 7.”

5.4.2 Routing Property

Say a node u needs to forward a message to a destination node v. With the network
topology constructed using Algorithm I, v must have a neighbor w such that the
angle Zwuv < 7. If d(u,v) = oo, then it is not difficult to see that d(w,v) < d(u,v)
— so by relaying the message to w, u makes the message geographically closer to
the destination. Now for destinations not infinitely far away, the farther away the
destination is, the more likely u will have a neighbor that gets closer to the destination.
So the network enables geographic routing without dead-ends with high probability

for faraway destinations.
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5.4.3 Node Degree

It is natural to think that when a node u uses Algorithm I to determine its coverage
radius 7, u does it in the following way: u firstly lets r = 0; then u gradually increases
r, and as a result, u covers (connects itself to) more and more neighbors; when r
reaches a particular value — let’s call it 7y, — one more new neighbor is covered and
suddenly all u’s cone angles become smaller than 7, and u knows that its coverage
radius should be equal to ry.

For the ease of analysis, let’s do a little imagination: let’s imagine that node u
keeps increasing r for ever — even after r has exceeded ry. (u will always remember
that r¢ is what its coverage radius should be, though. So such an imagination won’t
hurt our analysis.)

Let’s now understand the above process in another way. Let’s imagine there is a
circle centered at u whose circumference has length 1, which we shall call the ‘Unit
Circle’. We denote the neighbors of u by vy, vq, vy - -+, where d(u,vy) < d(u,v1) <
d(u,vy) < ---. (In this chapter we always only consider the nodes to be in general
positions, because in the probabilistic analysis, the probability that several nodes are
not in general positions equals 0. Please keep this in mind also for analysis elsewhere.)
For each v;, the ray starting at v and going through v; intersects the Unit Circle, and
we denote the intersection point by w;. (See Fig. 5.3 for an example.) We assign
a coordinate to each point on the Unit Circle in the following way: for point p, its
coordinate equals the distance one needs to cover when one moves from wg to p
clockwise on the Unit Circle. (So the coordinate is in the range [0, 1).)

When w is increasing its coverage radius r to cover more neighbors, every time a
new neighbor — say it’s v; — is covered, v; can be anywhere on the circle of radius r
with the same probability; so w;’s coordinate has a uniform distribution in the range
[0,1). We would like to think that the points wg, wy, wy - -+ cut the Unit Circle into
pieces. (For example, in Fig. 5.3, when u has 4 neighbors, the Unit Circle is cut into
4 pieces, whose endpoints are respectively wg and wy, wy, and ws, ws and ws, wy and

wp.) Clearly, all u’s cone angles are smaller than « if and only if all the pieces
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1
—=j===== Unit Circle
I

Figure 5.3: Projecting u’s neighbors onto the Unit Circle.
of the Unit Circle have lengths smaller than 0.5.

Theorem 5.1 Let Z denote the degree of a node in a network constructed using
Algorithm I. Then Pr{Z <n} =1— 525 forn=1,2,3,---; and Pr{Z =n} = 73
form=2,3,4,---.

Proof: We consider the node u in the previous discussion, and let Z be its degree. The
probability that ‘Z < n’ equals the probability of the following event — “n uniformly
distributed points wg, wq, -+, w,_1 on the Unit Circle cut the Unit Circle into n
pieces whose lengths are all smaller than 0.5”, which then equals the probability of
this event — “among those n uniformly distributed points wq, wy, -+, w,_1, there
exist two points w; and w; (1 <7 # j < n—1) such that the following three conditions
are satisfied: (i) w;’s coordinate x is in the range (0,0.5), (ii) w;’s coordinate y is in
the range (0.5, 2 4 0.5), (iii) for each of the n — 3 points excluding wy, w; and wj, its
coordinate is either in the range (0,z) or in the range (y, 1).”

There are (n — 1)(n — 2) ways to select the two points x; and x;. The probability
that ‘a point wy (k # 0,4, 7) is in the range (0,z) or (y,1)’ equals (z —0) + (1 —y) =

1 T 1
Lta—y. So Pr{Z <n} = [ [{ (0= 1)(n = 2)(1 +x —y)"Pdyde = 1 - 5.
(Here n > 3.) The rest of the proof is straightforward. O

Next we compute the expectation and variance of the node degree and show
that they are small. In principle they can, certainly, be computed by using the

distribution of node degree derived in Theorem 5.1. However we present here an
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alternative solution for the following reasons: the solution is intriguing and makes
the degree’s expectation and variance significantly easier to compute; it provides a

more ‘combinatorial’ analysis that can be extended for many generalized forms of

Algorithm 1.

Theorem 5.2 Let Z denote the degree of a mode in a network constructed using

Algorithm 1. Then E(Z) =5, Var(Z) = 4.

