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Abstract

Data Distribution Management (DDM) deals with two basic problems: how to distribute
data generated at the application layer among underlying nodes in a distributed system
and how to retrieve data back whenever it is necessary. This thesis explores DDM in two
different network environments: peer-to-peer (P2P) overlay networks and cluster-based
network environments. DDM in P2P overlay networks is considered a more complete con-
cept of building and maintaining a P2P overlay architecture than a simple data fetching
scheme, and is closely related to the more commonly known associative searching or
queries. DDM in the cluster-based network environment is one of the important services
provided by the simulation middle-ware to support real-time distributed interactive sim-
ulations. The only common feature shared by DDM in both environments is that they
are all built to provide data indexing service. Because of these fundamental differences,
we have designed and developed a novel distributed data structure, Hierarchically Dis-
tributed Tree (HD Tree), to support range queries in P2P overlay networks. All the rel-
evant problems of a distributed data structure, including the scalability, self-organizing,
fault-tolerance, and load balancing have been studied. Both theoretical analysis and ex-
perimental results show that the HD Tree is able to give a complete view of system states
when processing multi-dimensional range queries at different levels of selectivity and in
various error-prone routing environments. On the other hand, a novel DDM scheme,
Adaptive Grid-based DDM scheme, is proposed to improve the DDM performance in
the cluster-based network environment. This new DDM scheme evaluates the input size
of a simulation based on probability models. The optimum DDM performance is best
approached by adapting the simulation running in a mode that is most appropriate to

the size of the simulation.
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Chapter 1

Introduction

In general, Data Distribution Management (DDM) deals with two basic problems: how
to distribute data generated at the application layer among underlying nodes in the dis-
tributed system and how to retrieve data back whenever it is necessary. Alternatively,
these two problems can also be described as (1) the partitioning of the application data
space and (2) the mapping from the application data space into the system identifier
space. The concept of DDM is also defined in High Level Architecture/Run-Time In-
frastructure (HLA/RTI) under IEEE Standard 1516. It is one of seven service APIs
provided by RTI. HLA is a general purpose architecture for real-time distributed inter-
active simulation systems. It is used to support the portability and interoperability of
large numbers of distributed simulations across various computing platforms. RTT is the
implementation of the HLA interface specification. It manages the interaction between
simulations and coordinates operations inside the simulation. The goal of DDM defined
in HLA /RTT is to establish simulation inter-connectivity to send relevant data on request
with minimal excess or irrelevant data.

In this thesis, DDM is addressed in two different network environments: P2P overlay
networks and cluster-based network environments. Although DDM provides the same
data indexing service in both distributed network environments, it serves upper layer

applications with very different purposes, and it is supported by underlying networks with
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DDM in P2P DDM in Cluster

P2P Applications Simulation Scenarios
Data Space Partitioning & Mapping HLA / RTI
Overlay Network Management Cluster Network

P2P Overlay Network

Figure 1.1: DDM in P2P Overlay Networks and Cluster-based Network Environments

distinctive infrastructures. In P2P overlay networks, peers share part of their resources.
Both computing and data load are distributed to peers across the entire overlay network.
The network size is not limited and may even expand to the Internet scale. However,
peers might have different capacity for load sharing, some might join or leave the system,
or even fail due to unstable connectivity. DDM in P2P overlay networks is more feasible
for massive data sharing systems and parallel computing. On the other hand, all peers
in a cluster-based network are dedicated resources in the distributed environment. The
cluster-based network might be very limited in size, but the status of a peer is highly
reliable and the connectivity is always stable. DDM in such network environments has
been commonly used to support more intensive interactive simulations.

Because of the fundamental differences at both the application layer and the underly-
ing network layer, the research work of DDM has to follow very different methodologies,
which in turn diverts our interests and objectives in each area significantly. In the first
section of this chapter, we discuss and compare the main features of DDM in the two
different aforementioned network environments; in Section and [[3, we introduce
the background information, research interests, objectives, and main contributions of
DDM in both network environments respectively; and in Section [[4l, we describe the

organization of this thesis.
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1.1 Addressing DDM in Different Network Environ-

ments

Figure [Tl shows two parts of the work that has been done in this thesis: DDM in P2P
overlay networks and DDM in cluster-based network environments. The only common
feature shared by both is that they both provide data indexing service in the distributed
environment. However, DDM in P2P overlay networks is considered more of a complete
concept of building and maintaining P2P overlay architecture (CAN[1,2] and Chord][1, 3]
for examples) than a simple data fetching technique, and is an open area that has been
receiving a great deal of interest in the literature since 1960s. DDM in P2P overlay
networks is closely related to associative searching or queries, which includes key queries,
semantic key queries, range queries, multi-attribute queries, joined queries, aggregation
queries, etc. On the other hand, DDM in the cluster-based network environment is one
of the important services provided by the simulation middle-ware to support large-scale
distributed interactive simulations. For this part of the thesis work, we use HLA /RTT as
the simulation middle-ware. HLA/RTT is a publish/subscribe system. In HLA/RTI, all
components are packed and provided as services to the higher layer simulation scenario.
The details of the DDM implementation is implementation-dependent and is not publicly
known.

Table [CTl is a list of important features of DDM in both environments. In a P2P
overlay network, the study object of DDM is the application data in the data space. All
peers in the system share part of their resources to participate in system-wide activities,
and they are organized in either a tightly controlled topology (structured P2P networks)
or a random graph (unstructured P2P networks). Therefore, the main challenge of DDM
in the P2P overlay network is to build a robust and reliable P2P search network that is
not only efficient in retrieving data from multiple peers, but also inherently scalable, self-

organizing, fault tolerant, and load balancing. Nevertheless, in P2P overlay networks,
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| DDM in P2P

‘ DDM in Cluster

- P2P domain name services
- Network file systems

- Massive-scale fault-tolerant
system, etc.

Context P2P overlay architecture Simulation middle-ware
- structured P2P (Publish /Subscribe system)
- unstructured P2P - HLA / RTI
Applications - Distributed directory system Real-time distributed interactive

simulations

Study object

Application data in Data Space

Simulation data in Routing Space

Resources

Shared resources

Dedicated resources

Service provided

Data indexing

Data indexing

Underlying
topology

- Structured P2P

tightly controlled structure
- Unstructured P2P

random graph

Complete connection

Partitioning and
mapping

- Structured P2P
DHT
Space filling curves

- Unstructured P2P
duplicating popular contents

Implementation-dependent
(not publicly known)

Retrieving data

Request-based

Subscription-based

Main challenges

Building distributed data structure

Matching detection

Main trade-off

De-centralization vs. Global
awareness

Communication overhead vs.
Computation complexity

Research focuses

Scalability / Self-organizing /
Fault tolerance / Load balancing

DDM performance

Table 1.1: Comparison of DDM in P2P and Cluster-based Network Environments

data is distributed and retrieved back by following the same partitioning and mapping
strategy. Data retrieval is basically a request-based transmission involving a series of
routing operations. The data producer distributes data to the data owner, which will be
responsible for storing data and responding to queries, and the data consumer retrieves
data from the data owner. The destination node (data owner) is computed progressively
at each intermediate node on the route. The main trade-off of DDM in the P2P overlay
network is the de-centralization of the application data and computation load versus the

global awareness of system-wide operations. The work done in this part of the research
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aims to design and develop a novel and complete P2P architecture in order to support
queries for much more general purposes.

Similarly, DDM in the cluster-based network environment studies the simulation data
(simulation objects) in routing space. However, all underlying nodes in the cluster are
fully connected to each other and are dedicated resources to the higher layer simula-
tion scenario. Retrieving data is a subscription-based process involving a considerable
amount of computation load from the data owner. The publisher (Subsection BTl and
subscriber (Subsection BT register their interests, instead of distributing data, to the
data owner. The data owner is responsible for detecting the matching (Subsection BT,
which is to compute the intersection region in routing space that has been both published
and subscribed by some objects. Once a matching is detected, the data owner notifies
corresponding publishers and subscribers, and the relevant data is sent from publishers
to subscribers directly. Therefore, the main challenge of DDM in the cluster-based net-
work environment is to detect matching. Because detecting matching can be done either
exactly in a exhaustive manner or with certain degree of tolerance by the data owner,
the main trade-off of DDM in the cluster-based network environment is the communi-
cation overhead versus the computation complexity. In this part of the thesis, we are
interested in improving the performance of DDM service. We propose a new adaptive
DDM protocol, which tries to optimize the performance of DDM service by evaluating

the size of a simulation based on two probability models.

1.2 DDM in P2P Overlay Networks

1.2.1 Background

P2P is a potentially disruptive technology with numerous applications such as distributed
directory systems, P2P domain name services, network file systems, massive parallel

systems, distributed e-mail systems, and massive-scale fault-tolerant systems. However,
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these applications will not be realized without a robust and reliable P2P search network.

The most popular P2P overlay networks that have been well studied or deployed
so far can be categorized into two classes: structured P2P overlay networks[2-7] and
unstructured P2P overlay networks[8-20]. Structured P2P overlay networks are also
called DHT-based systems, in which the data space is partitioned and mapped into
the identifier space by using a randomization function - the Distributed Hash Table
(DHT[29-31]). The DHT-based system normally has to maintain a tightly controlled
topology. Some of the well known DHT-based systems include CAN[1, 2], Chord([1, 3],
Pastry[1,4], Tapestry[1,5], Kademlia[l, 6], and Viceroy[1,7].

Unlike DHT-based P2P systems, unstructured P2P overlay networks, like Gnutella[l,
8,9], Freenet|[1,10], FastTrack/KaZaA[1,11-14], BitTorrent[1,15,16], and eDonkey[1,17-
20] are often organized in a flat, random, or simple hierarchical manner. The unstructured
P2P network replicates the frequently visited data objects among the system, and the
queries are often made by using flooding or random walks. Unstructured P2P networks
appear to be more effective at finding highly popular content but because of its ad hoc
nature and flooding-based queries, the correctness and performance of the routing, the
scalability of the system, and the consumption of network bandwidth are all uncertain.

The main challenge is how to locate data requested from the application data space
in the P2P identifier space. This problem was solved by using DHT[29-31]. However,
it is only applicable for exact key queries. Unstructured P2P networks can be used for
more complex queries, but they do not guarantee to locate data. This thesis work has
been focusing on multi-dimensional range queries, since it is believed to be a a more
generalized form of many other types of queries.

The multi-dimensional range query provides efficient data indexing services in P2P
environments. It is the primitive service over which all other complex services can be
built. It has many applications in large-scale distributed environments, such as grid
computing, publish/subscribe systems, multi-player games, group communication and

naming, P2P data sharing, global storage, etc. Many of these applications collect, pro-
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duce, distribute, and retrieve information from and into distributed data space. The scale
of such data space can be extremely large and its dimensionality varies. The distributing
and managing of such data space, even the index part, appears to be a great challenge to
the distributed environment. For DHT-based systems, the very features that make them
advantageous over others, like load balancing and random hashing, work against the
range query. Therefore, we have to consider how data space is partitioned and mapped
into the P2P identifier space, and ask if existing P2P overlay structures are good enough
to support multi-dimensional range queries properly and efficiently

In addition to the basic efficiency concern of the data query, there are more funda-
mental issues which have to be addressed properly in a distributed environment, such as
scalability, self-organizing, fault tolerance, and load balancing. In order to better resolve
these problems, there are two interconnected parts of a process that have to be done
cooperatively. The first part of this process is related to how data space is partitioned
and mapped into the identifier space in the distributed environment, or in other words,
how to distribute data into the P2P system so that specific data objects can be retrieved
back with a reasonable computation and communication cost. This is called application
constraint. The second part of the process is concerned with how to organize peers in
the distributed system, or how to design and maintain a certain topology of the P2P
system. This is to ensure that properties of the data object (like the semantic meaning
of data) and the relationship among data objects (like the data locality), in the original
data space preserved in the first part of the work, are manageable and maintained easily
in the identifier space. This is known as system constraint. The application constraint
determines what kind of space partitioning strategy should be used, and hence what
kind of pattern for the information query can be supported by the system. The system
constraint determines the performance of the basic routing and maintenance operations,
the computation complexity, and if the system is scalable, error-resilient, self-organizing,

and load-balancing.
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1.2.2 Problem Statement

The application constraint determines that both structured and unstructured P2P over-
lay systems are well suited for the exact key query, and might be adapted to even more
complex queries. Neither is able to provide efficient support for the multi-dimensional
range query, because the multi-dimensional range query (associative searching) adds ad-
ditional requirements into both the application constraint and the system constraint over

the P2P overlay layer, which can be briefly stated as follows:
e how to preserve the data locality in the process of data space partitioning, and
e how to maintain the data locality at the P2P overlay layer.

Quad-tree[21,22], K-d tree[22, 23], Z-order[24,25], and Hilbert curve[26] are four well
recognized works made to meet the application constraint. A common feature of these
works is that they all employ recursive decomposition in the process of multi-dimensional
data space partitioning, which can be best represented by a hierarchical data structure.
Unfortunately, there is not very much work that has been done in order to provide
comparable support from the P2P overlay layer. Experimental results from existing P2P
systems[32—44] show very limited selectivity, and we are not able to obtain a complete

view of the system states when conducting range queries in high dimensional data space.

1.2.3 Research Objective

Our research objective is to design and develop an efficient, scalable, and reliable P2P
search network that has the inherent nature to accommodate and maintain data local-
ities preserved using recursive decomposition at the higher layer, and is able to draw a
complete view of the system state when processing multi-dimensional range queries at

different levels of selectivity and in various error-prone routing environments.
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1.2.4 Main Contributions

In order to accomplish this research objective, we propose a novel distributed data struc-
ture, Hierarchically Distributed Tree (HD Tree). We believe that HD Tree is an optimal
solution for supporting multi-dimensional range queries in the distributed environment
among all existing P2P overlay structures, because it has the natural connection to the
recursive decomposition employed at the higher layer. This inherent nature makes all
important features of a P2P overlay network, like partitioning and mapping, scalability,
self-organizing, error-resilience, and dynamic loading balancing, to become a natural part
of this novel distributed data structure.

HD Tree is the first distributed data structure proposed in this area that is able to
not only adapt the hierarchical data structure into the distributed environment, but also
to give a complete view of system states when processing multi-dimensional range queries
at different levels of selectivity and in various error-prone routing environments.

The main contributions in this part of work includes the design, development, and

implementation of:
o HD Tree data structure.
« A set of basic hierarchical routing algorithms in HD Tree (see Subsection ZZZ3T]).
« A set of basic distributed routing algorithms in HD Tree (see Subsection EZZ3TI).
« A set of basic SPeer routing algorithms in HD Tree (see Subsection EZZ03)).
« The combined routing algorithm in HD Tree (see Subsection ZZZ3 7).
o A set of error-resilient routing algorithms in HD Tree (see Subsection ZZ2.H).
« Node’s Join and Leave algorithms in HD Tree (see Subsection ZZ2Z0).

o H2H and H2D local adaptation algorithms for a temporary load balancing solution
in HD Tree (see Subsection EZ2Z7]T]).
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o D2H repartitioning algorithm for a global and dynamic load balancing solution in

HD Tree (see Subsection EZZT2).

