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Preface

This volume contains the proceedings of the 21st Annual International Sym-
posium on Algorithms and Computations (ISAAC 2010), held in Jeju, Korea
during December 15-17, 2010. Past editions have been held in Tokyo, Taipei,
Nagoya, Hong Kong, Beijing, Cairns, Osaka, Singapore, Taejon, Chennai, Taipei,
Christchurch, Vancouver, Kyoto, Hong Kong, Hainan, Kolkata, Sendai, Gold
Coast, and Hawaii over the years 1990-2009.

ISAAC is an annual international symposium that covers the very wide range
of topics in algorithms and computation. The main purpose of the symposium
is to provide a forum for researchers working in algorithms and the theory of
computation where they can exchange ideas in this active research community.

In response to the call for papers, ISAAC 2010 received 182 papers. Each
submission was reviewed by at least three Program Committee members with
the assistance of external referees. Since there were many high-quality papers,
the Program Committee’s task was extremely difficult. Through an extensive
discussion, the Program Committee accepted 77 of the submissions to be pre-
sented at the conference. Two special issues, one of Algorithmica and one of
the International Journal of Computational Geometry and Applications, were
prepared with selected papers from ISAAC 2010.

The best paper award was given to “From Holant to #CSP and Back:
Dichotomy for Holant® Problems” by Jin-Yi Cai, Sangxia Huang and Pinyan Lu,
and the best student paper award to “Satisfiability with Index Dependency” by
Hongyu Liang and Jing He. Two eminent invited speakers, David Eppstein from
University of California, Irvine, and Matt Franklin from University of California,
Dayvis, also contributed to this volume.

We would like to thank all Program Committee members and external ref-
erees for their excellent work, especially given the demanding time constraints;
they gave the conference its distinctive character. We thank all who submitted
papers for consideration; they all contributed to the high quality of the con-
ference. We also thank the Organizing Committee members for their dedicated
contribution that made the conference possible and enjoyable. Finally, we thank
our sponsor SIGTCS (Special Interest Group on the Theoretical Computer Sci-
ence) of KIISE (The Korean Institute of Information Scientists and Engineers)
for the assistance and support.

December 2010 Otfried Cheong
Kyung-Yong Chwa
Kunsoo Park
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D2-Tree: A New Overlay with Deterministic
Bounds

Gerth Stglting Brodal', Spyros Sioutas?,
Kostas Tsichlas?, and Christos Zaroliagis*

! MADALGO (Center for Massive Data Algorithmics, a Center of the Danish
National Research Foundation), Aarhus University
gerth@madalgo.au.dk
2 Tonian University, Department of Informatics
sioutas@ionio.gr
3 Aristotle University of Thessaloniki, Department of Informatics
tsichlas@csd.auth.gr
4 CTI and Dept. of Computer Engineering & Informatics, University of Patras
zaro@ceid.upatras.gr

Abstract. We present a new overlay, called the Deterministic Decentral-
ized tree (D2—tree). The D2-tree compares favourably to other overlays for
the following reasons: (a) it provides matching and better complexities,
which are deterministic for the supported operations; (b) the manage-
ment of nodes (peers) and elements are completely decoupled from each
other; and (c) an efficient deterministic load-balancing mechanism is pre-
sented for the uniform distribution of elements into nodes, while at the
same time probabilistic optimal bounds are provided for the congestion
of operations at the nodes.

1 Introduction

Decentralized systems and in particular Peer-to-Peer (P2P) networks have be-
come very popular of late and are widely used for sharing resources and store very
large data sets. Data are stored at the nodes (or peers) and the most crucial op-
erations are data search (identify the node that stores the requested information)
and updates (insertions/deletions of data). Searching and updating is typically
done by building a logical overlay network that facilitates the assignment and
indexing of data at the nodes. Sometimes, we distinguish between the overlay
structure per se and the indexing scheme used to access the data.

Following the typical modeling, a decentralized communication network is
represented by a graph. Its nodes correspond to the network nodes, while its
edges correspond to communication links. We assume constant size messages
between nodes through links and asynchronous communication. It is assumed
that the network provides an upper bound on the time needed for a node to
send a message and receive an acknowledgment. The complexity of an operation
is measured in terms of the number of messages issued during its execution.
Throughout the paper, when we refer to cost we shall mean number of messages
(internal computations at nodes are considered insignificant). The overlay is

0. Cheong, K.-Y. Chwa, and K. Park (Eds.): ISAAC 2010, Part II, LNCS 6507, pp. 1 2010.
© Springer-Verlag Berlin Heidelberg 2010



2 G.S. Brodal et al.

another graph defined over the communication network. The nodes of the overlay
correspond to nodes of the original network, while its edges (links) may not
correspond to existing communication links, but to communication paths.