Proof: Let’s once more consider the generic node u in the previous analysis, and
let Z be its degree. Assume at some moment, the Unit Circle is cut into n pieces
by n points — wg, wy, -+, w,_1. Fort =1,--- n —1, let’'s use C; to denote the
coordinate of w;; and we write C; in the binary form: C; = (0.¢;1¢i2¢i3 -+ )a. (For
example, if C; = 0.75, then its binary form is C; = (0.ci1cio¢i3 -+ )2 = (0.110---)9.) Let’s
re-order Cy, Cy, ---, C,_1 according to this rule: “C; is placed in front of C; if
(0.0ci2¢i3 - -+ )2 < (0.0cjocjs - -+ )2.” Let’s call those re-ordered numbers Dy, Dy, ---,
D,,_1. (For example, if n =4 and C; = (0.010---)9, Co = (0.111 -+ )9, C5 = (0.101 - - - )a,
then we re-order them as: Dy = (0.101---)a, Dy = (0.010- - )2, D3 = (0.111---)2.)
Fori=1,2,--- ,n—1, we denote the binary form of D; by (0.d;1d;2d;3 - - - )2. Now
let’s observe the following sequence of bits: diq, da1, -+, dn—1)1. It’s not difficult to
realize that “the n points — wq, wy, - -+, w,_1 — cut the Unit Circle into n pieces
all shorter than 0.5” if and only if “in the sequence of bits — dyy, da1, -+, dpn—1)1 —
there is a 0 that appears behind a 17. We can also see that even if the permutation
(re-ordering) from ‘Cy, Cy, -+, Cy—y’ to ‘Dy, Dy, -+, D, 1’ is fixed, ‘dy1, doy, - -,
d(n—1y1” are still n — 1 i.i.d. random variables with the equal probability to be 0 or 1
(because the permutation has nothing to do with the sequence ‘dyq, day, - - -, d(n,l)l’).
We define the following game: “we throw a fair coin at discrete times 1, 2, 3 - - - ; if
at time 4, the coin shows side 1 (or, ‘HEADS’) for the first time, then we let x = ; if at
time j (j > i), the coin shows side 0 (or, ‘TAILS’) for the first time after time i, then
we let y = j—i.” From the analysis, we can see that Pr{Z <n} = Pr{z+y <n—1}.
So for any m, Pr{Z = m} = Pr{s+y+1 =m}. So E(Z) = E(xr+y+ 1) and
Var(Z) = Var(z +y +1). x and y both have the geometric distribution and they
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are clearly independent. So E(z) = E(y) = Var(z) = Var(y) = 1/(3) = 2. So
E(Z)=E(x)+E(y)+1=5and Var(Z) = Var(z) + Var(y) = 4. O

5.4.4 Coverage Radius

Theorem 5.3 Let R denote the coverage radius of a node in a network constructed
using Algorithm I. Then the cumulative distribution function of R is Fr(x) = Pr{R <
xp=1- e 7TZL'2€_§ for x > 0. And the probability density function of R is
fr(z) = dFsz(x) = 2nze ™ 4 1l e _orze % forz>0; E(R) = @ ~ 1.207;
and Var(R) = 5 — 322 (1344,

Proof: Let u be the node whose coverage radius we are studying here, and let Z denote
its degree. Let n denote the number of nodes (except u itself) whose distance to u is
less than or equal to z. Then, Fr(z) = Pr{R <z} = Pr{Z < n} = Pr{ the n cone
angles caused by the n nearest neighbors of u are all smaller than 7} =3 ">°, Pr{n =
i} Pr{ the i cone angles caused by the i nearest neighbors of u are all smaller than
m}. n is a Poisson variable; and it’s not hard to see that the event “the n cone angles
caused by the n nearest neighbors of u are all smaller than 7” is independent of z,
even though n itself depends on z, because the nodes are distributed uniformly with
respect to directions — so that event’s probability simply equals Pr{Z < n} (whose
expression is shown in Theorem 5.1). Therefore Fr(z) = > o0 (”?2)ie_”’”2Pr{Z <

=3 4!

i - 7'rz2 .
i} =, @6_”2(1 — ) = 1 - e ™ _ qgz2e= "% . The rest of the proof is

straightforward. O

5.4.5 Expansion and Connectivity

Theorem 5.4 A network constructed using Algorithm I has good expansion. What’s
more, it contains a strongly-connected subgraph that every node can reach. Such a

subgraph is infinitely large and unique.

Proof: Let u be an arbitrary node in a network constructed using Algorithm I. Let

E(u) denote the set of edges of the network that u can reach. The edges in E(u) cut
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aface

Figure 5.4: (a) The faces caused by the edges reachable from node u. (b) A face that
cannot possibly exist.

the 2-dimensional plane into disjoint areas, which we shall call faces. (See Fig. 5.4
(a) for an example, where the faces are labelled as Fy, Fy, ---.) Each of the faces
must have the shape of a convex polygon. To see that, let’s assume there is a face
which is a concave polygon, as shown in Fig. 5.4 (b). Then the face has an inner
angle 6 that is greater than 7. It is easy to see that there must be a node located at
the point p, and the cone-angles of that node are not all smaller than 7 — and that
contradicts the fact that the network is constructed using Algorithm I. Each of the
faces must also be a closed polygon — because otherwise, the boundary of the face
would contain an infinitely long edge, which is impossible. So all the faces are closed
convex polygons. With the fact that the nodes in the network follow a Poisson point
process, it is not difficult to see that the network has good expansion.

Let’s call a maximal strongly-connected subgraph a component, and call a com-
ponent that has no directed edges going into other components a sink component.
The network constructed using Algorithm I must have one or more sink components.
Assume there exist two sink components A and B, which respectively contain a node
u and a node v. It is simple to see that the set of nodes and edges in A (respectively,
B) are exactly the set of nodes and edges in the network that u (respectively, v) can
reach. Both the edges in A and the edges in B cut the plane into faces that are closed

convex polygons of finite areas. So the edges in A and in B must intersect each other
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somewhere. Without loss of generality (WLOG), we assume there is an edge in A,
which starts at node x; and ends at node x5, and an edge in B, which starts at node y;
and ends at node 5, which intersect each other at a point s. Also WLOG, we assume
d(s,x9) > d(s,y2). Then d(z1,xe) = d(x1,s)+d(s,z2) > d(x1,s)+d(s,y2) > d(x1,ys).
Since x5 is within the coverage radius of x1, so is y». So there is a directed edge start-
ing at x; and ending at y,, which contradicts the facts that component A is a sink
component. So there is only one sink component. It is simple to see that all the
nodes of the network can reach the unique sink component, and the sink component
is infinitely large.

O

The strongly-connected subgraph that all nodes can reach spans the plane well.

That makes long-range communication feasible.