1.3 DDM in Cluster-Based Network Environments

1.3.1 Background

In cluster-based network environments, DDM is addressed by using large-scale, real-
time, distributed, and interactive simulation systems[46-48]. The concept of DDM can
also be found in HLA/RTI under IEEE Standard 1516. It is an advanced data rele-
vance filtering technique used to send data upon request and send exact data required.
Many HLA/DDM approaches have been devised in recent years to address this prob-
lem[45,49-51]. In general, these designs can be classified into five categories: (i) the
Region-based DDM approach[45,50]; (ii) the Grid-based DDM approaches, examples of
which include the Fixed Grid-based DDM approach[61,62] and the Dynamic Grid-based
DDM approach[45]; (iii) the Agent-based DDM approach[51]; (iv) the Hybrid DDM
approach[49]; and (v) the Sort-based DDM approach[63], an example of which is the
Grid-filtered Region-based DDM approach[50].

In practice, these implementations demonstrate different focuses regarding the DDM
performance issue. In the Region-based DDM approach, a region in routing space is
represented by a set of extents. Exact matching (sending the exact data required and only
upon request) can be detected by computing these sets of extents of regions published or
subscribed exhaustively. However, computing matching has to be performed by a central
coordinator. In the Grid-based DDM approach, routing space is divided into a certain
number of grid cells, known as a grid. The ownership of grid cells is distributed to each
federate (Subsection B-T2), and an additional registration process has to be performed
because the publisher/subscriber may not be the owner of the cell. In the Grid-based

system, computing matching is performed by the owner of cells, and matching is detected
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based on each unit of the cell. Therefore, the central coordinator is not necessary.
However, exact matching can not be achieved.

If we compare these two types of DDM solutions, the Region-based approach achieves
exact matching with considerable computation load and communication overhead at the
central coordinator, while the Grid-based DDM approach sacrifices accuracy and dis-
tributes load among simulation nodes in order to reduce processing time and commu-
nication overhead at the central coordinator. In order to compensate for the loss of
matching accuracy introduced by the Grid-based system, the Agent-based and Grid-
filtered Region-based approaches have been proposed. In these two approaches, a data
filtering mechanism has been used to filter out unnecessary data transmitted at the
sender side and a higher matching accuracy can be obtained when compared to the grid-
based DDM system, with a lower computation load and communication overhead than
the Region-based DDM system[50, 51, 58,59].

When we examine all existing DDM implementations proposed up until now, a com-
mon characteristic that has never drawn too much attention is that they have all been
devised to reduce communication costs (DDM messages[45]) and improve processing per-
formance (DDM time[45] and Multi-cast Group allocated[45,60]) without any knowledge
of how much data could be generated and transmitted by a DDM approach. In other

words, they have been designed to achieve efficiency blindly.

1.3.2 Problem Statement

All existing DDM approaches were designed in order to accommodate the allocation,
control, and management of data generated in each timestep [BIZI) of a simulation
properly. Although they achieved very good performance at some point, they can never
reach the optimum. This is because existing DDM approaches manipulate data generated
in each timestep without evaluating the size of a distributed simulation. We believe

that an appropriate DDM solution must have clear knowledge of how much data should
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be managed locally at each federate (Subsection BI2) and how much data should be
distributed among the federation (Subsection BT2).

1.3.3 Research Objective

Throughout this part of thesis, we propose a brand new DDM approach - the Adaptive
Grid-based (AGB) DDM approach. This novel DDM approach is built over the existing
Grid-based DDM system, and it is designed to optimize the performance of DDM service
based on the evaluation of the simulation size. The objective of this part of the work is
to predict the average amount of data that can be generated for each specific input of a
simulation and to conduct the simulation running in a way that best meets each specific

simulation requirement.

1.3.4 Main Contributions

The novel AGB DDM approach consists of two adaptive control schemes: the Adaptive
Resource Allocation Control (ARAC) scheme and the Adaptive Transmission Control
(ATC) scheme. The first control scheme is derived from a static probability model. We
call this model matching model and claim that it is static because it features the steady-
state probability of a grid cell in each timestep[45] of the simulation and can be used to
evaluate the average amount of local and distributed storage that have to be allocated for
a running simulation. The second control scheme is derived from a dynamic probability
model: the switching model. This model is a dynamic model because it denotes the
state-transition probability of a grid cell between each two consecutive timesteps of the
simulation and is used to evaluate the average amount of DDM messages that have to
be transmitted to each other federate in each timestep.

The main contributions in this part of the work includes the design, development,

and implementation of the:
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« AGB DDM approach.

o Matching model (see Subsection BZZ3J).
o Switch model (see Subsection BR3).

o ARAC scheme (see Subsection BZZ3H).

e ATC scheme (see Subsection B03)).

1.4 Thesis Organization

In this chapter, we introduced background information about DDM in both P2P overlay
networks and cluster-based network environments, and discussed the main challenging
problems that have been found in each area. Our research objectives and main contri-
butions to DDM in each network environment are stated independently. The remainder
of this thesis is structured as follows: Chapter B is dedicated for DDM in P2P overlay
networks. We begin with an overview of all related works in this area in Section Tl
Then, in Section EZ2 our new approach of DDM in P2P overlay networks follows. We
present our experimental results and analysis in the last section (Section EZ3)) of this
chapter. Similarly, Chapter B is solely used for the DDM in cluster-based network en-
vironments. We introduce basic concepts of DDM in HLA/RTI in Section Bl and all
related works in Section In Section B3 we discuss some fundamental problems
in grid-based DDM systems. Our new AGB DDM approach in cluster-based network
environments is described in Section B4 and In Section B4, we build a matching
model for the ARAC scheme, and in Section B we build a switching model for the ATC
scheme. The experimental results and analysis are presented in Section B0l At last, we
summarize our work in both network environments and present conclusions and future

works in Chapter Hl



Chapter 2

DDM in P2P Overlay Networks

2.1 Related Works

In P2P overlay networks, our recent interest is in multi-dimensional range queries. We
believe it is a more generalized form of many other types of queries. Some P2P ap-
plications inclue grid computing, publish/subscribe systems, multi-player games, group
communication and naming, P2P data sharing, global storage, etc. DHT-based systems,
the very features that make them good, like random hashing and load balancing, work
against range queries. We have to consider how data space is partitioned and mapped
into identifier space and examine if our existing P2P overlay structures are good enough

to support multi-dimensional range queries properly and efficiently.

2.1.1 Multi-dimensional Data Space Partitioning and Mapping

The main concern in multi-dimensional space partitioning is all about how to preserve
data localities. There are many works that have been done so far. Among all of them,

Quad-tree[21, 22, 28], K-d tree[22, 23], Z-order[24, 25|, and Hilbert curve[26] are four

14
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P2P Systems Space Partitioning Eﬁiﬁiﬁﬁi legliig
DHT-based DHT CAN / Chord / ... No
SkipNet Naming sub-tree Skip graphs No
P-Grid Virtual distributed search tree Flat graphs No
Mercury Random sampling Ring No
SCARP Z-order / Hilbert SFC Skip graphs No
MURK K-d tree d-torus (CAN) No
ZNet Z-order / Quad tree Skip graphs No
Skipindex K-d tree Skip graphs No
Squid Hilbert SFC Ring (Chord) No
SONAR K-d tree d-torus (CAN) No
MAAN Locality-preserving hashing Ring (Chord) No
BATON Binary search tree Balanced binary tree Yes
VBI-Tree SFC Balanced binary tree Yes

Table 2.1: Comparison of P2P Overlay Systems I

well-known proposals. Although these works provide different solutions, they all share a
common feature: using recursive decomposition for partitioning, which is a tree structure
in nature.

Quad-tree and K-d tree provided solutions using hierarchical data structures, while
Z-order and Hilbert curve provided solutions by linearizing points in multi-dimensional
space using the space filling curves. The performance of these decomposition schemes
are all bound by O(lg(n)). It has been found that the processing of Z-order and Hilbert
curve has a natural connection with Quad-tree.

In addition to these standard decomposition schemes, locality-preserving hashing[42]
was proposed in order to retain the range query in the DHT-based systems; however,
random sampling[41] is another effort that does not scale well. No matter which decompo-
sition scheme is used, two direct observations about partitioning in the multi-dimensional

data space can be observed:

Fact 2.1.1. Data localities expand exponentially as the dimensionality of data space

INCreases.
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Because the total number of neighboring range data in p dimensional data space at

the first order of decomposition is k = 2P.

Fact 2.1.2. Data localities extend exponentially as the order of recursive decomposition

ncreases.

Because the total number of neighboring range data in p dimensional data space at

the d — th order of decomposition is k.

2.1.2 Corresponding Overlay Network Support

How to preserve data localities in data space partitioning is the application constraint
enforced by the range query. Solutions include using recursive decomposition and the
locality-preserving hashing. Correspondingly, the system constraint requires that the
underlying P2P network layer has to possess a certain inherent nature in order to ac-
commodate and maintain data localities with exponentially expanding and extending
rates. Existing P2P overlay networks, either DHT-based or unstructured, are originally
designed in order to meet a specific demand, such as, the exact key query. The very
features that make them good, like random hashing and load balancing, or replicating
the popular contents, work against the range query. Our solution is to use a tree like
structure without any doubt; because a tree structure has the natural connection to
the recursive decomposition scheme employed at a higher layer, and it supports direct
mapping from data space into P2P identifier space.

Although the work in multi-dimensional space partitioning can be traced back to
the 1960s, and the results and performance have been widely accepted (O(lg(n))), little
effort has been made in the study of the corresponding P2P overlay network to provide
comparable support for the multi-dimensional range query. Table EZTlshows a comparison

of current P2P systems supporting the multi-dimensional range query.



Underlying Routing Table . . Load
. P2P Systems . Routing Join/Leave . Fault Tolerance
Architecture Size Balancing
Chord
Back d stabilizati
Ring Squid O(log(n)) [3] O(log(n)) [3] O(log®(n)) [3] Static[3] ackeronn . Srabtization
routine [3]
MAAN Problem remains open [38]
Mercury
CAN Background. stabilization
routine [2]
d-torus MURK O(d) [2] O(dn*/?) [2] 2d [2] Static [2] Problem remains open [38]
SONAR
SkipNet
Skip Graphs ZNet O(nlog(n)) [38] O(log(n)) [37] O(log(n)) [37] Static Inherently support [37]
SCARP [37,38] Problem remains open [38]
Skipindex
D ic |40
Flat Graph P-Grid N/A O(log(n)) [40] N/A ynar.mc [40] Replication[40]
Static [38]
Balanced Binary BATON 3 O(log(n)) O(log(n)) Dynamic Redundant links
Tree VBIL-Tree 43, 44] 43, 44] (43, 44] [43,44] (43, 44]

n: total number of peers; d: d-torus; k: k-ary tree

Table 2.2: Comparison of P2P Overlay Systems 11
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In this table, as we have discussed in the previous section, we do not consider DHT-
based systems. SkipNet[39] and P-Grid[40] were designed and have been claimed to
support the range query, but have no experimental results that can be found so far.
Mercury[41] uses random sampling for data distribution, and its experimental results
show a maximum of 0.1 percent selectivity in a three dimensional data space (10% at
each dimension). MAANJ[42] employs locality-preserving hashing, and the maximum
selectivity is about 1 percent in a two dimensional data space (10% at each dimen-
sion). Other systems, like SCARP[32], MURK|[32], ZNet[33], Skipindex[34], Squid[35],
and SONAR [36], use recursive decomposition for partitioning, have underlying architec-
tures that are either adapted structures from DHT-based systems, like Chord, CAN, or
Skip Graphs|[37]: the only structure proposed for the range query. No system has direct
mapping. They all have to manage a tree like structure internally. Their experimental
results show very limited selectivity. We are unable to have a complete view of how the
P2P system behaves in high dimensional range queries with a wide range of selectivity.
However, BATON[43] and VBI-tree[44] are the only two systems that have been pro-
posed with a tree like structure at the overlay layer. High dimensional range queries (up
to 20) with the same selectivity at each dimension are evaluated in these two systems,
but without any notion regarding the size of selectivity.

Nevertheless, one drawback that has been commonly shared in experimental results
from all these systems is worth mentioning: when we increase the dimensionality of
data space without varying selectivity at each dimension, the overall selectivity has been
exponentially decreased, and the comparison of range queries presented in this way is
not very convincing.

On the other hand, comparisons of basic distributed operations in existing P2P over-
lay networks are summarized in Table These comparisons are made by grouping
P2P systems that have the same underlying architecture. This table shows that the
routing table size in tree based structures does not depend on the network size, and

their basic distributed operations are all bound by O(log(n)). Moreover, it is also very
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straightforward to conduct dynamic load balancing operations in a tree based structure.
In comparison, P2P systems built over a Ring, d-torus, or Skip Graphs assume each peer
has the same capacity to participate in the system wide operations; although P-Grid
proposed a dynamic load balancing scheme in [40], it is considered to be static in [38].
However, most of these P2P overlay structures were not built in favor of supporting fault
tolerance: P2P systems built over a Ring or d-torus depend on a background stabilization
routine to maintain the correctness of the routing table, but the challenge is when and
with what frequency the stabilization routine needs to run[1]. In the flat graph structure,
which has been commonly adopted by unstructured P2P networks, replication is so far
the best solution to deal with node’s failures; and tree based structures need to build
redundant links in order to survive error-prone environments. Perhaps Skip Graph is the
only structure that claims to be able to support fault tolerance inherently[37], but it is

considered as an open problem according to [38].

We conclude that multi-dimensional range queries are sensitive to underlying topol-
ogy. Although it is feasible to adapt existing P2P overlay structures that were originally
designed for the exact key query, their inherent nature shows no consistency in accom-
modating data localities that have been well preserved using decomposition schemes
employed at a higher layer. This inconsistency not only involves a considerable routing
and maintenance cost, but also, at the architectural level, makes a simple, scalable, and
reliable P2P solution for multi-dimensional range queries very difficult, or even impossi-

ble.

2.1.3 Why HD Tree?

A simple hierarchical data structure has many difficulties surviving in a distributed en-
vironment. However, because of its natural connection to the data space decomposition,

my thesis work is intended to adapt the hierarchical data structure to the distributed
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environment. In order to cope with these difficulties, we propose a new data structure,
called Hierarchically Distributed Tree (HD Tree). The add-on distributed structure in
the HD Tree is built over a complete tree by making a limited number of extra connec-
tions, so that, each node in the system can be reached by any other nodes at the same
depth via not only the hierarchical structure, but also the distributed structure, and
with comparable routing performance. In HD Tree, there are multiple routes between
any two nodes; each node is able to behave hierarchically or distributively depending
on which situation is necessary; the routing table size is determined by the maximum
number of children (k) at each node; the performance of distributed routing is bound by
O(lg(n)), where n is the total number of nodes; and the basic maintenance operations in
HD Tree (Join/Leave) are also bound by O(lg(n)). We believe HD Tree is more capable
of handling multi-dimensional range queries than BATON and VBI-tree, because HD
Tree can be built over any k — ary tree (k = 2P) structure instead of a binary tree alone,

and it is built to support fault tolerance inherently.