With respect to its structure, the overlay supports the operations Join (of a
new node v; v communicates with an existing node u in order to be inserted
into the overlay), and Departure(of an existing node w; u leaves the overlay
announcing its intent to other nodes of the overlay). The overlay is used to
implement an indering scheme for the stored data. Such a scheme supports
the operations search for an element, insert a new element, delete an existing
element, and range query for elements in a specific range.

In terms of efficiency, an overlay network should address the following issues:

— Fast queries and updates: updates and queries must be executed in a minimal
number of communication rounds and using a minimal number of messages.

— Ordered data: keeping the data in order facilitates the implementation of
various enumeration queries when compared to a simple dictionary that can
only answer membership queries, including those arising in DNA databases,
location-based services, and prefix searches for file names or data titles. In-
deed, the ever-wider use of P2P infrastructures has found applications that
require support for range queries (e.g., [0]).

— Size of nodes (peers): the size of a node is the routing information (links and
related data) maintained by this node and it is not related to the number of
data elements stored in it. Keeping the size of a node small allows for more
efficient update operations, but in general reduces the efficiency of access
operations while aggravating fault tolerance.

— Fault Tolerance: the structure should be able to discover and heal failures
at nodes or links.

— Congestion: it refers to the distribution of the load of search (access) op-
erations per node, aiming at distributing this load equally across all nodes.
The congestion is an expected quantity defined as the maximum, among all
nodes, of the fraction of the expected number of accesses of a node due to a
random sequence of operations on the structure.

— Load Balancing: it refers to the distribution of data elements on the nodes.
The goal of load balancing is to distribute equally the n elements stored in
the N nodes of the network (typically N <« n). That is, ideally each node
should carry approximately k elements, where |[n/N| <k < |[n/N| + 1.

There has been considerable recent work in devising effective distributed search
and update techniques. Existing structured P2P systems can be classified into
two broad categories: distributed hash table (DHT)-based systems and tree-
based systems. Examples of the former, which constitute the majority, include
Chord [I1], Pastry [14], Symphony [12], and Tapestry [I7]. DHT-based systems
support exact match queries well and use (successfully) probabilistic methods
to distribute the workload among nodes equally. DHT-based systems work with
little synchrony and high churn (the collective effect created by independent
burstly arrivals and departures of nodes), a fundamental characteristic of the



D2-Tree: A New Overlay with Deterministic Bounds 3

Internet. Since hashing destroys the ordering on keys, DHT-based systems typi-
cally do not possess the functionality to support straightforwardly range queries,
or more complex queries based on data ordering (e.g., nearest-neighbor and string
prefix queries). The most recent effort towards range queries is reported in [16].

Tree-based systems are based on hierarchical structures. They support range
queries more naturally and efficiently as well as a wider range of operations, since
they maintain the ordering of data. On the other hand, they lack the simplicity
of DHT-based systems, and they do not always guarantee data locality and load
balancing in the whole system. Important examples of such systems include Skip
Graphs (SG) [4U7], NoN SG [13], SkipNet (SN), Deterministic SN [9], Bucket SG
[3], Family Trees [15], Skip Webs [1], BATON [10], Rainbow Skip Graphs (RSG)
[8], and Strong RSG [8].

In this work, we focus on tree-based overlay networks that support directly
range and more complex queries. Let N be the number of nodes present in the
network and let n denote the size of data (N < n). Let M be the size of each
node, Q(n, N) be the cost of a single query, U(n, N) be the cost of an update,
C(n,N) be the congestion per node (measuring the load) incurred by search
operations, and let L(n,N) be the cost for load balancing the overlay w.r.t.
element updates. With respect to congestion, each node issues one operation,
while the destination node of the operation is assumed to be selected uniformly at
random among all nodes of the network. Congestion depends on the distribution
of elements into nodes as well as on the topology of the overlay. It provides hints
as to how well the structure avoids the existence of hotspots (i.e., nodes which
are accessed multiple times during a sequence of operations — the root of a tree
is usually a hotspot in decentralized tree structures).