5.5 Algorithm II

5.5.1 Definition

Algorithm II is an enhanced version of Algorithm I. Compared to Algorithm I, Al-
gorithm II further increases nodes’ coverage radii so that for any two nodes, if Algo-
rithm I would create a directed edge between them, then Algorithm II will create a
bi-directional edge between them. The reason for doing this is that in engineering,
it’s often desirable to use bi-directional links for the ease of medium-access control
and 2-way communication (although in principal, having short loops instead may also
work).

Algorithm II has two steps, and it is defined as follows: “step 1, use Algorithm I to
determine the coverage radius of every node; step 2, for every node v, if its coverage
radius was r and the maximum length of its incoming edges was ¢ in step 1, then v

makes its coverage radius to be max{r,¢}.”
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5.5.2 Connectivity and Routing Property

All the good routing and connectivity properties that Algorithm I can achieve is also
achieved by Algorithm II. Moreover, Algorithm II guarantees the strong connectivity

of the network:

Theorem 5.5 A network constructed using Algorithm II is strongly connected.

Proof: For a fixed set of nodes on the 2-dimensional plane, let’s use Algorithm I
(Algorithm IT) to construct a network which we shall call Network I (Network II).
Clearly for any two nodes p and ¢, if there is a directed path from p to g or from ¢ to
p in Network I, then in Network II, all the edges in that path become bi-directional
— s0 p can ¢q can reach each other. Now consider two arbitrary nodes u; and us. By
Theorem 5.4, in Network I there is a strongly-connected subgraph that u; and uy can
both reach. Then it’s not hard to see that in Network II, u; and uy can reach each

other. So Network II is strongly connected. a

5.5.3 Coverage Radius and Node Degree

The distribution of a node’s coverage radius is hard to compute for Algorithm II.
Nevertheless, we can show that its expectation and variance are upper bounded by

small constants.

Lemma 5.1 In a network constructed using Algorithm I, randomly and uniformly
select an edge, and denote the edge’s length by L. Then the probability density function

22

of L is fr(x) = 2%x(e’mg + ma?e="2), for x > 0.

Proof: Without loss of generality, we assume there is a node u at the origin point of
the 2-dimensional plane, and consider its outgoing edges. Let’s use A(x) to denote the
probability that “u has an outgoing edge whose length is between x and x+dx”, where
dx — 0. Then A(z) = Pr{the cone-angles of u caused by the nodes within distance
x are not all smaller than 7} Pr{there exists a node whose distance to u is between z

and = +dx} = Pr{the cone-angles of u caused by the nodes within distance x are not
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all smaller than 7} (z+dz)?—mz?|[1+0(1)] = Pr{the cone-angles of u caused by the
nodes within distance x are not all smaller than 7 }[2rxdx+o(dz)]. From Theorem 5.3,
we can see that Pr{the cone-angles of u caused by the nodes within distance z are not
all smaller than 7} = e~ ™ T S A(x) = (e +7m:26_#)[27rxd:c—|—0(dx)].
It is not hard to see that f(x) = [limg,—o %] C o= (e 4 WQTZG_#) 2rx - O,
where C' is some appropriate scaling factor. From fooo fr(x)dz = 1, we find that
C=1 S0 fi(z) = Zax(e™ + 77:1626’#), for z > 0.
a

Theorem 5.6 Let R denote the coverage radius of a node in a network constructed

using Algorithm II. Then E(R) < 1.6585, and Var(R) < 1.338.

Proof: ITmagine we have a very large bag, and let’s play the following game: “generate
the nodes following the Poisson point process and use Algorithm I to construct a
network; corresponding to each node u of the network, we put a red stick whose
length equals the coverage radius of u into the bag; corresponding to each directed
edge of the network, we put a green stick whose length equals the length of the edge
into the bag; repeat all the above steps.”

Clearly there will be infinitely many sticks in the bag, because each network has
infinite nodes and we generate the network infinitely many times. Nevertheless, if we
use Lp to denote the length of a red stick and use L to denote the length of a green
stick, we know the probability density functions of Ly and Lg: fr,(z) = e~ ™ +

22
e~ — 2rxe” "% (by Theorem 5.3), and fr.(z) = Za(e ™ + ma’e="2 ) (by

2
X 5

Lemma 5.1). Also, Theorem 5.2 tells us that the average degree of a node is 5, so the
number of green sticks is 5 times the number of red sticks. Therefore, if we use L to

denote the length of a stick in the bag (regardless of its color), then the probability

2

e

density function of L is fr(z) = [fr.(x) + 5fr.(2)] - & = %’rgge—m? n %QxSe_T -

2

_ Tz

sre 2.
For Algorithm II, we see (from its definition) that a node determines its coverage
radius through these two steps: “firstly, Algorithm I is used to construct a network;

next, every node sets its coverage radius to be the larger value of its old coverage
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radius and the length of its longest old incoming edge.” Equivalently, we can also
see the nodes as using the following method to determine their coverage radii: “every
node picks a red stick and a green stick (not necessarily uniformly) from the bag, and
sets its coverage radius to be the maximum length of these two sticks.”. Clearly, no
two nodes need to, or should, pick the same red stick or green stick.

We can see that the average coverage radius for Algorithm II cannot exceed the
average coverage radius for the following scheme: “pick just one stick out of the bag
for each node (one by one), and set the node’s coverage radius to be equal to that
stick’s length; for every node, we always pick the longest stick that is still available
(regardless of its color).” What is the average length of the sticks picked out in the
above scheme? The number of sticks in the bag is 6 times the number of nodes. So
if we are picking out exactly those sticks longer than a value z, then fzoo fr(x)dx = %
— so we find z ~ 1.4115. Then the average length of the sticks picked out in the
above scheme is [ [~z fr(x)dz] - 6 = 1.6585. So E(R) < 1.6585.

With the same method we can prove that E(R?) < 2.7948. The average coverage
radius for Algorithm II is no less than that of algorithm I, so E(R) > @ ~ 1.207
(by Theorem 5.3). So Var(R) = E(R?) — E*(R) < 2.7948 — 1.207? = 1.338.