2.2 Proposal of New Approach

2.2.1 HD Tree

2.2.1.1 Notations in Tree

All of the traditional notations for a tree can be used for HD Tree, and we also introduce
a b-tuple of letters (k, h, d, n, ng) to denote the system parameters of the tree structure.
In this set, k refers to k — ary, h refers to the height of a tree, d refers to the depth in a

tree, n is the total number of nodes, and ng is the total number of nodes at d.
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Figure 2.1: Coding of a Complete 4 — ary Tree

2.2.1.2 Definition of HD Tree

HD Tree is a cyclic graph built over a complete & —ary tree. It consists of two distinctive
structures: the hierarchical structure and the distributed structure. The hierarchical
structure is the inherent feature carried by its basic tree structure, it covers all nodes
in HD Tree; and provides the complete support for all hierarchical operations over the
entire HD Tree. While the distributed structure spans each two adjacent sets of nodes,
the nodes at depth i — 1 (1 < i < h) and the nodes at depth 7, the basic distributed
operations are related only to these two sets of nodes.

We give a formal definition of HD Tree as follows:

Definition 2.2.1. (HD Tree) HD Tree is a cyclic graph built over a complete k — ary
tree. In addition to the existing links in the complete k — ary tree, each node at depth
i—1 (1 <i<h)has k or k — 1 extra down links connecting to one node in each of k
sub-trees of the root at depth i if that node exists; such that, each node at depth i — 1 is
able to reach any other nodes at the same depth in at most 2(i — 1) hops time via nodes

at depth of 1 —2 and i — 1 only.

An HD Tree is a full HD Tree if its complete tree is fully filled, and a full HD Tree
of height less than h can always be found in an HD Tree of height h.
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Figure 2.2: Constructing a 4 — ary HD Tree
One way of constructing such an HD Tree is based on the coding of an ordered

complete tree. Figure ZIlis an instance of such tree, and it is connected by following the

prefix coding strategy:

e Root has null code.
o The code of a parent node is always the prefiz code of its children.

o The prefirx coded children are ordered by the right most digit from 0 to k — 1.

accordingly, conducting the connection of nodes via extra links is based on the suffix

coding strategy, and it can be described as follows:

e Root has null code.
o The code of a parent node is always the suffix code of its extra children

o The suffiz coded children are ordered by the left most digit from 0 to k — 1.

Figure and demonstrate this constructing scheme. In these figures, solid links
and dashed links represent connections built by following prefix coding and suffix coding
respectively, while bold links indicate the intersecting part of these two coding strategies.
It can be observed that this constructing scheme can be carried out at any depth of a
complete tree structure.

The equivalent tree of an HD Tree is the complete tree (as shown in Figure EI) over

which this HD Tree is constructed, and it is the base tree of HD Tree.
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Figure 2.3: Constructing a 2 — ary HD Tree

2.2.1.3 HD Table

Figure is only able to depict the structure of an HD Tree with very limited height.
In fact, it is very difficult to give a clear picture of the distributed structure of HD Tree
in this way. In order to better understand this new data structure and to ease our study,
we use an HD tables to describe the distributed structure. We start from introducing
the coding table of an ordered tree.

Figure 241 (a) shows a coding table which sorts prefix coded nodes at depth 2 within
the same column. We call this coding table H table, because it describes the original
hierarchical structure of a 4 — ary HD Tree (Figure E2). Accordingly, the code table
shown in Figure Z41 (b) sorts suffix coded nodes at depth 2 within the same column. It
depicts the distributed structure built over the complete tree, and it is called D Table.
In both tables, the same column nodes have the same parent. In H table, it is the parent
from the hierarchical structure; while it is the parent from the distributed structure in
the other.

HD table consists of an H table and a D table: the H table is placed over the D
table (as shown in Figure B4 (c¢)). The HD table is used to represent the relationship
of nodes at the same depth. All siblings are aligned in the same column. The prefix
coded siblings (HSiblings) are in the H Table, while the suffix coded siblings (DSiblings)
are in the D Table. The parent of each column is HParent of HSiblings in that column,

and DParent of DSiblings in the same column. Correspondingly, these HSiblings and
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00 10 20 30
01 11 21 31
02 12 22 32
03 13 23 33

00 10 20 30 00 01 02 03 00 01 02 03

01 11 21 31 10 11 12 13 10 11 12 13

02 12 22 32 20 21 22 23 20 21 22 23

03 13 23 33 30 31 32 33 30 31 32 33
(a) H table (b) D table (c) HD table

Figure 2.4: H table, D table, and HD table

DSiblings are HChildren and DChildren of the parent of that column. The sequence
number of HSiblings is the right most digit of the code, and the sequence number of
HSiblings is the left most digit of the code.

We believe there are multiple techniques to build different kinds of HD Tree, the HD
Tree shown in Figure is only one of them. By the direct observation from HD table,
the technique used to build this type of HD Tree is nothing but splitting the same column
elements in the H table into different columns but within the same row in D table, and we
call it HD Tree generated by the splitting rule. Because this type of HD Tree appears to
have our most favorite performance advantages and the global awareness in distributed
computing. Therefore, in this part of thesis, the notation of HD Tree is used to represent

an HD Tree generated by the splitting rule by default.

2.2.2 Properties of HD Tree

By introducing extra links into a complete tree structure, an internal node has not only
prefix coded HParent and HChildren (as it does in an equivalent tree structure), but also
suffix coded DParent and DChildren. It is necessary to define more relationships for a

node in HD Tree.



CHAPTER 2. DDM IN P2P OVERLAY NETWORKS 25

HParent DParent
o 1 2 3 o 1 2 3
00 10 20 30 00 10 20 30 00 10 20 30 00 10 20 30
01 11 21 31 01 11 21 31 01 11 21 31 01 11 21 31
02 12 22 32 02 12 22 32 02 12 22 32 02 12 22 32
03 13 23 33 03 13 23 33 03 13 23 33 03 13 23 33
00 01 02 03 00 01 02 03 00 01 02 03 00 01 02 03
10 11 12 13 10 11 12 13 10 11 12 13 10 11 12 13
20 21 22 23 20 21 22 23 20 21 22 23 20 21 22 23
30 31 32 33 30 31 32 33 30 31 32 33 30 31 32 33
(a) HParent (b) DParent (¢) Mapping Entry (d) SPeer

Figure 2.5: HParent, DParent, Mapping Entry, and SPeer

2.2.2.1 Notations in HD Tree

According to Definition EZTN HD Tree), although building an HD Tree over a complete
tree does not change the system parameter set (k, h, d, n, n;) of a tree, traditional nota-
tions for a tree need further clarification in order to adapt to the new structure. The HD
table defines not only the hierarchical relationship but also the distributed relationship
among nodes in an HD Tree. Nodes directly given in an HD table are the children set
nodes at depth d = i. They are DPeers (Distributed Peers) of each other. Each DPeer
has one and only one entry in both of the H and D tables. On the other hand, all nodes
at depth d = i — 1 are HPeer (Hierarchical Peers) of the nodes at depth d = i. They
compose the parent set of DPeers, and corresponding to each column in an HD table.
An HPeer could be either the hierarchical parent (HParent) or the distributed parent
(DParent). It is the HParent of its column elements in H table, and the DParent of its
column elements in D table (Figure ZH (a) and (b)). Moreover, each element in an HD
table has two entries, the one in the H table is called the hierarchical location, and the
other in the D table is called the distributed location. An element is called HChild if
it is in the H table. It has HSiblings in the H table and DSiblings in the D table, and
both of these siblings are in the same column of the HD table; on the other side, an
element is called DChild if it is in the D table, and similarly, it has HSiblings in the H
table and DSiblings in the D table. A DPeer could be a HChild, a DChild, a HSibling,
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or a DSibling, depending on which context is applied.

2.2.2.2 HCode and DCode

HCode (Hierarchical Code) is the code used in both HD Tree and HD table. HCode is
very helpful in locating a node in its hierarchical structure. However, it appears not so
straightforward if we need to know the distributed location of a node in HD Tree. By
direct observation from HD table (Figure ZH (c)), each element in D table has an unique
mapping entry in its HSiblings. If this element is the ¢ —th DSibling in the column, then

its mapping entry is the i — th HSibling in the same column.

Definition 2.2.2. (DCode) DCode is HCode of the mapping entry of a node at its

distributed location.

DCode is an alternative identifier of a node. It is used to locate a node in its dis-

tributed structure hierarchically.

2.2.2.3 SPeers

An HD Tree generated by the splitting rule has some special nodes at each depth which
may not be in favor of the distributed environment.

Definition 2.2.3. (SPeer) A SPeer is a self-mapping DPeer whose mapping entry is
itself.

A SPeer has the same value in each digit of the code. Because of this reason, it has
the same DParent as its HParent, and a simple fact can be obtained from the direct

observation:

Fact 2.2.4. (SPeer) There are k SPeers at each depth from 1 to h in a full HD Tree.
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If a SPeer is the leaf node in an HD Tree, in case of the single parent’s failure, it will
be isolated from the system. Therefore, a SPeer is considered to be relatively weaker
compared to other non-SPeers. Figure (d) shows 4 SPeers at depth 2 in a 4 — ary
HD Tree.

2.2.2.4 System Parameters

HD Tree is built over a complete k —ary tree. Although extra links have been introduced
during the constructing process to support the distributed features at each depth, system
parameters (k, h, d, n, n;) from the hierarchical tree structure remains the same. How-
ever, according to Definition EZZI HD Tree), by introducing extra links to all internal
nodes, each of them has k extra children (DChildren) from each k sub-trees of the root
in addition to the existing k children (HChildren). However, the SPeer parent node has
the same SPeer child in both HChildren and DChildren set, and the root has the same

DChildren set as its HChildren because SPeer is a self-mapping DPeer. Therefore,

Fact 2.2.5. In a full HD Tree, the root has k children, each internal node has 2k children

if it has no SPeer child, and 2k — 1 children otherwise.

and

Fact 2.2.6. The total number of links in a full HD Tree is 2(n — 1) — kh.

2.2.3 Basic Routing Strategies

2.2.3.1 Hierarchical and Distributed Routing Mechanism

In accordance with hierarchical and distributed structures in HD Tree, there are two
different types of routing. Hierarchical routing continuously forwards the routing request

towards root or leaf nodes, while distributed routing forward the routing request to
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Figure 2.6: Basic Hierarchical Operations
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Figure 2.7: Basic Distributed Operation - D2H

a parent node and a child node alternately. Both of these two routing mechanisms
are distributive operations in HD Tree. One reaches the destination by crossing many
different depths, and the other does so by traversing only two adjacent depths in HD

Tree.

Basic hierarchical operations The basic hierarchical operation is a single hop time
operation shown in Figure EZ8 In the ideal routing environment, the hierarchical opera-
tion is mainly used to forward routing requests towards the destination depth. There are
four basic hierarchical operations. 2HP (send to HParent) or 2DP (send to DParent)
passes the routing request to a parent node. 2HP truncates a digit in the current HCode
at the right most side, while 2DP truncates a digit in the current HCode at the left
most side. On the contrary, 2HC (send to HChild) or 2DC' (send to DChild) passes the
routing request to a child node. Normally, 2HC(i) and 2DC(i) are used to denote “send
to the i-th HChild or DChild”. 2HC(i) extends one more digit ¢ to the current HCode
at the right most side, while 2DC/(i) extends one more digit ¢ to the current HCode at
the left most side.

Hierarchical routing is simply a series of repeated operations of all or some of these
four. The details regarding hierarchical routing algorithms pertain to a simple adapted

version from the existing tree routing algorithm.
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Figure 2.8: Basic Distributed Operation - H2D
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Figure 2.9: Basic Distributed Operations - D2D & H2H

Basic distributed operations Unlike the hierarchical operation, the basic distributed
operation is a 2-hop time operation. It consists of two basic hierarchical operations which
always involve a parent node and a child node. In the ideal routing environment, the
distributed operation is mainly used to forward a routing request towards the destination
node at the same depth.

There are four basic distributed operations. D2H (2DP and 2HC') and H2D (2HP
and 2DC') are digit-shift operations (as shown in Figure 2 and Z¥)). D2H forwards
the routing request to an HSibling via DParent or HChild. Tt results in a one digit-shift
in the current HCode towards the right, while H2D forwards the routing request to a
DSibling via HParent or DChild; it results in a one digit-shift in the current HCode
towards the left. On the other hand, D2D (2DP and 2DC) and H2H (2HP and 2HC)
are digit-replacement operations (as shown in Figure ZJ). D2D forwards the routing
request to a DSibling via DParent, and it replaces a digit in the current HCode at the
left most side; while H2H forwards the routing request to an HSibling via HParent, and
it replaces a digit in the current HCode at the right most side.

Distributed routing is essentially a series of such digit operations that are continuously
applied towards one direction. The D2H or H2D routing is a series of D2H or H2D

operations, and the D2D or H2H routing is a series of D2H or H2D operations followed
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by a D2D or H2H operation at last. During each operation of distributed routing,
if new digit is chosen properly by following every digit value in the destination code
sequentially, the destination is guaranteed to be reached in, at most, d steps of such
2-hop time operations. Therefore, in the routing operations towards the destination
node, we often use 2HC[i/ and 2DC[i] to represent “send to an HChild or DChild whose

sequence number equals to the i-th digit of the destination code ™.

Performance analysis In distributed routing operations, all siblings of the destination
are 2 hops away, all siblings of the siblings of the destination are 4 hops aways, and so
on. These 2¢ hops away sets of siblings might have some sub-codes in common with
the destination. By choosing the maximum sub-code properly, the shortest path can
always be found between the source and destination pair, and the average performance

of distributed routing can be evaluated further.

Theorem 2.2.7. The average case time complezity of distributed routing To,,(DR) <

2 2
2d — 1t Ed(k—1)

Proof. Assume SPeer S = 00...00 is the source node at depth d, the destination D is
chosen randomly among all nodes at the same depth. In Part 1, we analyze the time
complexity based on D2H routing when the source is a SPeer, and then we prove that
the SPeer has the worst average case time complexity in Part 2.

Part 1:

Let Jy = {S}, and J; be the union of HSibling sets

of all members in J;_; via DParent only,

= the probability of D € Jy is 1/k?; it takes 0 hop time.

In D2H, all DPeers that are 2 hops away from S are in J; — Jy, and |J; — Jo| = k — 1.
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010 020 030 100 110 120 130 200 210 220 230 300 310 320 330
001 011 021 031 101 111 121 131 201 211 221 231 301 311 321 331
002 012 022 032 102 112 122 132 202 212 222 232 302 312 322 332
003 013 023 033 103 113 123 133 203 213 223 233 303 313 323 333
001 002 003 010 011 012 013 020 021 022 023 030 031 032 033
100 101 102 103 110 111 112 113 120 121 122 123 130 131 132 133
200 201 202 203 210 211 212 213 220 221 222 223 230 231 232 233
300 301 302 303 310 311 312 313 320 321 322 323 330 331 332 333

Jo ={000}; J1 =Jo U {001, 002, 003}; J» =J1 U{010, 011, 012, 013} U {020, 021, 022, 023} U {030, 031, 032, 033}
Figure 2.10: D2H Routing When Source is a SPeer

= the probability of D € J, — Jy is (k — 1)/k%

In D2H, all DPeers that are 4 hops away from S are in Jo—Jy, and |Jo—J;| = k(k—1).