A comparison of the aforementioned tree-based overlays is given in Table [l
We would like to emphasize that w.r.t. load balancing, there are solutions in the
literature either as part of the overlay (e.g., [I0]) or as a separate technique (e.g.
[3I7]). These solutions are either heuristics, or provide expected bounds under

Table 1. A comparison between previous methods and the D?-tree. By O we represent
expected bounds, by O we represent amortized bounds, and by O expected amortized
bounds. All other bounds are worst-case. Typically, N < n.

Methods N M Q(n, N) U(n,N) C(n,N) L(n,N)
SG [T <n O(logN) O(logN) wh.p. Olog N) wh.p. O(*8N)  O(log N)
A ~ P

NoN SG [13] n  O(log? n) O( 1o ) O(log? n) o(rs ™) -
Determ. SN [9] n O(logn) O(logn) O(log? n) O( "07;32 ) —
BATON [10] <n O(logN) O(log N) O(log N) - O(logn)
Family Trees [I5] n o(1) O(logn) O(logn) 6(105") -
Bucket SG [B] < n O(L +1logN)  O(logN) O(logN)  O(} + &) No Bounds
Skip Webs [1] n O(ogn) O o) O( o8 ) o fogny -
Rainbow SG [8] n o(1) O(logn) w.h.p. O(logn) w.h.p. O(loi") —
Strong RSG [g§] n O(1) O(logn) O(logn) O( ”ne ) -

D2-tree <n o(1) O(log N) O(log N) 6(101%1\’) O(log N)
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certain assumptions, or amortized bounds but at the expense of increasing the
size per node (see [0 for a detailed discussion).

Our Contribution. In this paper we present a new tree-based overlay, called
the Deterministic Decentralized tree or D?*-tree. The D?-tree (see also Table [)
uses O(1) space per node, achieves a deterministic O(log N) query bound and a
deterministic (amortized) O(log N') update bound for elements as well as for node
joins and departures, achieves optimal congestion, and exhibits a deterministic
(amortized) O(log N) bound for load-balancing. Moreover, it supports ordered
data queries optimally, and tolerates node failures.

The D?-tree is an overlay consisting of two levels. The upper level is a perfect
binary tree, while the lower level consists of buckets (sets of nodes), where each
bucket is structured as a doubly linked list. Each bucket contains O(log N) nodes.
Since N changes, the size of buckets is dynamically maintained by the overlay.

In the D?-tree, we separate the index from the overlay structure using the
load-balancing mechanism. The number of elements per node is dynamic w.r.t.
node joins and departures and it is controlled by the load-balancing mechanism.
Moreover, the number of nodes of the perfect binary tree is not connected by any
means to the number of elements stored in the structure. The overlay structure
supports the operations of node join and node departure, while at the same time
it tackles failures of nodes whenever these are discovered.

Our load-balancing technique distributes almost equally the elements among
nodes by making use of weights. Weights are used to define a metric of load-
balance, which shows how uneven is the load between nodes. When the load is
uneven, then a data migration process is initiated to equally distribute elements.

Our load-balancing technique is quite general and can be applied to any hi-
erarchical decentralized overlay (e.g., BATON, Skip Graphs) with the following
specifications: (i) The overlay structure must be a tree with height O(log N) with
each node having O(1) children. (ii) Nodes at level ¢ having the same father have
approximately (within constant factors) the same weight, which is 2(i%). (iii)
Updates are performed at the leaves. Alternatively, if each node has access to a
leaf in O(1) messages then this is enough, since the update is simply forwarded
to this leaf.

We discuss the load balancing technique in Section [ and present the D?-tree
in Section Bl We conclude in Section [l Due to space constraints, some details
and proofs are deferred to the full version [5].

2 Deterministic Load Balancing

The load-balancing mechanism distributes almost equally the elements among
nodes by making use of weights, which are used to define a metric showing
how uneven is the load between nodes. When the load is uneven, then a data
migration process is initiated to equally distribute elements.

A few definitions are in place. Assume that the overlay structure is a tree 7.
Based on 7 ancestor-descendant relationships are defined. There is a node that
has no ancestor (the root) and there are nodes with no descendants (the leaves).