O

From the proof of Theorem 5.6, it is easy to realize that, in fact, all the moments
of the coverage radius (not just its expectation and second moment) in a network
constructed using Algorithm II are finite constants (instead of 0o). As to the node
degree, we can see that in such a network, the neighbors within a node’s coverage
range do not follow a Poisson point process, because the node’s coverage radius is
dependent on the positions of the neighbors. Nevertheless, it is not hard to see that

the expectation of the node degree is also a finite constant.
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5.6 Algorithm III

5.6.1 Definition

Algorithm IIT is defined as follows: “every node chooses its coverage radius to be the
minimum value such that its cone angles are all smaller than or equal to #, where 6

is a fixed number and 0 < 0 < %’r.”

5.6.2 Connectivity and Routing Property

Lemma 5.2 In a network constructed using Algorithm III, let u and v be any two

nodes. Then u has a neighbor w such that d(w,v) < d(u,v).

Proof: Let r be the coverage radius of u. We just need to consider the case where
d(u,v) > r. Since all u’s cone angles are smaller than or equal to 6, © must have a
neighbor w such that the angle Zwuv < § < % — then since d(u,w) < r < d(u,v),
we get d(w,v) < d(u,v).

O

If in Algorithm III we make 6 > 2?”, then the statement in Lemma 5.2 no longer
holds (however it holds if 6 = %”) So in this sense %” is a threshold for 6. From the
above lemma we can also see that for any source and destination, we can use geo-
graphic routing to find a path between them without meeting any dead-end (because

every intermediate node can use a neighbor closer to the destination as the next node

in the routing path). So we get:

Theorem 5.7 A network constructed using Algorithm III is strongly connected. And

it enables geographic routing with no dead-ends.

5.6.3 Length Distortion and Routing Property

Lemma 5.3 Let O and P be two nodes, and let OAE be a sector centered at O

as shown in Fig. 5.5, where ZAOP < % and d(O,P) > d(O,A). For every point

t in the sector (including the boundary of the sector), we define n(t) as n(t) =
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%, and call n(t) the ‘competitive ratio of t’. Then, in the sector, A is
the unique point that mazimizes the competitive ratio — and that value is n(A) =
4(0,A)

{OP) PO P A0,A 0 Do D raor What’s more, n(A) is a strictly decreas-

ing function in d(O, P).

\ £ZAOP

Figure 5.5: Maximum competitive ratio in a sector.

Proof: Draw a circle C' centered at P that intersects the sector. If we move a point
c on C, the value d(O, P) — d(c, P) clearly remains constant. If C' intersects the
arc ZE, then clearly for points on C' that are also in the sector, the intersection of
C and AE is the only point that maximizes the competitive ratio. If C' does not
intersect the arc ZE, then it intersects the line segment OA; then it’s also clear that
for points on C' that are also in the sector, the intersection of C' and OA is the only
point that maximizes the competitive ratio. So the point (or points) in the sector
that maximizes the competitive ratio is either on the arc AFE or on the line segment
OA. But then since all the points on the arc AE have the same distance to 0, it is
simple to see that A has a greater competitive ratio than any other point on the arc
AE. So the point (or points) in the sector that maximizes the competitive ratio is on
the line segment OA.

Now let’s find out which point on the line segment O A maximizes the competitive
ratio. We draw a circle centered at point P whose radius is d(P, A), which is shown
as the solid circle in Fig. 5.6 — let’s denote the intersection of the circle and the line
segment OA by ‘D’. Let B be an arbitrary point on the line segment DA. Draw a
circle centered at point P whose radius is d(P, B), which intersects the arc AE at
point C'; as shown in Fig. 5.6. It is simple to see that the competitive ratio of B is

smaller than that of C'; which is in turn smaller than that of A. So the competitive



174

ratio of A is greater than any other point on the line segment DA.

Figure 5.6: The maximum competitive ratio of points on the line segment OA.

Now consider points on the line segment OD. Let X and Y be two points on OD,
and let the distance between X and Y be extremely small — namely, d(X,Y) — 0.
Y is closer to P than X is by d(X,Y)cos ZY XO — and that value is a strictly
decreasing function of ZY XO. So it is not difficult to see that for a point on the line
segment OD, the further away it is from O, the greater its competitive ratio is. So
the competitive ratio of point D is greater than any other point on the line segment
OD.

By combining the above results, we can see that in the sector OAE, A is the
unique point that maximizes the competitive ratio. Clearly, A’s competitive ratio
is n(A) = d(0,P)—+/d2(O, P)+d2(O(Z)A)2d(O,P)d(O,A) cos\NAOP
Vd%(0, P) + d2(0, A) — 2d(0, P)d(O, A) cos ZAOP. We take the derivative of n(A), and

. Let’s define f as f = d(O,P) —

d(0,A & p)
find that 8d(0 }') =-4 72 ) Bd(g P) Since 8d(0f Py —
1, 1 . — =
1-3 \/@2(0,P)+d2(0,A)—2d(0,P)d(0,A) cos NAOP (2d(0, P) — 2d(0, A) cos LAOP)
_ d(0,P)—d(0,A) cos \AOP on(A)
\/(d(0,P)—d(0,A) cos \AOP)2+(d(0,A) sin \AOP)?2 >0, we find that 3a(0,P) < 0. Son(A) is

a strictly decreasing function in d(O, P).

O

We derive a routing method, which we call Routing Method I as follows: “when a
node u needs to forward a message to a destination node v, u sends the message to

a neighbor w such that Zwuv < ¢ 5 < 3.7 (With Algorithm III, such a neighbor w is
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guaranteed to exist.)

Theorem 5.8 In a network constructed by using Algorithm III, the length distortion

1

of the network is at most Vil

Proof: First let’s take a look at Lemma 5.3. In that lemma, it is said that n(A) is

d(0O,A)

strictly decreasing in d(O, P), so n(A) < O PO RO o O BT —

1
1—v/2—2cos\AOP"

For any two nodes u and v, we use Routing Method I to get a path from u to v.