= the probability of D € Jo — J; is k(k — 1)/k%.

In D2H, all DPeers that are 2i hops away from S are in J; — J;_1, and |J; — J;_1| =
K=Yk —1).

= the probability of D € J; — J;_; is k"1 (k — 1)/k%.

In D2H, all DPeers that are 2d hops away from S are in J; — Jy;_1, and |Jg — J4_1| =
k(k —1).

= the probability of D € Jy — Jy_ is k¥ Yk — 1) /k%.

= Tovg(D2Hgpeer) = % Z?:l ik'

= Targ(D2Hspeer) = 2d — 25 + faii—p

Part 2:

If a SPeer is the source node, it has the maximum average time complexity in D2H
routing because J;_; C J; is always true for 0 < ¢ < d and it leads to the worst average

case time complexity compared to any other non-SPeer source nodes at the same depth.

Figure and EZT0] demonstrate the difference between the SPeer and non-SPeer in
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000 010 020 030 100 110 120 130 200 210 220 230 300 310 320 330
001 011 021 031 101 111 121 131 201 211 221 231 301 311 321 331
002 |012] 022 032 102 112 122 132 202 212 222 232 302 312 322 332
003 013 023 033 103 113 123 133 203 213 223 233 303 313 323 333
000 001 002 003 010 011 [012] 013 020 021 022 023 030 031 032 033
100 101 102 103 110 111 112 113 120 121 122 123 130 131 132 133
200 201 202 203 210 211 212 213 220 221 222 223 230 231 232 233
300 301 302 303 310 311 312 313 320 321 322 323 330 331 332 333

Jo ={012}; J; = {120, 121, 122, 123}; J» = {200, 201, 202, 203}U {210, 211, 212, 213}
U {220, 221, 222, 223} U {230, 231, 232, 233}

Figure 2.11: D2H Routing When Source is a Non-SPeer

D2H distributed routing.

The analysis for H2D, D2D, and H2H routing holds the same result as what we did
for D2H. Therefore, by Part 1 and Part 2

Tang (DR) < 2d = 125 + st 0

From the analysis of SPeer routing in this proof, it is not hard to observe that
distributed routing of SPeer in HD Tree has the same performance as the equivalent

tree routing.

Fact 2.2.8. Distributed routing achieves better routing performance than its equivalent

tredd routing.

However, each of these four distributed routing mechanisms alone does not have
very much performance advantage over the equivalent tree routing. The significance of
distributed routing lies in the combination of four distributed routing algorithms (X2X
routing), and the combination of distributed routing and hierarchical routing. With the
combination of all these routing mechanisms, the longest common sub-code between the

source and destination pair can always be used to optimize the routing process, and more

'The equivalent tree of an HD Tree is the complete tree over which this HD Tree is constructed.
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Figure 2.12: Hierarchical Routing without Match
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Figure 2.13: Hierarchical Routing with Match

routing options can be considered in order to build a robust and error-resilient routing
mechanism. In addition, traffic in HD Tree can be easily monitored and manipulated in

order to avoid certain heavily loaded nodes.

2.2.3.2 Combined Routing Mechanism

DROCR algorithm Routing in HD Tree is nothing but a digit operation which occurs
only at the left most or right most side in the current HCode. By properly arranging
these digit operations towards the destination code, the destination node can always be
reached within 2h hops time at worst. However, better performance may be obtained if
there exists a match. A match is a common sub-code between the current HCode and
the destination code, and we let i and j (i < j) be location index of the current match in
the destination code. We propose a DROCR algorithm (Distributed Routing Oriented
Combined Routing) which tries to use the longest existing match and distributed routing
operations as much as possible. Hierarchical routing operations are applied only when the
current node and destination are not at the same depth or distributed routing operations
can not be applied.

In the ideal routing environment, hierarchical operations are used to forward the
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routing request towards the destination’s depth. If there is no match between the current
node and the destination, there are two options to truncate the current HCode towards
the destination depth, 2HP and 2DP, and two options to extend the current HCode
towards the destination code, 2HC and 2DC' (as shown in Figure E12)). 2HC or 2DC
has to be applied in order to generate a match starting from either the right most side
or the left most side of the current HCode, and this can be done by choosing the child
node whose sequence number equals to the digit at the left most side or the right most
side of the destination code. In procedure “HR_none_match()”, only one of two options

at each routing direction is applied.
1. if dsprc >=dpsT, 2HP;
2. if dsgrc < dpst, ZDC[OJH;

3. return success;

On the other hand, if a match can be found between the current node and the destination

(as shown in Figure BZT3)), procedure “HR_match()” is called:
1. if dsprc >=dpst

(a) if 2HP steps > ﬂ, 2HP; else
(b) if 2DP steps > 0, 2DP;

2. if dsgrc < dpst

0 &% 2HC steps > (H, 2HC[j+1JH; else
0 && 2DC steps > 0, 2DC[4i-1];

(a) if 2HP steps
b) if 2DP steps
(b) p

3. return success;

In this procedure, 2HP or 2DP is applied to truncate the current HCode towards the
match, and 2HC or 2DC is applied to extend the existing match towards the destination

code.

2send to a DChild whose sequence number equals to the 0-th digit of the destination code.
32HP operation will not truncate the current match (as shown in FigurdZI3).

42HC operation will not break the current match (as shown in FigurdZ13).

Ssend to an HChild whose sequence number equals to the (j+1)-th digit of the destination code.
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2000 2HC 2DC 000
SRC (w[x|y[z]|0 & & & 88 8wx]y[z]
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Figure 2.14: Distributed Routing without Match
o 0 2HC 2DC 4 0 2DP 4 2HP
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Figure 2.15: Distributed Routing with Match

When a node at the destination’s depth receives a routing request, distributed op-
erations may be applied to extend an existing match (shown in Figure EZTH) towards
the destination node. In this case, we use X2X routing to choose one from four dis-
tributed routing procedures: D2H(i =0, j), D2D(i =1, j), H2D(i, j = 0), and H2H(i,
j = dpsr—2), depending on location index i and j of the longest match in the destination
code.

If no distributed operations can be applied to the existing match, the hierarchical op-

eration can always be used instead, and procedure “DR_other_match()” will be called:
1. if 2HP steps > 0, 2HP; else
2. if 2DP steps > 0, 2DP; else

if 2HP steps == 0 && 2HC steps > 0, 2HC[j+1]; else

if 2DP steps == 0 && 2DC steps > 0, 2DC[i-1];

AR

return success;

In this case, the number of choices for the routing operation varies depending on the

location of index of the longest match in both the current node and the destination
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node.

If no match exists, there are at least two routing options: a D2H(i = 0, j = 0)
operation starting from the left most side of the destination code and an H2D(i =
dpst — 1, j = dpsr — 1) operation starting from the right most side of the destination
code (as shown in Figure ZI4l). In fact, it is always possible to generate a match by
calling other distributed routing procedure like D2D(i =1, j = 1), or H2H(i = dpsr—2,

Jj=dpsr —2).

Performance analysis According to the DROCR algorithm, performance of the com-
bined routing is determined by the longest match, and the depth of source and destination
pair. If no match can be found, the worst case time complexity is applied. Otherwise,
the maximum saving is guaranteed to be achieved by applying the DROCR algorithm.

Theorem 2.2.9. Let S = sg...5q550-1 aNd D = cy...capsr—1 be the source and destination

pair in HD Tree, and m be the length of the longest match between S and D, then,

T(DROCR) =dsrc +dpsr — 2m.

Proof. we prove this claim in the three cases below:

(1) No match can be found (m = 0).

If dsrc = dpsr = d, then T; = dspc + dpsg-

If dsre < dpst, by DROCR algorithm, it takes dpsr — dsrc hops for 2HC or 2DC
operations, and 2dsrc hops for D2H operations, as shown below:

50...stRC_lwso...stRc_lco...cdDST_dSRC_1%Co.--CdDST—l

= T, = dpsr — dsrc + 2dsre = dsre + dpsr

If dsrc > dpst, by DROCR algorithm, it takes dsgc — dpsr hops for 2HP or 2DP

operations, and 2dpgsr hops for D2H operations, as shown below:
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80+--Sds e 122 80 .8dpsr1 22 Co.Cap or1

= T = dsrc — dpsr + 2dpst = dsrc + dpsr.

(2) D2H routing can be applied to the match (m > 0).

If dsrc = dpst , then Ty = 2(dsrc — m) = dsge + dpst — 2m.

If dsre < dpsT, by DROCR algorithm, it takes dpsr—dgsrc hops for 2HC' operations,

and 2(dsrc — m) hops for D2H operations, as shown below:

2HC
S50---Sdgrc—m—1€0---Cm—1=""50---Sdsgc—m—1€0---Cm—1---Cdpgr—dgrc+m—1
D2H
—Co.--Cdpgr—1
= T, = dpst — dsrc + 2(dsre — m) = dsgpe + dpsr — 2m

If dsgc > dipsT, by DROCR algorithm, it takes dsrc—dpsr hops for 2DP operations,

and 2(dpsr — m) hops for D2H operations, as shown below:

80++-Sds e —m—1C0--Cm—1 2L 84 por—dp ap - Sdspe—m—1C0-+-Crm—1
D2H o Capari

= T, = dsrc — dpsr + 2(dpst —m) = dsrc + dpsr — 2m

According DROCR algorithm, H2D, D2D, and H2H routing comply with the same
result.

(3) Distributed routing can not be applied to the match (m > 0)

By DROCR algorithm, it takes dsrc — m hops for 2DP or 2HP operations if any,
and dpsr — m hops for 2DC or 2HC' operations if any.

= T3 = dgpc + dpsr — 2m

Combining the results from part (1), part (2), and part (3),
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P2P Network Management (HD Tree)

Figure 2.16: System Overview

T(DROCR) =dsgpc +dpsT — 2m O

According to this theorem, we have direct observations about the routing performance

in HD Tree:

Fact 2.2.10. HD Tree achieves better routing performance than its equivalent tree.

This is true because any two nodes in HD Tree can have a shorter path if a match
exists. But in its equivalent tree structure, a shorter path is only available if the match

starts from the left most side of both.

2.2.4 Supporting Multi-dimensional Range Queries

The purpose of the range query is to find the minimum complete set of data nodesH by
which the data held covers the range data requested. The details about how range query
can be carried out in an implementation is determined by the recursive decomposition
scheme employed at the higher layer of HD Tree, the multi-cast scheme used to forward
the query to all relevant data nodes, and the routing mechanism used to forward the

range data back to the initiator of the query.

6Leaf nodes
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Figure 2.17: Direct Mapping from Data Space to Identifier Space

2.2.4.1 Data Space Partitioning and Mapping

Figure depicts the abstract view of the HD Tree system. At the data space decom-
position and mapping layer, we may choose different recursive decomposition schemes,
like Quad-tree, K-d tree, or some other space filling curves like Z-order and Hilbert curve;
and at the P2P network management layer, we use HD Tree as the basic structure to
manage underlying nodes in the system. Mapping from data space to P2P identifier space
is direct mapping because HD Tree is built over a complete tree structure. Nodes at each
depth of a tree correspond to recursive decomposition of the data space at each order,
and the locality is properly maintained via parent nodes. In order to accommodate the
dimensionality changes, each node at certain depth can manage some number of virtual
nodes. Figure BET7 depicts an example showing the partitioning of a 2-dimensional data
space using Z-order space filling curve. The first two orders of this process have been
directly mapped into a 4 — ary HD Tree of height 2. The code of each node in this HD

Tree corresponds to the data range at certain order of the partitioning process.
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Initiator: 01; Range data requested: 03, 12, 21, 30

Figure 2.18: Range Query in Tree

2.2.4.2 Multi-dimensional Range Queries

For the comparison purpose, we use Figure I8 P19, and to show a complete
process of the range query in both HD Tree and its equivalent tree structure. The range
data in query is 03, 12, 21, and 30 (as shown in Figure ZZT7). The initiator of this query
is node 01. In a tree structure, in order to cover all range data requested, the query has
to be forwarded all the way up to the root node, and responses to this query have to
follow the same incoming path but in the opposite direction (Figure EZIS).

The range data requested in this example is 03, 12, 21, and 30 (as shown in Figure
EZT7). The initiator of this query is node 01.

In an HD Tree, the query request is forwarded in a distributed manner. It is not
necessary to pass through the root node. One of such standard query processes is called
D2H query. It always chooses some HSiblings via DParent to forward the query. The

process is described as follows:
o the initiator (node 01) initiates the query process and sends the request to DParent;

o DParent (node 1) forwards the request to HChildren whose last digit represents
the first order of the current data range in the query (0, 1, 2, and 3 in this case);

o HChildren (nodes 10, 11, 12, and 13) pass requests to each of their DParent;
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Figure 2.19: D2H Query in HD Tree
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Senders: 03, 12, 21, 30; Receiver: 01;

Figure 2.20: Response to D2H Query

e DParents (node 0, 1, 2, and 3) continue forwarding requests to HChildren whose
last two digits represent the second order of the current data range in the query

(03, 12, 21, and 30 in this case); and
o the range data is found at each of the HChildren (nodes 03, 12, 21, and 30).

The response to this query is a point-2-point routing process. In Figure 220, the re-
quested range data is returned to the initiator node from each data node. This response

process demonstrated in this figure assumes that the shortest path can always be found.

The comparison of these two simple examples indicate that the multi-dimensional

range query in HD Tree may have comparable message complexity as, but shorter time
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Figure 2.21: Connecting SPeers

complexity (O(lg(n))) than what it has in the equivalent tree structure. In addition to
this, the traffic load in HD Tree are distributed to large number of nodes at higher depth

instead of frustrating a limited number of nodes at the lower depth.

2.2.5 Error Resilient Routing

HD Tree doubles the number of neighbors in its equivalent tree structure at the cost of
doubling the total number of links of a tree. As a consequence, routing in HD Tree could
be designed to be highly error-resilient. In the case of a neighboring node’s failure, a very
simple solution is to redirect the routing request to a functioning neighbor, and to start
the routing process over again, which requires another 2A hops time at worst. However,
by comparing the match between functioning neighbors and the destination node and
by rearranging the sequence of hierarchical operations and distributed operations, better

performance might be achieved.

2.2.5.1 Connecting SPeers

In a k —ary HD Tree, the root has k neighbors, all internal nodes except SPeers have
2k + 2 neighbors, and SPeers have 2k neighbors. All leaf nodes have 2 parent nodes
except SPeers. which are isolated from the system in the case of a single parent failure.
However, this problem can be resolved by introducing extra links at each depth to connect

the SPeer parent to a SPeer child of another SPeer at the same depth. There are many
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ways to conduct these extra connections. One tactic we employed for error resilient
routing is to connect the i-th SPeer to the SPeer child of (i+1)-th SPeer at the same
depth (as shown in Figure ZZT]). This improvement increases total links in a k — ary HD
Tree from 2(n — 1) — kh to 2(n — 1) — k.

HD Tree is built over a complete tree structure. By introducing extra connections
from the parent node to some other children nodes at each depth, the advantages we
obtained are far beyond the basic properties of a simple tree structure. These advantages
make fault tolerance and load balancing problems to be handled and resolved naturally

within the HD Tree structure itself and at the minimum cost.

2.2.5.2 Error Resilient Routing Mechanism

In the error-prone routing environment, whenever a normal routing operation fails,
DROCR algorithm switches the normal routing mode into the by-passing routing mode.
In the by-passing routing mode, all possible routing operations are tried in order to get
around neighboring nodes that have failed.

If there is no match between the current node and the destination, “bp_none_match()”

is called:
1. if dpsr < dsrc

(a) if 2HP succeed, return success;

(b) if 2DP succeed, return success;

2. set 1 =0;

Bl

if 2HC[% ] succeed, return success;

=

set j:dDST—’i—l;
5. if 2DC[4j] succeed, return success;
6. if i <dpsr

(a) ++;

(b) go back to 2;
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7. return bp_any();

In this procedure, if 2HP and 2DP can not proceed, “bp_none_match()” tries each
digit sequentially from the left most side and the right most side of a destination code
in order to generate a match using either 2HC or 2D (' operations.

If there exists at least one match between the current node and the destination,
procedure “bp_match()” is called. Let ¢ and j (i < j) be the location index of the

current match in the destination code:

1. if 2HP steps > (H

(a) if 2HP succeed, return success;
2. if 2DP steps > 0O

(a) if 2DP succeed, return success;
3. if 2HP steps == 0 && 2HC steps > (H

(a) if 2HC[j+1] succeed, return success;
4. if 2DP steps == 0 && 2DC steps > O

(a) if 2DC[i-1] succeed, return success;
0. if next match exists

(a) set 4, j to next match;

(b) go back to 1;
6. return bp_none_match() ;
In the procedure above, two parent nodes are tested in order to “by-pass the failure

towards the current match. If 2HP and 2DP can not proceed, 2HC' and 2DC' are

tried in order to extend the current match towards the destination code. If by-passing

T2HP operation will not truncate the current match (as shown in FigurdZI13).
82HC operation will not break the current match (as shown in FigurdZI3).
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operations fail in the current match, the next match is tried. If by-passing operations
fail in all matches that can be found, “bp_none_match()” is tried at last.
“bp_none_match()” and “bp_match()” are intended to generate a new match, and
maintain or even extend an existing match even if the normal routing operation has
been interrupted by failures. Although, when compared to a random by-passing scheme,
better performance might be achieved; they can not guarantee the success of by-passing
all failures. This is because the next node is determined by a digit in the destination
node instead of trying all functioning neighbors. Therefore, the procedure “bp_any()”

is called when both “bp_none_match()” and “bp_match()” have failed.

1. if HParent not visited

(a) if 2HP succeed, return success;
2. if DParent not visited

(a) if 2DP succeed, return success;
3. set i =0;
4. if 4-th HChild not visited

(a) if 2HC’(7L)H succeed, return success;
5. if 2-th DChild not visited

(a) if 2DC’(7L) succeed, return success;
6. if i<k

(a) a++;

(b) go back to 3;

7. return failure;

HD Tree is a cyclic graph, “bp_any()” avoids looping by selecting the next node that
has not been visited yet. “bp_any ()" fails if by-passing operations can not proceed after

all previously non-visited neighbors have been tried.

9send to the i-th HChild.
Wgsend to the i-th DChild.
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Figure 2.22: Comparison of SPeer’s Routing Operations

2.2.5.3 2SDP and 2SDC

System failure occurs in HD Tree if there exists a functioning node that has been totally
isolated from the system. If there is no system failure in an HD Tree, the by-passing
mechanism is supposed to go around failures and get to the destination eventually. How-
ever, “bp_any()” guarantees a successful return from the by-passing routing mode only
if the current node is not a SPeer.

A SPeer node has the same SPeer DParent as its SPeer HParent; and, it also has
the same SPeer DChild as its SPeer HChild. In routing operations we have discussed in
previous subsections, 2HP and 2DP pass the routing request to the same parent node
if the current node is SPeer; so do 2HC and 2DC' if SPeer child node is chosen as the
next node.

In the by-passing routing mode, when the current node is a SPeer leaf node, by-
passing operations can not proceed if HParent fails. On the other hand, when a SPeer
leaf node is the destination node, no routing operations can be applied to by-pass the
HParent’s failure.

25DP (Send to SPeer DParent) and 25DC' (send to SPeer DChild) are two additional
routing operations used to deal with this situation. 25DP forwards the routing request to
another SPeer parent, called SDP (SPeer DParent), via an extra link shown in Figure
P21 While 2SDC forwards the routing request to another SPeer child, called SDC
(SPeer DChild), via an extra link also shown in Figure ZZI Figure is a comparison
of these routing operations at a SPeer node.

We describe a complete by-passing mechanism “by_pass()” as follows:
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9.
10.

. set SDC_DEST to Null;

. set DEST to destination;

if DEST is SPeer leaf

(a) if HParent of DEST fails

1. set SDC_DEST to DEST;
11. set DEST to SDP of DEST;

if SDC_DEST not null

(a) if current node == DEST

1. set DEST to SDC_DEST;
11. set SDC_DEST to null;

11i. 2SDC, return success;
if match not found

(a) if bp_none_match() == success
return success;

if match found

(a) if bp_match() == success
return success;

if sender exists
(a) send back to sender, return success;

if 2SDC succeed, return success;
2SDP ;

return success;

47

In the simulation, we only considered the routing nodes failures. We have tested

this simple by-passing mechanism in a 2 — ary, 4 — ary, and 8 — ary HD Tree. The

maximum nodes’ failures that can be handled so far is about 10 percent of routing nodes

failures.

Hnternal nodes.
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Figure 2.23: Entry Table at Node 23 in 4 — ary HD Tree

2.2.6 Maintenance Operations

HD Tree needs to maintain a complete tree structure at all times. A new node has to
join the system as a leaf node of the tree, and an existing node needs to find a leaf
node as the replacement before it disconnects from the system. In HD Tree, a internal
node uses Entry Table to direct the Join or Leave request towards the nearest leaf entry.
Entry Table is a binary table maintained at each internal node to track the status of leaf
entries at each different hops time. It is updated in a progressive manner after each Join

or Leave operation.

2.2.6.1 Entry Table

An Entry Table at depth d has (d+1) x k binary entries (as shown in Figure ZZ3)). Entry
(1, 7) represents the state of all nodes at depth d + 1 that are 2i + 1 hops away via j-th
HChild. In a full HD Tree of height h, Entry Table for the Join operation is maintained
by each node at depth A — 1, and the Join request is directed to the node at depth h.
For instance, in the Entry Table at node 23 (Figure Z23), the first row indicates the
status of all HChildren. In this case, no more empty entries can be used for the next
Join request. The second row represents the status of all nodes in one D2H operation
time, starting from each of k HChildren (3 hops in total). This figure shows that empty
leaf entries exist in one D2H operation time via any HChild of the current node.
Moreover, if all entries in the i-th row have become 1, notifications have to be sent

to all relevant nodes - HParent of all DChildren. The relevant node updates its own
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Figure 2.24: Entry Table at Node 02 in 4 — ary HD Tree

Entry Table by finding the entry in the (i + 1)-th row, and at the column of the HChild
via which the notification is received, and setting it to 1. In the example depicted by
Figure Z23] these relevant nodes are 02, 12, 22, and 32, because HChildren of node 23
are nodes who are one D2H operation time away via the third HChild of each relevant
node, and all empty leaf entries at HChildren have been used. Therefore, the second
row of Entry Table at all relevant nodes (node 02, 12, 22, and 32) need to be updated
accordingly (as shown in Figure ZZ2]). When all entries in the second row of Entry Table
at node 23 become 1, the same notification process continues at the third row of Entry
Table at all relevant nodes. By this way, all Entry Tables at depth h — 1 are maintained
simultaneously in a progressive manner. Whenever all entries in the bottom row of an

Entry Table become 1, all entries in all Entry Tables have become 1.

2.2.6.2 Join and Leave Operations

In a full HD Tree of height h, Entry Table for the Join operation is maintained by each
node at depth h — 1; it is initialized to all 0s. In a Join operation, entry 0 represents the
existence of some empty leaf entries for the new node to join, while entry 1 stands for
the opposite meaning.

A Join request is first directed towards nodes at depth h — 1. Whenever a node
at depth h — 1 receives a Join request, it checks the first row of Entry Table. If there
exists any 0 entry, the request is passed to the corresponding HChild. Otherwise, the
next row is checked, and so on. When a node at depth h is fully filled with leaves, it
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notifies HParent to update its entry in Entry Table. When a row in Entry Table has
become all 1s, it notifies all relevant nodes to update their entries in the next row of
Entry Table accordingly; and, notifications are sent to all HParents of DChildren. As
the Join operation moves on, all entries in Entry Table may be filled with all 1s. At this
point, the height of the full HD Tree is extended to h+ 1, and new Entry Tables for Join
operation are initialized to all Os and maintained at each node at depth h. The next Join
operation will be directed to nodes at depth h.

On the other side, Entry Tables at depth h — 1 were left all 1s because of previous
Join operations at this depth; and, they become Entry Tables used for the next Leave
operation. In a Leave operation, entry 1 indicates that there exist some leaf nodes which
can be used as replacements, while entry 0 means that no leaf node can be used as the
replacement any more.

In a full HD Tree of height h+ 1, a Leave request is directed towards nodes at depth
h—1. Whenever a node at depth h — 1 receives a Leave request, it checks the first row of
Entry Table. If there exists any 1 entry, the request is passed to the corresponding HChild.
Otherwise, the next row is checked, and so on. Right after the first Leave operation is
completed, the height of the full HD Tree is reduced to h. When all children entries of a
node at depth h are empty, it notifies HParent to update its entry in Entry Table. When
a row in FEntry Table has become all Os, it notifies all relevant nodes to update their
entries in the next row of Entry Table accordingly. It is the same notification process
as the Join operation, but with opposite operations. As the Leave operation continues,
all entries in Entry Table may become all 0s. At this time, Entry Tables at depth h — 2
will be used for the next Leave operation, and Entry Tables at depth h — 1 were left all
0s because of previous Leave operations at this depth; and, they become Entry Tables
used for the next Join operation. In the implementation, Entry Tables used for Join and

Leave operations have to be updated cooperatively.



CHAPTER 2. DDM IN P2P OVERLAY NETWORKS 51

[] II

02 m 12|13 03
02 03 <j i>

L] ]
20|21 30|31 20 %0

2223|3233

H2H Adaptation Overloaded node H2D Adaptation

Figure 2.25: H2H and H2D Local Adaptation

2.2.6.3 Performance Analysis

In a full HD Tree of height h, directing the Join or Leave request from any node to a
node at depth h — 1 is h — 1 hops time operation at worst; and, finding the right entry
for Join or Leave operation is a 2h hops time operation at worst. Therefore, the Join or
Leave operation in HD Tree based on maintaining a binary entry table costs 3h — 1 hops

time at worst, and it is in O(lg(n)).

Fact 2.2.11. In a full HD Tree of height h, the worst cast time complexity of Join or

Leave operation is Tyorsi(Join/ Leave) < 3h.

2.2.7 Dynamic Load Balancing

Figure EET7 demonstrates direct mapping from two dimensional data space to HD Tree
identifier space using Z-order space filling curve. Each order of recursive decomposition
corresponds to nodes at the depth of that order. The data distribution load at each data
node is uniquely identified directly by the node ID. This figure also indicates that data
space is evenly partitioned and uniformly distributed into identifier space. Recursive
decomposition partitions data space and maps it into identifier space. It stops when the
recursive order reaches the height of the full HD Tree. Each data node manages the data

distribution load at this order, and it is called basic load.
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However, in a real P2P environment, some nodes might have a lower capacity for
participating in system wide operations. On the other hand, some data might be accessed
more frequently and become hot spot areas in data space. All these factors may lead to

a bottle neck or some heavily loaded nodes in HD Tree.

2.2.7.1 H2H and H2D Local Adaptation

H2H and H2D local adaptation are local load balancing schemes affecting only sibling
nodes and HParent. The overloaded node re-partitions current load, and redistributes it
to HSiblings or DSiblings via HParent (as shown in Figure B22H). This load adaptation
scheme is a 2-hop time operation (H2H or H2D); and, it is a local load balancing scheme
because it disseminates load to nodes close to the hot spot area.

H2H and H2D local adaptation do not change the direct mapping feature in HD
Tree. However, they alternate the mapping from data space to identifier space locally
and temporally. The basic load at the heavily loaded node is partitioned into k£ smaller
parts of load. Each part loses the lowest digit on the right, but obtains one digit from 0
to k— 1 on the right most (H2H) or left most (H2D) side. This transition process is also
depicted in Figure EZ2Z0. This local load adaptation scheme might fail if other siblings
are also heavily loaded. However, it does not generate any extra routing cost to D2H

range queries, because all data nodes have to be accessed via HParent in D2H queries.

2.2.7.2 D2H Repartitioning

The local adaptation scheme provides a temporary but simple solution for the load
balancing. However, it is not able to manage the situation when a big hot spot area
spreads across many nodes in HD Tree. We propose another system wide solution, D2H
repartitioning, which is based on the recursive decomposition scheme employed at higher
layer. D2H repartitioning is a global load balancing scheme. It is the continuation of the

recursive decomposition process, and it re-partitions and redistributes the basic load at
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Figure 2.26: D2H Load Repartitioning

each data node. D2H repartitioning is a dynamic load balancing scheme, it balances the
load at each data node system wide in a dynamic manner. In a full HD Tree of height
h, the order of D2H repartitioning can be adjusted between 0 and h depending on the
node s capacity and hot spot areas in data space.

In order 0, the basic load is managed at each data node. The overloaded node initiates
the next order D2H repartitioning. This load balancing process re-partitions the load in
the current order and redistributes it to HSiblings via DParent. All other nodes start
the next order D2H repartitioning process once they receive the redistributed load in
the next order from HParent. D2H repartitioning will stabilize at the next order within
2h hops time, after which all data nodes have had their load in the current order re-
partitioned and redistributed to HSiblings which are 2 hops away via DParent. This
global load balancing process stops at this order if no overloaded node can be found
anymore. Otherwise, the same process will be initiated again, but it will continue at
another higher order.

Through this way, the load at each data node is re-partitioned and redistributed.
This, in turn, recombines the load in the next order system wide at each data node.
This process can be repeated at an even finer grade as the order of D2H repartitioning
goes higher. Therefore, the hot spot areas are most likely to be dissolved among all
data nodes in the system. Figure depicts this D2H repartitioning process at the

overloaded node 03.
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D2H repartitioning alternates the mapping from data space to identifier space system
wide. In each order of D2H repartitioning process, the load identified by the node ID in
the previous order is partitioned into k smaller parts of load. Each part loses the highest
digit on the left (2DP), but obtains one lowest digit from 0 to & — 1 on the right (2HC).
This transition process is also shown in Figure E226

D2H repartitioning does not change the direct mapping feature in HD Tree, because
the new order of repartitioning becomes global knowledge after 2h hops stabilization time.
However, the involvement of data nodes caused by a range query expands exponentially:
the same range query involving only 1 data node at order 0 will become a range query
involving &7 data nodes at the order j; and, it will become the range query involving the
entire system at the order h. This is the main trade-off between load balancing and the

performance of range queries.