Let’s say the path consists of nodes ‘v = wy, ws, ws, - -+, wxy1 = v’. Then the length
P s P .
distortion of this path is —=12Witit) _ g i=1 dWi i) . From Lemma 5.3

d(w1,wy+1) ¥ [d(wiwpg1) —d(wig1,wpr)]

and our analysis at the beginning of this proof, we can see that for every i (1 <i < k),

d(wi,wit1) < —g-t . So both the length distortion of this path, and

d(wi,wi11)—d(Wit1, Wk 1) 1— 9.9 cos £

the length distortion of the network, is at most —a—1——.

1— 2—2cos %

(Il
The proof of Theorem 5.8 shows that even by using Routing Method I, a geo-
graphic routing scheme, the length distortions of the routing paths can still be upper

bounded by —a-1—.
1— 2—2cosg

5.6.4 Hop Distortion, Node Degree and Coverage Radius

The hop distortion for networks constructed using Algorithm III is co. That’s because
even though the node density is 1 node per unit area, the following phenomenon is
still certainly going to happen somewhere in the network: ‘for two nodes v and v, the
nodes between and around them are so dense that they all have very small coverage
radii; as a result, every routing path from u to v consists of a very large number of
edges (which is impossible to bound from above).’

The distributions of the node degree and the coverage radius can be computed in
similar ways as for Algorithm I. Clearly, both of them are functions with an expo-
nentially decreasing tail. Therefore both the expectations and variances of the node

degree and the coverage radius are constants (instead of co) (that depend on #).
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5.7 Algorithm IV

5.7.1 Definition

Algorithm IV consists of two steps, and it is defined as follows: “step 1, every node

chooses its coverage radius to be the minimum value such that its cone angles are all

27

o5 step 2, for

smaller than or equal to 6, where 6 is a fixed number and 0 < 0 <
those nodes whose coverage radii in step 1 were small than §, they set their coverage

radii to be §. Here ¢ is a fixed number and § > 0.”

5.7.2 Hop Distortion

Algorithm IV is an enhanced version of Algorithm III, so all the good connectivity,
length-distortion and routing properties that Algorithm III can achieve can also be
achieved by Algorithm IV. Now we show that Algorithm III can achieve more: for
a network constructed using Algorithm IV, its hop distortion is upper-bounded by a
constant.

Firstly we present a new routing method, which we shall call Routing Method II:
“when a node u needs to forward a message to a destination node v, u sends the
message to its neighbor w that satisfies the following two conditions: (1) if we define
S as S = {p |p is a neighbor of u, and Zpuv < g < %}, then w € S; (2) for every node
p €S, dlw,v) <d(p,v).” Routing method II is a special case of Routing Method I.

Lemma 5.4 In a network constructed using Algorithm IV, if we use Routing Method
Il to do routing, then for any two consecutive edges in any routing path, the total

length of those two edges is greater than ¢.

Proof: We assume Routing Method II is used for routing. Now consider the following
scenario: ‘node O needs to forward a message to destination node P, and it sends
the message to its neighbor C'; node C' sends the message to its neighbor D.” Then
to prove this lemma, we need to prove that d(O,C) + d(C, D) > §.

We assume that the coverage radius of node O is R. See Fig. 5.7. Clearly, node
C' must be in the sector OAB; since d(D, P) < d(C,P) and C is the closest to P
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than all the the other nodes in the sector OAB, D must be out of the sector OAB.
Then there are three possibilities: Possibility 1, the line segment C'D intersects OA;
Possibility 2, C'D intersects the arc ZE; Possibility 3, C'D intersects BO. We consider

them one by one. Without loss of generality, from now on we assume node C' is in

the sector OAFE.

De

Figure 5.7: Two consecutive edges in a routing path.

(1) Firstly, assume CD intersects OA. Then it is as shown in Fig. 5.8.

Figure 5.8: Two consecutive edges in a routing path, when C'D intersects OA.

Imagine there is a circle that passes through these three points — O, A and F
— which we shall denote by ‘circle OAE’. All the three inner angles in the triangle
AOAE are smaller than 7, so the center of the ‘circle OAE’ is inside the triangle
AOAFE — so the sector OAE is totally contained inside the ‘circle OAE’; then since
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node C lies in the sector OAFE, C is in the ‘circle OAE” — so ZOCFE > OAE. Then

] _27\'/3

/DCP > LOCE > LOAE = ZOFA = =MO9E = T2 5 Tm 2 — 2 5 8 Algo,

2 2
27 — £LDCP > LACP > LAOP = g. That contradicts the fact that C decided to

send the message to D based on the Routing Method II. So the case we are considering
here is impossible.

(2) Secondly, assume C'D intersects the arc AB, as shown in Fig. 5.9. In this case,

clearly d(O,C) + d(C, D) > R > §, which is the conclusion we need.

Figure 5.9: Two consecutive edges in a routing path, when C'D intersects the arc AB.

(3) Thirdly, assume CD intersects OB. Then it is as shown in Fig. 5.10.

Figure 5.10: Two consecutive edges in a routing path, when C'D intersects OB.

Let’s see how we can adjust the positions of all the nodes to minimize the value of

d(O,C) +d(C, D). The following are the 2 steps for that adjustment: “(i) We make
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node D to be infinitely close to the point F. (ii) We know ZPCF = ZPCD < g <%
so Z/OFC =m—/FOP - ZOGF <7 — /PCF - ZCGP = ZCPO < ZCOEO < 7.
So to minimize the value of d(C, F') (which now equals d(C, D)), we need to make
/PCF = g, and make node P be infinitely close to the point E.” After the above

two adjustment steps, the situation becomes as shown in Fig. 5.11.

Figure 5.11: Two consecutive edges in a routing path, when C'D intersects OB.