2.3 Experimental Results

We built an HD Tree P2P overlay structure in ns2. The reason why we choose ns2 as
the implementation platform was to facilitate our future study of different scenarios that
might be applied to the lower layer network infrastructure, the higher layer data space

partitioning, and the P2P overlay application layer.

2.3.1 Simulation Environment

Currently, the HD Tree overlay is built over the traditional wired network infrastructure.
At the P2P overlay application layer, we simplify the multi-dimensional data space in
real application scenarios to an abstract data space with [0, 1] range at each dimension.
At the data space decomposition and mapping layer, we employed Z-order space filling
curve. An HChild at depth d decomposed a certain part of the abstract data space

which was previously decomposed by its HParent, half at each dimension according to
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the sequence determined by Z-order space filling curve. Therefore, the HCode of a node
indicates which part of the abstract data it is currently managing (as shown in Figure
ET17). In order to support multi-dimensional range queries in the error-prone routing
environment, the error resilient routing has been built inside the DROCR algorithm.

We have tested HD Tree structure in both ideal and error-prone distributed routing
environments. In an ideal distributed routing environment, the maximum network size we
tested for basic routing operations includes a 2 —ary HD Tree of height 12 (8191 nodes),
a4 —ary HD Tree of height 6 (5461 nodes), and a 8 — ary HD Tree of height 4 (4681
nodes). However, in an error-prone distributed routing environments, the maximum
network size we are able to use for the range query is reduced to a 2 — ary HD Tree of
height 9 (1023 nodes), a 4 — ary HD Tree of height 5 (1365 nodes), and a 8 — ary HD
Tree of height 3 (585 nodes). The maximum dimensionality we tested in all simulation
runs is up to 6. Each node in HD Tree manages a certain number of virtual nodes in
order to accommodate the dimensionality changes.

We have to say that HD Tree itself is highly scalable. These limitations are set
according to the capability of our hardware resources, because ns2 is a single process

simulator.

2.3.2 Average Routing Performance

Simulations for validating the average routing performance are conducted in an ideal
routing environment. It includes the average routing performance of basic distributed
routing and the combined routing. The average routing performance is evaluated among
all combinations of the source and destination pair at the same depth from 1 to the tree
height; and, it is measured by the fraction of the average number of hops used from the

source to the destination node over two times their depth.

average # of hops used
2xd

Avg. Routing =
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In this part of the experiment, we first simulated each of the four distributed routing
operations (D2H, D2D, H2D, and H2H) separately; and, we also simulated the combi-
nation of these four distributed routing operations (X2X routing) and the combination
of both hierarchical and distributed routing (DROCR routing). The results are shown
by using different points or line-points in the first and second row of Figure 22T the
comparisons are also made by drawing performance lines for each of the equivalent tree
routing.

In subsection 22371 we conclude that the average performance of basic distributed
routing has an upper bound. This upper bound is the average routing performance of
a SPeer at the same depth, and it is the same as the performance of the routing in the
equivalent tree structure. They are all in O(logxn), but outperform 2d hops time: the
worst case time complexity of distributed routing in HD Tree. Our simulation results
in the first row of Figure EZ27 comply with this analysis. It also indicates that, each of
the four basic distributed routing alone achieves slightly better performance than what
is possible in an equivalent tree structure. In addition, D2H and H2D have the same
routing performance as well as D2D and H2H, because they are the reversed distributed
operations of each other.

We have claimed that the average routing performance in HD Tree is comparable to
all existing structured P2P overlay systems. Although it is true that they all appear to
be bound by O(lgN), the significance of this part of the experiment does not lie in this.
In HD Tree, distributed routing has more routing options by which to reach the same
destination than its equivalent tree routing; and, they all appear to have comparable
routing performance (O(loggn)). Therefore, by combining four distributed routing algo-
rithms together (X2X routing), we are able to achieve more performance gain over the
equivalent tree routing. This is because the shortest path is more likely to be found by
comparing the match found in D2H, H2D, D2D, and H2H routing all together. Moreover,
the DROCR algorithm, which is the complete combination of both distributed routing

and hierarchical routing, achieves the most performance gain. This is because as long as
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there is a match between the source and destination pair, the shortest path can always
be found. The second row of Figure shows that the performance gain of DROCR
over tree almost doubles that of X2X over tree at a higher depth.

Simulation results shown in the first 2 rows of Figure also indicate that the lower
ary HD Tree achieves better routing performance compared to the higher ary HD Tree,
but less performance gain over the equivalent tree routing. The reason is that the lower
ary HD Tree has s relatively larger number of routing nodes but less routing options
when compared to the higher ary HD Tree. However, they all rise up slowly and get
close to the performance of the equivalent tree routing as the depth increases step by
step. Due to the increase of depth, routing between source and destination pairs without
any match becomes the dominant element in computing the average routing performance.
Therefore, there might exist a certain performance trade-off between the data distribution
load and the routing performance. As we have known, the data distribution load at each
leaf node decreases exponentially with the increase of height. Meanwhile, the average

routing performance goes up much more slowly.

2.3.3 Performance of Range Queries

Range queries in HD Tree are conducted in both ideal and error-prone routing environ-
ments. The performance of range queries is evaluated by the involvement against the
selectivity (as shown in the third row of Figure and Figure[Z28), the average routing
performance against the involvement (as shown in the first column of Figure ZZ2dl), and
the by-passing rate against the involvement (as shown in the second column of Figure
229). The involvement is measured by a fraction of the total number of nodes involved

in the entire query process over the total number of functioning nodes in the system:

total nodes;pvoived

Involvement =
total nodes functioning
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The selectivity is measured by another fraction of the size of the range data in the query

over the entire data space:

range query size

Selectivity = ,
entire data space

And, the by-passing rate indicates the total number of redirected routing caused by

failures over the total number of routing conducted for the same range query:

total by — passing routing

By = passingrate = total routing

In this part of the simulations, we vary the range data in the query from a very small
range size to the entire data space. There are a total of 16 steps in the 2 — ary and
4 —ary HD Tree, and 8 steps in the 8 —ary HD Tree; and, the range data size rises from
% to 1 and from é to 1 at each dimension correspondingly.

In each step of the simulation, we collected the performance of the same range query
initiated by different functioning nodes. Each node has to run as the initiator of the
same query once. The initiator starts the query and stops until all range data requested
has been received. The average performance of the same range query is evaluated among
all functioning nodes in the system.

In order to set up an error-prone routing environment in the simulation, we randomly
chose some routing nodes at a depth from depth 0 to h — 1 and set their states to the
failure mode. As long as these failures do not cause any system failure, any functioning
node is supposed to survive the error-prone environment, and to fulfill the routing task
that it carries. The maximum failures we have tested so far is up to 10 percent of routing
nodes failures.

The performance is evaluated in four different cases as follows:

1. The variation of the involvement in a fixed multi-dimensional data space by varying
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the selectivity of range data from a very small range size to the entire data space,
which is shown by each performance lines and points in the third row of Figure

and Figure

2. The comparison of the involvement in different multi-dimensional data space by
varying the dimensionality from 1 to 6, which is shown by different performance

lines and points in the third row of Figure and Figure 228

3. The comparison of the involvement among a 2 — ary HD Tree of height 9 (the
first column at the third row of Figure and the first column in Figure 2228),
a4 —ary HD Tree of height 5 (the second column at the third row of Figure
and the second column in Figure Z2¥), and a 8 — ary HD Tree of height 3 (the
third column at the third row of Figure and the third column in Figure ZZ2§]).

4. The comparison of the involvement in the ideal routing environment (performance

lines in Figure Z28) and the error-prone routing environment (performance points

in Figure Z22§).

5. The variation of the average routing and by-passing rate of range queries at a fixed
failure rate by varying the involvement of nodes at different selectivity, which is

shown by each performance line and point in Figure

6. The comparison of the average routing and by-passing rate of range queries at
different failure rates by varying the total number of routing nodes” failures, which

is shown by different performance lines and points in Figure

In both the ideal and error-prone routing, the experimental results show that the
involvement of range queries varies proportionally according to the selectivity within
the same data space, but deviates considerably with the change of dimensionality (as
shown in the third row of Figure and Figure Z2¥). However, the total number of

nodes involved in the range query has been effectively minimized. Because HD Tree has
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a natural consistency with the recursive decomposition scheme used for the data space
partitioning, it does not need to maintain an extra data structure to accommodate the
change of data localities with exponentially expanding and extending rates.

In the error-prone routing environment, extended simulations for the range query in
HD Tree with three levels of routing nodes’ failures are conducted. The experimental
results (Figure Z28) show that even 10 percent of routing nodes’ failures does not cause
any significant variations in the involvement. In fact, it is not even so noticeable in
4 —ary and 8 — ary HD Tree cases (as shown in the second and third column of Figure
E2]), because 4 — ary HD Tree doubles routing options in 2 — ary HD Tree, and 8 — ary
HD Tree doubles routing options in 4 — ary.

However, the lower selectivity cases in 8 —ary HD Tree (as shown in the third column
of Figure Z2§) indicate that a finer design of the error-resilient DROCR algorithm has
to be considered if a higher percentage of routing nodes’ failures needs to be tested. The
current routing algorithm is able to make use of at most one match in each of the four
basic distributed operations in the by-passing routing mode. The performance may be
further optimized if all matches between the source and destination pair can be found and
properly used in the by-passing routing mode. In addition, routing operations via extra
links connecting SPeers (as shown in Figure ZZ1] and E222)) should be further explored
and well merged into the DROCR algorithm.

The average routing and by-passing rate of range queries depicted in Figure
confirm our analysis in the previous and current subsection, which can be summarized

as follows:
o The lower ary HD Tree has better average routing performance.
o The higher ary HD Tree has better fault tolerant capacity.

o The error-resilient routing in higher ary HD Tree will be further improved if a finer

design of by-passing routing can be explored.

A simple fact that is necessary to mention is: a 2 —ary HD Tree of height 9 has 512 data
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nodes, they are indexed by 511 routing nodes, and the average data distribution load at
each data node is % As a comparison, a 4 — ary HD Tree of height 5 has 1024 data
nodes. They are indexed by 341 routing nodes, and the average data distribution load at
each data node is ﬁ; and, a 8 —ary HD Tree of height 3 has 512 data nodes. They are
indexed by 73 routing nodes, and this 8 — ary HD Tree has the same data distribution

load as the 2 — ary HD Tree of height 9.

2.3.4 Performance of Join and Leave

Simulations for nodes’ Join and Leave operations are conducted in an ideal routing
environment. Join and Leave operations run in a full HD Tree of height h. We set up a
full 2 —ary HD Tree of height 10, a full 4 — ary HD Tree of height 5, and a full 8 — ary
HD Tree of height 3 for this maintenance operation.

Before each step of Join or Leave operations, we initialize the simulation environment
by randomly setting some number of leaf nodes at h+1 as existing leaves. Join operation
joins HD Tree as a new leaf node at h + 1 until all leaf entries at h 4+ 1 are fully filled,
while Leave operation takes an existing leaf node at h+1 as the replacement until all leaf
entries at h + 1 are empty. The performance of Join and Leave operation is evaluated
against the number of existing leaf nodes at h + 1 and the number of empty leaf entries
at h + 1 respectively; and, it is measured by the fraction of the average number of hops

used to find the leaf entry over 3h:

average # of hops used
3h

Average Join/Leave =

In each step of Join or Leave operation, we collect and compute the performance data
by initiating the same Join or Leave request from each node at a depth less than h + 1.
Figure shows Join and Leave performance in both the average and the worst cases.

The performance of Join operation goes up with the increase in the number of existing
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leaves at depth h + 1; on the contrary, the performance of Leave operation goes up with
the increase in the number of empty leaf entries at depth h + 1. However, according to
Subsection EZ2.0, the performance of both Join and Leave operations should be less than
1, and the experimental results shown in Figure Z30 complies with this analysis very

well.

2.3.5 Performance of D2H Repartitioning

The performance of D2H repartitioning is examined by both the involvement bar (the
second row in Figure Z3T]) and the average routing bar (the second row in Figure ZZ32)
of the same range query at each order of D2H repartitioning. In order to illustrate the
connection between a single range query at different orders of D2H repartitioning and
range queries at different levels of selectivity, we set up the same simulation environment
in a 2-ary, 4-ary, and 8-ary HD Tree for D2H repartitioning. This was likewise done for
different range queries in the ideal routing environment. The comparison is made by
plotting the involvement (the first row in Figure EZ31]) and the average routing perfor-
mance (the first row in Figure Z32) of range queries against the selectivity. Moreover,
in order to show the impact of load balancing on each data node in HD Tree, the par-
titioning bar of basic load at the heavily loaded node is compared against the order of
D2H repartitioning (the third row in both Figure EZ31] and ).

In this part of the simulation, the range query that is used to collect the performance
data at different orders of D2H repartitioning involves only 1 data node at order 0; and, we
assume the basic load at this data node is a hot spot area in data space. The experimental
results in the first two rows of Figure EZ31] show that D2H repartitioning at each order
has equivalent range queries at a certain level of selectivity corresponding to it. This
indicates that a range query at a higher order of load balancing involves significantly more
nodes to participate in the same operation, and the involvement expands exponentially.

However, the experimental results in the first two rows of Figure also show that the
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average routing performance of a range query at a different order does not vary so much.
Like range queries at different levels of selectivity, it begins to stabilize at a certain value
as the involvement expands.

In both figures, the third row shows the partitioning bar of load at the heavily loaded
node at each order. The left most bar at order 0 is the initial basic load. The exponential
deduction of this bar is the consequence of an exponential increase in the involvement
of data nodes at each order. This indicates that the hot spot area in data space is most
likely to be resolved at a certain order of D2H repartitioning. All these experimental
results comply with our analysis in Subsection 2227 which addresses the main trade-off

between load balancing and the involvement of the range query.

2.4 Summary

Data space partitioning using recursive decomposition makes localities expand and ex-
tend exponentially. HD Tree provides an optimal solution for supporting multi-dimensional
range queries at the P2P overlay layer because of its natural connection to the recur-
sive decomposition scheme employed at a higher layer. This inherent nature makes all
important features of a P2P overlay network, like partitioning and mapping, scalability,
self-organizing, error-resilience, and dynamic loading balancing, to become a natural part
of this novel data structure. HD Tree is the first distributed data structure proposed
in this area that is able to not only adapt the hierarchical data structure into the dis-
tributed environment, but also to give a complete view of system states when processing
multi-dimensional range queries at different levels of selectivity and in various error-prone
routing environments.

HD Tree is built over a complete tree structure. It doubles the number of neighbors
at each node at a depth greater than 1 at the cost of doubling the total number of
links of a equivalent tree. HD Tree is highly scalable because of its embedded tree

structure. However, HD Tree has to maintain a complete tree structure at all times.
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The basic maintenance operations like Join or Leave are directed by each node according
to the Entry Table which is updated at all relevant nodes in a progressive manner. In
a k —ary HD Tree, the routing table size is determined by the system parameter k,
and each node has maximum of 2(k + 1) neighbors. The main computation in routing
operations is a series of digit-shift or digit-replacement operations at either the leftmost
or the rightmost side of the code. HD Tree achieves better routing performance than
its equivalent tree because routing may be conducted either hierarchically, distributively
or through a combination of both. Moreover, HD Tree is highly error-resilient because
multiple options are always available for each routing operation at any intermediate node
between the source and destination pair.

The experimental results agree with our performance analysis. It shows that the
performance of all basic operations, including routing, and Join and Leave, are bound
by O(lg(n)) in an ideal routing environment. The experimental results also indicate that
lower ary HD Tree has a better average routing performance, while higher ary HD Tree
has a better fault tolerance capacity. The maximum random failures we have tested so far
are about 10 percent of routing nodes’ failures with very limited performance variations.
However, the experimental results also indicate that if a finer design of routing in the by-
passing mode can be further explored, the performance will be continuously improved,
and HD Tree may survive even more harsh error-prone routing environments.

Because of direct mapping from data space to identifier space, the range query is
actually a multi-cast routing operation that finds the minimum complete set of neigh-
boring data nodes in which data held covers data requested. On the other hand, load
balancing becomes a recursive decomposition process at another level in which the basic
load at each data node is re-partitioned and again mapped back into identifier space.
We claim that the range query in HD Tree optimizes the involvement of nodes because
of the direct mapping feature and the progressive routing strategy employed. We also
claim that load balancing is a global dynamic balancing scheme because it is a system

wide decomposition process and it can be adjusted to a finer grade at a higher recursive
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order.

HD Tree is not proposed to turn down the exponentially expanding and extending
rates of data localities in data space partitioning and mapping. Instead, it is designed to
minimize the impact of this effect introduced in the P2P overlay layer. In the simulation
for multi-dimensional range queries, the experimental results show that the involvement
of nodes varies proportionally with the selectivity of range query. However, it deviates
considerably with the change of dimensionality, because HD Tree is the first P2P overlay
structure that is able to give a complete view of the system state when processing multi-
dimensional range queries in data space with various dimensionality and from a very
small range size to the entire data space. We believe that our experimental results in
this part of the thesis work is reasonable, but they only provide a preliminary system
overview of range queries. Therefore, the performance of range queries in HD Tree may
be continuously improved in the future.

D2H repartitioning scheme makes load balancing become a dynamic and global pro-
cess in HD Tree. The experimental results show that a range query with the selectivity
equivalent to the basic load at order 0 becomes a range query involving the entire system
at order h. However, because only a small part of data space is frequently accessed by
the range query generally, this phenomenon is considered more as the effective balancing
of heavy load among data nodes rather than frustrating the HD Tree system. Moreover,
the successful switching from a lower balancing order to a higher balancing order indi-
cates that the D2H repartitioning is able to stabilize within 2h hops time at each order.
Finally, because this balancing scheme is a reversible process, the order of load balancing
can be adjusted back and forth according to the change of hotspot areas in data space.

This part of the thesis work provides a preliminary overview of a novel distributed
data structure. Although our conclusions are supported by both theoretical analysis
and experimental results, the experimental part is obtained from a simulation and by
using an abstract data space. Nevertheless, HD Tree presents outstanding properties to

support multi-dimensional range queries in the distributed environment. Our next step
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of work will be to fully explore the fault tolerance capacity in higher ary HD Tree, and
apply real application scenarios to the new data structure. In our future work, we will
continue to adapt this distributed data structure into the wireless network, and explore

the new potentials in both wired and wireless environments.



Chapter 3

DDM in Cluster-Based Network

Environments

3.1 Basic Concepts

In this section, we introduce some basic concepts that are widely used in HLA /RTI based
distributed simulations community[46-48, 66]. In order to understand these concepts
more thoroughly, we incorporate their different representations as used by two major

DDM systems: the Region-based DDM system and the Grid-based DDM system.

3.1.1 Routing Space

Routing space is a virtual area in which a simulation runs[45,52,53]. In the Region-
based DDM system, routing space is represented using a multi-dimensional coordinate
system, while, in the Grid-based DDM system, it is divided into a certain number of grid

cells. Therefore, a target area in routing space can be denoted either by a set of extents
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from the multi-dimensional coordinate system when the Region-based DDM system is
employed, or by a set of cell IDs when the Grid-based DDM system is employed. In this
part of thesis, we call the first representation of routing space the Region-based DDM
environment and the second representation the Grid-based DDM environment. Because
our interest lies in the Grid-based DDM environment, we consider a two-dimensional,
grid-based, square routing space in order to simplify our analysis. However, our results
can also be extended for more general situations. In this thesis, we use C' = ¢ X ¢ to
describe the size of the routing space, where ¢ € N represents the total number of cells

in each dimension.

3.1.2 Objects, Federates and Federation

In a distributed environment, a federate is considered to be a distributed physical entity
or a node in the network. Each federate can manage multiple virtual entities, called
objects. Indeed, each federate is the owner of the objects it manages. Finally, federation
is used to represent all of the federates involved in a simulation. We thus have three
levels: the object level, federate level, and federation level. In this part of thesis work,
our main problem is resolved recursively by solving smaller problems at each lower level.
When our focus is on the object level, we are interested in the behavior of each object
owned by a federate; when our focus moves to the federate level, our interest is in the
overall behavior of all objects owned by a single federate; and when our focus is on the
federation level, we are interested in the overall behavior of all federates. Normally, we
use f to denote the total number of federates, n to denote the total number of objects,

and n; to denote the total number of objects at a federate i.
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3.1.3 Behavior of Entities

3.1.3.1 Distribution of Objects

Initially, the objects owned by each federate are distributed to certain locations inside
the routing space. In our work, this is the first distribution pattern that needs to be

defined explicitly.

3.1.3.2 Movement of Objects

After their initial distribution, the objects move in one out of four directions (East,
West, South and North) in each timestep. An object stops at the border of routing space
until a different direction is chosen. DDM messages are generated because the move-
ment of objects leads to the state change of cells in the Grid-based DDM environment:
thus, choosing the direction of movement for each object in each timestep is the second

distribution pattern that needs to be defined explicitly.

3.1.3.3 Publishing and Subscribing

Publishing occurs when an object wants to provide information about itself to a certain
area inside routing space, while subscribing occurs when an object needs to obtain in-
formation that is being published by other objects within a certain area inside routing
space. A key fact to note about these two behaviors is that they are always bounded
to a certain area. Any information published by an object is published into a spe-
cific area (publication region) in routing space, while any subscribing action is an effort
made by an object to see if any information can be obtained from a specific area (sub-
scription region). The movement of objects in routing space results in a considerable
amount of publishing/subscribing requests being sent to the new target area, and in
un-publishing /un-subscribing requests to the area to which the objects have previously

published or subscribed.
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3.1.4 Other Important Concepts

3.1.4.1 Timestep

There has been no exact definition of tzmestep thus far. According to the existing DDM
works, in a discrete event simulation, we understand it as the distance of movement of
an object within a constant period of time, after which a new direction of movement
should be chosen. Our study shows that timestep is of great value in the Grid-based
DDM system. We will give timestep a formal definition later in this part of thesis.

3.1.4.2 Publisher and Subscriber

At the object level, a publisher or subscriber to an area is an object that is currently
publishing or subscribing to that area. At the federate level, a publisher or subscriber to
an area is a federate that has at least one object publishing or subscribing to that area.
When an object has both publishing and behaviors, it can be either the publisher of one
area or the subscriber of another depending on which behavior we are studying. In our

analysis, we assume that the objects have both the publishing and subscribing behaviors.

3.1.4.3 Publication and Subscription Region

A publication or subscription region is an area of limited size to which an object is able
to publish or subscribe. As we have mentioned previously, in the Region-based system, a
region is denoted by a set of extents from the multi-dimensional coordinate system; and
in the grid-based system, it is denoted by a set of cell IDs. Because we are interested in
the grid-based system, and because an object has the symmetric behavior of publishing
and subscribing, we use s X s to represent the size of a publication region or subscription
region, where s is the number of cells in each dimension. However, we must also keep
in mind that s x s is the object publication region size (s = s,) when we study the

publishing behavior, and it becomes the object subscription region size (s = ss) when we
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study subscribing behavior. These two sizes are not necessarily identical.

3.1.4.4 Maximum Publication and Subscription Region

An important fact that we have to mention is that, in the Grid-based system, an object
with s X s publication or subscription region size normally publishes or subscribes to
(s +1) x (s + 1) cells. The reason for this is that a published or subscribed region
tends to fall outside the boundaries of grid cells, and in the grid-based system a region
is counted in an integer number of cells. This effect is the main drawback introduced
by the grid-based DDM system. In addition, when an object is in the border area, it
might not be able to publish or subscribe to the desired area, because the publication
or subscription region may fall outside the boundary of routing space. This is the main

reason for publication and subscription loss when we try to scale a simulation.

3.1.4.5 Matching

We have mentioned that publishing and subscribing are two behaviors that are bounded
to certain areas inside routing space. Thus, whenever there is an intersection between
the publication region and the subscription region of different objects, the information
published by any objects in the intersection area becomes visible to any other objects
that are subscribing to that area, meaning that information bounded to the intersection
area needs to be transmitted from the publishers to the subscribers. In this case, the
state of the intersection area is called matching.

In our study, because federates are the physical entities that are responsible for
exchanging information in the network, matching is a concept at the federation level
[45,54,56,64,65]. It describes a very important state of an area in routing space, specif-
ically, that which occurs when different federates are publishing and subscribing to it
during the same timestep. After matching is detected, user level information needs to be

transmitted from the publishers to the subscribers.
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Therefore, the main functionality of DDM can be summarized as; detecting matching,
distributing matching information, and arranging the transmission of information in
matching from publishers to subscribers. In DDM, this work is done by allocating a
MGRP (Multi-cast Group) to the area in matching, and by sending triggering messages
to all publishers and subscribers of that area and asking them to join that MGRP.
Correspondingly, a reverse operation should be carried out once the matching condition

is broken. All of this work is done by exchanging DDM messages within the federation.

3.1.5 Performance of DDM Implementations

As a simulation middle-ware, the performance of the HLA/DDM implementation has a
direct effect on the overall simulation performance. Traditionally, we use DDM time,
DDM messages and MGRP allocated as three main parameters to evaluate the perfor-
mance of a DDM implementation.

DDM time is the total time used by the DDM system in a simulation. It includes
the time spent on the registration of publishing and subscribing requests and its reverse
process, matching detection, MGRP allocation and de-allocation, and triggering publish-
ers/subscribers to join or leave a MGRP. DDM time is regarded as the total response
time of a DDM implementation to its higher level applications.

DDM messages refers to the messages transmitted by the DDM system. DDM
messages are different from the user messages transmitted by higher level applications in
that they are used to fulfill the goal of the DDM of a simulation.

MGRP allocated refers to the multi-cast groups allocated by the DDM system[45,
56, 57]. These multi-cast groups are used by higher level applications for multi-casting

user messages, and they depend on the matching performance of a simulation.
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3.2 Related Works

Matching detection is the main computing problem in finding a pair of senders and re-
ceivers in the same area in a DDM system, while MGRP allocation is the main resource
management problem. Existing DDM systems have addressed these problems very dif-
ferently depending on their various performance concerns. In this section, we will give
a quick review of these DDM systems based on a comparison of their solutions to these

two problems.

3.2.1 Region-based DDM Approach

In the Region-based DDM approach, a region in routing space is represented by a set of
extents using the multi-dimensional coordinate system, matching is computed exhaus-
tively, and the exact matching region can be found. However, since no single federate
has a complete knowledge of how many other federates are publishing or subscribing to a
target region, a central coordinator has to be chosen to perform the matching detection.
Therefore, whenever there is a change to the publication or subscription regions in a
federate, a notification has to be sent to the central coordinator. Because a simulation
will normally have a large number of simulated objects, and the movement of each object
can cause frequent changes in the publication and subscription regions, a considerable
amount of communication load towards the central coordinator will be added to the net-
work. In addition, an extremely large amount of computation work will be loaded onto
the central coordinator.

One advantage of the Region-based DDM approach is that the exact matching region
can be found. Therefore, the MGRP is allocated whenever it is necessary, and the

publisher multi-casts the exact information that is required by the subscribers.
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3.2.2 Grid-based DDM Approaches

In the grid-based DDM system, routing space is divided into a certain number of grid cells,
and publication and subscription regions are represented by a set of cell IDs. In place of
exhaustive computing, matching is found by checking a pair of publishers and subscribers
within each cell. However, since a region that is represented using the multi-dimensional
coordinate system tends to fall outside the boundaries of grid cells, a region represented
using a set of grid cells normally appears larger than its region-based representation.
Depending on what kind of MGRP allocation strategy is used, the Grid-based DDM

approaches have two different implementations.

3.2.2.1 Fixed Grid-based DDM Approach

The Fixed Grid-based approach is a simple solution for DDM. In this approach, matching
detection is not implemented, and MGRPs are pre-allocated and bounded to each grid
cell in the initialization phase of the simulation. All federates have a complete knowledge
of the MGRP information of each cell. Once a publisher is interested in a cell, it joins its
MGRP and starts publishing regardless of whether there is a subscriber; correspondingly,
once a subscriber arrives at a cell, it joins the cell’s MGRP and starts listening regardless
of whether there is a publisher.

Obviously, the Fixed Grid-based approach is not as feasible in a real simulation be-
cause it generates too many aimless messages and consumes a large amount of resources.
Right after the work of this fixed approach was completed, an improved dynamic ap-
proach with a matching detection mechanism was carried out. This approach is based
on distributing the ownership of grid cells to each federate and implementing a triggering

mechanism for joining the MGRP.

3.2.2.2 Dynamic Grid-based DDM Approach

Two new mechanisms are employed by the Dynamic Grid-based DDM approach:
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Cell’s ownership distribution mechanism: In the Dynamic Grid-based DDM
approach, grid cells have their ownerships uniformly distributed to each federate. Any
publishing or subscribing request to a target cell needs to be registered to the owner of the
cell. Therefore, each federate has complete knowledge of all publishing and subscribing
activities that occur in the cells it owns. Depending on the cell’s ownership distribution
pattern, matching computing can be distributed evenly or with some other pattern within
the federation, thus eliminating the need for a central coordinator.

Triggering mechanism: Since each federate has only part of the matching infor-
mation federation-wide, once the matching of a cell has been detected, the owner is re-
sponsible for allocating a MGRP for this cell. The triggering mechanism is used to notify

all publishers and subscribers to join the MGRP and prepare to multi-cast user messages.

By employing the cell’s ownership distribution mechanism, the Dynamic Grid-based
DDM scheme distributes the work of matching computing to each federate. All publishing
and subscribing activities and their reverse operations need not only to be processed
locally at each federate, but also to be registered with the owner of the target cell.
Thus, each federate performs part of the matching detection federation-wide. When the
matching of a cell is detected by its owner, the MGRP is dynamically allocated and the
triggering mechanism is used to trigger all publishers and subscribers to join this MGRP.
In response to the triggering message, publishers and subscribers register themselves to
the MGRP at the owner and begin multi casting user messages.