Now let’s temporarily assume that the position of node D is fixed, and let’s see
where node C' needs to be in order to minimize d(O,C) + d(C, D). Imagine there
is a circle that passes through these three nodes — O, P and D — which we shall
call ‘circle OPD’. (Circle OPD is the dashed circle in Fig. 5.12.) Since ZPOD =
/PCD = g, C must be on the circle OPD. C'is also in the sector OAP, so node C'
can only lie on the arc op. (The arc HP is part of the circle OPD, and H is the
intersection point of OA and the circle OPD.) But at which position on the arc op
should node C be in order to minimize d(O,C) + d(C, D)?

On the two-dimensional plane, given any number s such that s > d(O, D), if we
find out those points p such that d(O,p) + d(p, D) = s, then we’ll see that those
points form an ellipse with O and D as its foci. (Such an ellipse is shown in dotted
line in Fig. 5.12.) Let’s gradually increase the value of s, and as a result the ellipse
grows. Once the ellipse intersects the arc P/H\D, the first intersection point is where
node C' should be in order to minimize d(O,C) + d(C, D). Clearly this intersection

point is either point H or point P. If the intersection point is P, then we already
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Figure 5.12: Two consecutive edges in a routing path, when C'D intersects OB.

have d(O,C) + d(C,D) = d(O,P) + d(C,D) > d(O,P) > 4. So in the rest of the
proof, we assume that node C' lies where point H is, and we’ll prove that even in this
case, we still have d(O,C) + d(C, D) > 9.

Since now node C' lies where H is, the situation becomes as shown in Fig. 5.13.
From now on we no longer assume that node D’s position is fixed. Instead, we let node
C take different positions on the line segment OA; and the position of D becomes

uniquely determined by C'.

Figure 5.13: Two consecutive edges in a routing path, when C'D intersects OB.

Let’s define ¢ as t = d(O, C), and define f(t) as f(t) = d(O,C) + d(C, D). (Here

0 <t<dO,A) =R) Then f(t) = d(O,C) + d(C,D) = t + UERIMACLO — 4 |

sin \CDO
d(0,C)sin \COD d(C,P)-tsinf d(C,P)-tsin 6 (C,P)-tsinf __

_ tsinf _ _ d
sin \C PO =t+ sin\CPO ~— i+ d(C,P)sin\CPO ~— t+ d(0,C)sin\COP ~— t+ tsin%
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t+2cos §d(C, P) = t + 2cos §1/d*(0,C) + d*(0, P) — 2d(0, C)d(O, P) cos ZCOP = t +

QCOSg\/tZ + R2 — 2tRcos §.

Let’s see when f(t) takes its minimum value. Assume that there is a value ¢y
(0 < top < R) such that the derivative of f(t) at t = tq — namely, |t to — equals 0.
By solving the equation ( ) — = 0, we find that t; = Rcos 2 — \/%. By using the
fact that to > 0 and the above formula, we find that # < 7. Then we find that f(t,) =
Rcos ! +RSIH \/4(3082 —1> Rcos? —l—Rsm— R\/C082 9 +sin?? —|— 2cos§smg =
RyV1+sinf > R > 6. (Note that 0 < 6 < 2%.) So f(to) > d. Now let’s check the
boundary values. When t = d(O, A) = R, clearly f(t) > R > §. When t approaches

0, the value of f(t) approaches 2R cos 5 > 2Rcos = R > 0. Then it’s not difficult

to see that f(¢) > 0 for any 0 < ¢ < R. So we have proved the conclusion in this case.
a

Theorem 5.9 In a network constructed using Algorithm IV, we use Routing Method
II to do routing. For any two nodes O and P, let’s use H(O, P) to denote the

number of edges in the routing path from O to P. Assume H(O,P) > 2. Then the

(0,P) H(O,P)
d(O,P) ’ d(O,P)

hop distortion for that routing path, 15 upper bounded as follows: <

2
d(O,P) + 5(1—\/2—2005g)

Proof: According to Theorem 5.8, the length of the routing path from O to P is

at most d(O, P) - 451170 The total length of any two consecutive edges in the
1- 2-2cos 3

routing path is more than ¢ (by Lemma 5.4), so the first ZLWJ edges in the

H(O,P)flJ

routing path have a total length of more than §| — but that total length is

less than the length of the routing path. So 6LH(O P)- Ll <d(o,P)- % As a

- 2— 2c0s5

H(O.P) 2| HOP=L |19 9

A0 ST AR S @O T 50 ae])

result

O

In Theorem 5.9, clearly d(O, P) > 4. So we get the following conclusion:

Theorem 5.10 The hop distortion for a network constructed using Algorithm IV is

oy )

less than 2(1 +
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We see that even when Routing Method II — a geographic routing method — is
used, the hop distortion and length distortion for the routing paths are still upper-

bounded by constants.

5.7.3 Node Degree and Coverage Radius

The distributions of node degree and coverage radius for Algorithm IV can be com-
puted by using the corresponding distributions for Algorithm III. They are again
functions with exponential decreasing tails, so both the expectations and the vari-
ances of the node degree and the coverage radius are constants (instead of co) that

depend on 6 and §.

5.8 Algorithm V

5.8.1 Definition

Algorithm V is defined as follows: “for every node u, it disregards those nodes whose
distance to u is less than A, and chooses its coverage radius to be the minimum value
such that its cone angles (which are caused only by those neighbors whose distance
to u is at least A) are all smaller than or equal to 6. Here § and A are fixed numbers,
0<9<%’r,andA>O.”

Please note that although a node disregards its neighbors within distance A when

determining its coverage radius, it still connects itself to all the nodes within its

coverage radius.

5.8.2 Hop Distortion and Other Performance Measurements

We can easily see that the upper bound for length distortion shown in Theorem 5.8
also holds for Algorithm V. In a network constructed using Algorithm V, we present
the following routing method which we shall call Routing Method I1I: “when u needs
to forward a message to a destination node v, if v is not a neighbor of u, then u sends

the message to a neighbor w such that d(u,w) > A and Zwuv < g; otherwise, u
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Y

directly sends the message to v.” Routing Method III is a special case of Routing

Method I. The routing path from u to v based on Routing Method III has a length
that is at most d(u,v)- —a——— (see the proof of Theorem 5.8); and in that routing

1— 2—2cos %

path the length of every edge except the last one is at least A. So similar to the

proofs of Theorem 5.9 and Theorem 5.10, we can prove the following:

Theorem 5.11 In a network constructed using Algorithm V, we use Routing Method
III to do routing. For any two nodes O and P, let’s use H(O, P) to denote the

number of edges in the routing path from O to P. Assume H(O,P) > 2. Then the

hop distortion for that routing path, %, 15 upper bounded as follows: % <
1

1
d(0,P) + A(l—\/2—2cosg) '

Theorem 5.12 The hop distortion for a network constructed using Algorithm V is

at most +(1 + 1;)

The distributions of node degree and coverage radius for Algorithm V can be com-
puted by using the corresponding distributions for Algorithm III (and the methods
here are simpler than those for Algorithm IV). The expectations and variances of
those two random variables are also constants (instead of co) that depend on 6 and
A. We comment that although the proofs for Algorithm V are simpler than their
counterparts for Algorithm IV, it is at the cost of its performance — when a node
is determining its coverage radius, it disregards its closest neighbors, and that may

make its coverage radius a little larger than necessary.

5.9 Appendix: The One-Hop Progress in a Net-
work Constructed Using Algorithm I

In this appendix, we show how to compute the distribution of the one-hop progress
for a network constructed using Algorithm I. When a node u needs to forward a
message to a destination node v, u sends the message to one of its neighbors w —

then d(u,v) — d(w,v) is called the one-hop progress. One-hop progress shows how
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effectively messages can be routed in a network; and it is a topic studied frequently
[33], [56], [82], [88]. The solution we present here uses novel analysis techniques that
have not appeared in previous publications; and it can be generalized to compute the
one-hop progress for extended versions of Algorithm I (e.g., Algorithm IIT).

We assume here that a node always forwards the message to the neighbor that
makes the most one-hop progress. And we assume the destination is infinitely far
away. This is a basic model used in many works [33], [82]. And for very large networks
it is a good approximation — two randomly sampled source and destination nodes
are most likely to be very far away from each other, and the distance from most of
the intermediate nodes on the routing path to the destination will be large.

We impose an x — y coordinate system on the 2-dimensional plane. And without
loss of generality, we assume there is a node O at the original point, which needs
to forward a message to the destination node whose coordinates are (4+00,0). Then
among the neighbors of O, the one that makes the most progress is the one with
the greatest z-coordinate. Let’s use ( to denote the maximum x-coordinate of the
neighbors of O. Then ( is the one-hop progress for O.

Let’s use vy, to denote the farthest neighbor of O. Then d(O,vy) is the coverage
radius of O. We define C' as the disk centered at O whose radius is d(O,vr). From
the definition of Algorithm I, we know that if we disregard vy, then the cone-angles
caused by the rest of the neighbors of O would not be all smaller than m — then let’s
use v4 and vg to denote the two neighbors whose corresponding cone-angle is no less
than 7. (See Fig. 5.14 for an illustration. The node at the origin is O.) We define
M as the sector in C' with O, E, F' as its three extreme points (see Fig. 5.14 for the
illustration), whose angle ZEOF = Zv4Ovp < m. Clearly, v, ¢ M, and all the other
neighbors of O are in M.

The one-hop progress for O — that is, ( — has to be in the range of (0, d(O,vp)].
Let x be a number where 0 < z < d(O,vr). Our goal in this appendix is to compute
Pr{¢ <z}, namely, the cumulative distribution function of (.

For the sake of explanation, let’s define some more notations that will be used

later on. Please see Fig. 5.14 for the illustration. X is a point whose z-coordinate
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Figure 5.14: O’s neighbors

is positive and whose y-coordinate is 0. We can think of X as the point whose
coordinates are (+00,0). We partition the disk C' into two parts — P and Q. P
contains all those points in C' whose z-coordinates are no greater than x; and @
contains all those points in C' whose z-coordinates are greater than z. So if { < z,
then all the neighbors of O are in P.

How large can the three angles — ZXOvp, ZvyOF and ZEOF — be, if ( < 27
Since vy is on the circumference of C, we get arccosm < LXOv; < 27 —

arccos m. From the definition of Algorithm I, we see that 0 < Zv,OF < m,

/ZFEOF < m, and Zv,OF + ZEOF > w. Therefore 7 — Zv;OF < ZEOF < .

So in summary, there exist three constraints: (1) arccos ooy < £X0vp < 21 —
arccos g5 (2) 0 < ZvpOF < m; (3) m — Lu,OF < ZEOF <.

Let’s use € to denote the following event: “¢ < x; r < d(O,vy) < r+dr, f <
LXOv, < f+dp, 0 < Lv,OE < 0+df, p < LEOF < ¢+ dp.” (Here r, 3, § and

¢ are positive numbers, and dr — 0, df — 0, df — 0, dp — 0.) Also, let’s define f.

Pr{c}

as f. = Tod0didr- Then the cumulative distribution function of ( is:

Fe(z) = Pr{( <z}
oo 2w —arccos £ T g
= / / / / fedpdbdpdr
T arccos 0 T—0

Everything we are considering here is symmetric in respect to the x-axis, so we
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can simplify the above formula to be:

= Pri{¢ <}

Fe(z)
_ 9 / / / / fdpdddpdr
T arccos £ J0 T—0

------ Formula(1)

All we need to know now is how to compute Pr{ec} (which equals f.dpdfdgdr).

When the event ¢ is true, node vy needs to exist in such a tiny space: “when
vy, is in that space, d(O,vr) € [r,r +dr), and ZXOwvy, € [3,0 + dfB).” Let’s use T}
to denote the area of that tiny space. Then T = rd@dr. So the probability that a
node (which is vy) exists in that space is rd@3dr. (Remember that the nodes follow a
Poisson point process.)

When the event ¢ is true, node v4 needs to exist in such a tiny space: “firstly, that
tiny space is inside P; secondly, when v, is in that tiny space, Zv,Ovs = Zv,OF €
10,0 4+ df).” Let’s use T, to denote the area of that tiny space. It is not difficult to

find out that T5’s value is as follows:

o If arccos £ < 3+ 6 < 2w — arccos £, then T5 = %rde.

o If 2m —arccos T < 3+ 6 < 27, then Ty = %[COS(Z+9)]QCZ0.

The probability that a node (which is v,4) exists in that space of area Tj is just
T,.

When the event ¢ is true, node vg needs to exist in such a tiny space: “firstly, that
tiny space is inside P; secondly, when vg is in that tiny space, Zv4Ovg = ZEOF €
[0, 0+ dp).” Let’s use T3 to denote the area of that tiny space. It is not difficult to

find out that T3’s value is as follows:

o If 2r —arccos? < B+ 0 + ¢ < 27 + arccos 7, then T3 = %[m]%&p;

otherwise, T3 = $r?dep.
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The probability that a node (which is vp) exists in that space of area T3 is just
T;.
Let’s define S as the intersection of P and M — namely, S = PN M. Let’s use
|S| to denote the area of S. Then, a straightforward geometric analysis tells us that

when ¢ is true, the value of |S| is:
o If 40 < 27 —arccos £ and §+ 0 + ¢ < 21 — arccos £, then [S| = 3r%¢.

o If B+ 0 <21 —arccos 7 and 27 — arccos £ < 3+ 0 + ¢ < 27 + arccos 7, then
S| = ir?(2m — arccos £ — 3 — 0) + 1xv/r? — 2% + Sz tan(B + 0 + ).

o If f+ 6 < 27 — arccos £ and 27 + arccos © < 3+ 0 + ¢, then |S| = 1p2p —

2
r2 arccos AV, r2 — 22,

o If 27 —arccos ¥ < B+ 60 < 2m and 27 — arccos £ < B+ 0 + ¢ < 27 + arccos 7,

then |S| = $2? tan(2r — § — ) + 222 tan(B + 6 + ¢).

o If 2 —arccos ¥ < B+ 60 < 27 and 27 + arccos T < 3+ 0 + ¢, then [S]| =
sx?tan(2m — B — 0) + savr? — 22 + 33 (B + 0 + o — 2m).

When the event e is true, all the neighbors of O excluding vy, v4 and vg are
inside S. When we exclude S from the disk C, the area of the remaining space is
7r? — |S|, and the probability that ‘the Poisson point process places no node inside
that remaining space’ is e ™ HSI So the probability that ‘all the neighbors of O
excluding vy, v4 and vg are inside S’ equals e+,

The event ¢ happens if and only if the following events happen: “the nodes vy,
v4 and vp exist in those tiny spaces we discussed above, and all the neighbors of O
excluding vy, vy and vg are inside S.” Since the nodes on the 2-dimensional plane
follow the Poisson point process, the above events are all independent. Therefore, we
get:

Pr{c} = Ty TyTye ™+

Again, note that Pr{e} = f.dpdfdBdr. So by plugging the above equation into

Formula (1), we get the integral formula that computes the cumulative distribution
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function of the one-hop progress.
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Chapter 6

Future Directions

This thesis has studied two new topics — data placement using erasure-correcting
codes and localized topology control for nodes in normed spaces — and opened several
new research directions (such as multi-cluster interleaving). All those are very broad
fields and much more related work is still left to be done. The numerous areas very

worth exploring include:

e Algorithms for data placement on general graphs and graphs with special fea-
tures. Data placement problems for general graphs are often NP-hard to op-
timize. How to find approximation solutions to data placement using erasure-
correcting codes needs considerably more study. Also, for graphs with special
features (such as graphs with power-law distributions of degrees and unit-disk
graphs), it is interesting to know how the features will influence the data place-

ment performance and the complexity of the corresponding algorithms.

o Multi-cluster interleaving on general graphs, and multi-cluster interleaving on

paths and cycles for K > L + 2.

e Cooperative data access. Having users cooperatively download data saves band-
width. One example is using a multicast tree for users accessing the same data.
When data are stored distributively in the network using erasure-correcting
codes, cooperative data access becomes even more practical, because now users

have the freedom to join any set of the many multicast trees corresponding
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to different codeword components, at the time of their choosing. How to effi-
ciently implement such cooperative data access schemes, however, still needs to

be known.

o Incremental embedding algorithms for peer-to-peer type networks. Currently
proposed methods for embedding peer-to-peer type networks into normed spaces
usually assume that all the nodes are embedded at the same time. However,
peer-to-peer type networks typically have dynamic membership; so how to in-

crementally embed newly joined nodes is an intriguing open problem.

e The topology control for overlay networks. The topology-control algorithm pre-
sented in this thesis can be extended for overlay networks in the Internet. And
the topology constructed using the algorithm can be further optimized by adding
some long edges for each node. How to select the long edges to shorten the rout-

ing paths is very related to the topic of random graph constructions.

o Relationship between topology-control algorithms and the evolution of networks.
There has been work on studying the evolution of networks under certain topol-
ogy control models, such as preferential attachment or random attachment.
Comparatively, the topology control algorithm presented in this thesis allows
much fewer random or greedy decisions on connectivity. Study on the relation-
ship between different types of topology control algorithms and the evolution

of networks will be influential for the network design theory.

Research on the above areas concerns both theories and practical systems. And

that is where the author of this thesis stores his never ending interest.
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