The advantages of the Dynamic Grid-based DDM approach are obvious: the resource
allocation is more efficient because the multi-cast groups are dynamically allocated when
necessary; the communication overhead is distributed within the federation because the
cells’ ownership has been distributed to each federate and the central coordinator has
been removed; the computation overhead has been reduced because exhaustive matching
computing is not necessary in the grid-based system; and the total workload is distributed

to each federate.
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The weakness of this approach is the reduced accuracy introduced by the grid-
based DDM system. As we mentioned in the beginning of this section, the publica-
tion/subscription region normally appears larger when using grid-based representation
than when using region-based representation; specifically, this means that the publisher
may send more user messages than are actually required by the subscribers. Therefore,
the performance gain of the Dynamic Grid-based DDM approach is obtained with a

trade-off in additional traffic at the user level.

3.2.3 Other DDM Schemes

As we have seen, the Region-based DDM approach achieves exact matching with consid-
erable computation and communication overhead, while the Dynamic Grid-based DDM
approach sacrifices accuracy to obtain a gain in DDM performance. However, several
other schemes such as the Grid-filtered Region-based DDM approach and the Agent-
based DDM approach have been devised to balance this trade-off. The main idea is to
filter user messages at the sender side to avoid transmitting unnecessary data to the
subscribers. Since these schemes are far away from what we are considering in our thesis

work, we do not discuss any of their details here.

All of existing DDM implementations that we have examined so far have been work-
ing on balancing the trade off between the communication overhead and the computation
complexity. No effort has ever been made to evaluate the size of a distributed simulation.
In other words, existing DDM solutions manipulate data in a simulation without predict-
ing how much data can be generated. Due to the lack of awareness about the size of a
simulation, the efficiency of these implementations has never been tested fairly. Starting
in the next subsection, we will introduce the resource allocation and transmission control
problems found in our work, and show how to model the distributed environment to solve

these problems. Implementations derived from these analysis have been carried out, and
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the experimental results demonstrate outstanding performance compared to all existing

DDM approaches.

3.3 Foundations of Grid-based DDM

In order to evaluate the average amount of data generated in each simulation step, this
section will clarify a few problems and define some important concepts that have not

drawn much attention in existing grid-based DDM approaches.

3.3.1 Simulation Scenario

In our work, we use the “tanks’ dogfight” simulation scenario implemented in the RTI-
Kit[45,52,67] that was originally developed by Georgia Institute of Technology as our
testing environment. Specifically, we consider a simulation running in a two dimensional,
grid-based, square routing space. The cell’s ownership distribution mechanism is applied
to the grid cells, and each federate manages a certain number of objects. At the beginning
of the simulation, all federates distribute their objects across routing space, and each
object then moves in one out of four directions (East, West, South, and North) in each
timestep of the simulation. An object moves by subscribing to a number of cells centered
at its location and publishing to a number of cells centered at another location. The
direction of movement will be reconsidered after each timestep and an object will stop
at the border of routing space until a different direction is chosen.

The reason for which we chose the grid-based DDM environment as our study envi-
ronment is due to the fact that it is actually a simplified form of the region-based DDM
environment, it does not require a central coordinator, and data can be managed in a
purely distributed manner. The grid-based DDM is therefore more feasible for mathe-
matical modeling.

In the scenario described above, we did not give any details about the distribution
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patterns we will employ because they do not affect how we will carry out our analysis.
However, they do affect the final results of the estimation. The distribution patterns in
this scenario include the following: (1) the distribution pattern of the cells’ ownership,
(2) the distribution pattern of the objects’ ownership, (3) the pattern of the initial dis-
tribution of objects across routing space, (4) the distribution pattern of the directions of
movement, (5) the relationship between the locations of the publication region and the
subscription region of the same object, and (6) the relationship between the behaviors of
all objects in the simulation. The first two distribution patterns determine the computa-
tion and communication load at each federate, they are the distributed processing work
assigned to them. The rest of the distribution patterns determine the overall behavior of
objects in the simulation. It is certain that the final estimation results will be different

if we manipulate these distribution patterns.

3.3.2 Matching Accuracy

We have mentioned that the grid-based systems sacrifice matching accuracy to reduce
the communication overhead and computation load at each federate. However, it is still
unclear how much matching accuracy can be achieved by a grid-based system. This
problem is important to our current study because we need to scale the size of a simu-
lation in the grid-based DDM environment. If we do not consider the effect of filtering

mechanism, the accuracy problem in the grid-based system is easy to answer.

Proposition 3.3.1. (Minimum accuracy) The minimum accuracy that can be reached

by a grid-based DDM system is the size of one grid cell.

Proof. Since one grid cell is the atomic unit for publishing or subscribing activities in a
grid-based DDM system, the entire grid cell is considered to be published or subscribed

to once there is a publisher or subscriber publishing or subscribing to any part of it. The
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details regarding the actual size of this area inside the cell are ignored. Therefore, the

minimum accuracy of a Grid-based DDM system is the size of one grid cell. O

Because of Proposition B3l we introduce a basic measurement in the grid-based

environment: wunit distance. The definition of unit distance is as follows:

Definition 3.3.2. (Unit distance) Unit distance is the distance across one grid cell.
In the rest part of thesis, when we talk about the distance or movement of objects,

they will be measured in unit distance.

3.3.3 Timestep

RTI-based simulations are discrete event simulations. The concept of timestep has long
been used to measure the logical time of an RTI-based simulation, but has not drawn
too much attention before now, as it was formerly set randomly or at will. This lack
of attention may be due to the different focuses of such studies. However, it is of great
value to our current concern. In subsection B.TZT], we informally introduced the concept
of timestep based on existing DDM approaches [45,52]. We now introduce the formal

definition of timestep in the grid-based system as follows:

Definition 3.3.3. (Timestep) Timestep is the basic time unit used by the slowest object

to cross one grid cell in grid-based DDM systems.

3.3.4 Uniform Distribution Patterns

According to the simulation scenario described previously, if we assume that (1) the
ownership of grid cells is uniformly distributed among all federates, (2) each federate owns

an equal number of objects, (3) the objects at each federate are uniformly distributed
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across routing space, (4) four directions of movement for each object are chosen evenly
and likely, (5) the locations of the publication region and subscription region of an object
in routing space are independent, and (6) the behaviors of all objects in a federate are
independent as well as the behaviors of all federates in the federation, then we have a set
of uniform distribution patterns.. The uniform distribution patterns also imply that all
objects in the simulation have the same speed of movement. In other words, all objects
have the same timestep and it is set to the unit distance (d).

Throughout this part of the thesis, we apply the uniform distribution patterns to the
simulation scenario in order to show our work. The generalization of this scenario will

be carried out soon in our future work.

3.4 Matching Model

3.4.1 Static Data

In a distributed simulation, a federate plays two different roles in each timestep. As the
owner of its objects, it is responsible for distributing these objects across routing space,
then driving them to move inside routing space, and keeping track of the location of each
object. 1t is also responsible for sending new publishing and subscribing requests to the
owners of all target cells, as well as un-publishing and un-subscribing requests to the cells
being left. As the owner of cells, it accepts all publishing and subscribing requests to the
target cells it owns, as well as all un-publishing and un-subscribing requests sent to these
cells. For this reason, each federate is responsible for keeping track of all publishing and
subscribing activities federation-wide in every cell it owns, and it performs the matching
detection in these cells. If a new matching state of a cell is detected, the owner federate
allocates a MGRP for this cell, and sends triggering messages to all registered publishers
and subscribers in this cell asking them to join that MGRP. If a cell that has been in

matching since the last timestep has new arrival or departure activities, the owner federate
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sends a notification about the new changes to all registered publishers and subscribers

in this cell.

3.4.1.1 Definition of Static Data

In a simulation, the movement of objects leads to frequent changes in the publication and
subscription regions. Static data is generated because (1) as the owner of some objects,
the federate needs to record all publishing and subscribing activities of the objects it owns;
and (2) as the owner of some grid cells, the federate needs to record all publishing and
subscribing activities in these cells federation-wide, as well as the matching information.
Therefore, static data is used to refer to the storage allocated at a federate for the local
and distributed processing work.

According to the above discussions, the first fact is obtained from direct observation:

Fact 3.4.1. Static data determines the local storage allocated at a federate.

Actually, the name static data does not represent the property of the data we are
studying. It is static because we will use a static probability model to evaluate the
average amount of this data, and this static model models the steady-state of a grid cell

in the grid-based DDM environment.

3.4.1.2 Inside Static Data

In a simulation, depending on the different roles that a federate may play, static data
can be categorized into three parts. (1) As the objects’ owner, the local Pub/Sub data
is used to save the publishing/subscribing activities of the local objects it owns (object
level). (2) As the cell’s owner, the distributed Pub/Sub data is used to save the publish-
ing/subscribing activities federation-wide (federate level). (3) Moreover, once the cell’s
owner detects that a cell is in matching, a MGRP is allocated for all registered publishers

and subscribers. Because this matching information is necessary for multi-casting user
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messages, it has to be sent to all registered entities by the cell’s owner. Therefore, as
a publisher or subscriber of a cell in matching, the matching data is used to save the
matching information received (federate level).

Normally, the total amount of static data does not vary noticeably. The reason for
this is easy to explain: during a given time period within a simulation, the number of
total federates involved is fixed, the number of total simulated objects is fixed, and the
publication and subscription region sizes of each object are also fixed. Therefore, we

obtain the second fact from direct observation:

Fact 3.4.2. If the distribution pattern of a simulation is given, the total amount of

static data is predictable.

From Facts[3.7. 1 and [37.7.3, we are able to conclude that the storage usage at each

federate is scalable and can be computed according to the input size of a simulation.

3.4.2 Performance Analysis

3.4.2.1 Evaluating Static Data

According to the discussions in Subsection B4l static data is generated because some
grid cells have publishing/subscribing activities. Therefore, the number of these grid
cells is directly related to the amount of static data. In order to keep the implementation
details out of our study, we use unit space to denote the atomic storage required by the
publishing /subscribing activities relating to one grid cell. In this part, the static data is
evaluated in terms of the number of unit spaces.

Let C' be the total number of grid cells in routing space; f be the total number
of federates involved; and ST Gioccas Pubsub, ST Gaist Pubsub, and ST G aen be the aver-

age storage allocated for the local Pub/Sub data, the distributed Pub/Sub data, and the
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Matching data in a federate i respectively. ThenH

by the uniform cell’s ownership distribution mechanism,

[#of cells owned by Fed i) = C/ f

and the average storage allocated for the static data is

ST Glocalpyysuy = C X (Pra cell be Pub by Fed i] + Prla cell be Sub by Fed i]) (3.1)
C

STG gist PubSub ~ 7 X (Prla cell be Pub by any Fed] + Pr[a cell be Sub by any Fed]) (3.2)

STGmateh = STGiocal PubSub X Pr[matChing] (33)

In the above formulas, three terms are unknown: informally, these are the publishing,
subscribing, and matching probabilities. In order to evaluate the storage required for
the static data generated in a simulation, we need to build a static probability model
called the matching model and describe how to compute these probabilities based on the

simulation input.

3.4.2.2 Evaluating DDM Performance

The objective of this section is to design an efficient and scalable resource allocation
scheme for grid-based DDM systems that is adaptive to different simulation sizes and
best approaches the optimum performance. Therefore, the storage allocation rate is used
instead of the MGRPs allocated to evaluate the efficiency of the storage allocation of a

DDM implementation. The storage allocation rate can be expressed as

Storage allocated

Storage allocation Rate = rsrg = :
Storage required

For a simulation with a specific input size, the storage allocated refers to the storage

actually allocated at a node for the local processing work and the distributed processing

'In the expressions, Fed: federate; Pub: published; Sub: subscribed
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work, while the storage required refers to the storage theoretically required by the same
node for this specific input size. Because the MGRPs allocated are part of the storage
allocated, we believe that the storage allocation rate is more meaningful in evaluating
the efficiency of a DDM implementation. In theory, the optimum DDM implementation

leads to an ideal storage allocation rate, which is
o

Tsra = 1
In practice, our objective for this parameter is

’/’STgﬁland 21

3.4.3 Matching Model

The matching model consists of three basic probabilities: the publishing probability,
the subscribing probability, and the matching probability. In the previous section, we
mentioned that these probabilities are the measurement of the static performance of a
simulation and are used to determine the amount of storage allocated for local and dis-
tributed processing work. The objective of this section is to formalize these probabilities.

We start from the formal definitions of these basic concepts.

3.4.3.1 Definitions

In the DDM system, publishing/subscribing probabilities have three levels of meaning:

the object level, the federate level, and the federation level respectively.

Definition 3.4.3. (Publishing/Subscribing probability)

o At the object level, the publishing/subscribing probability is the probability of a cell
being published or subscribed to by one object; correspondingly, this object is the
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publisher or subscriber of this cell. The probability at this level is called the Object
Publishing/Subscribing Probability (OPP/OSP).

o At the federate level, the publishing/subscribing probability is the probability of a cell
being published or subscribed to by at least one object of a federate; correspondingly,
this federate is the publisher or subscriber of this cell. The probability at this level
is called the Federate Publishing/Subscribing Probability (FPP/FSP).

o At the federation level, the publishing/subscribing probability is the probability of a
cell being published or subscribed to by at least one federate. Normally, it is known

as the publishing/subscribing probability.

However, the matching probability is a concept defined only at the federation level. It can
be considered as the accumulated effect of the publishing and subscribing probabilities

from the object level to the federation level.
Definition 3.4.4. (Matching probability) The matching probability is the probability
of a cell being published and subscribed to by different federates.

In this section, we will use the uniform distribution patterns given in Section as

an example to carry out our analysis.
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3.4.3.2 Publishing/Subscribing Probability

According to the three-level definition of the publishing/subscribing probability, there

are three probability expressions that correspond to each level

Prlpublishing/subscribing at the federation level]
= Pr[cell k is Pub/Sub by at least one Fed]
= 1— Pr[cell k is not Pub/Sub by all Feds|

=1- H Prlcell k not be Pub/Sub by Fed i (3.4)
all Fed

Prlpublishing/subscribing at the federate level]
= Pr|cell k is Pub/Sub by at least one Obj in Fed i]

= 1— Pr[cell k is not Pub/Sub by all Obj at Fed 1]

J
=1— [ Prleell k is not Pub/Sub by Obj j (3.5)

all Obj in
Fed i

Prlpublishing/subscribing at the object level]

_ Awerage object publication/subscription region size (3.6)
N Total number of routing space cells '

In Expression B, we use the term average object publication/subscription region size to
compute the OPP/OSP. The reason for this is the publication/subscription loss at the
border area of routing space, because some publication or subscription area might fall
out of the range of routing space.

This phenomenon introduces another new factor in the study of the matching model.
As before, we let C' = ¢x ¢ be the cells in routing space, and if we let S = sx s be the publi-

cation/subscription region size of an object, then the maximum publication/subscription

2Fed: federate; Pub: published; Sub: subscribed; Obj: object
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region size is S" = (s + 1) x (s + 1). The average object publication/subscription region

size E(S) can be computed as

ES)=r-S"=r-(s+1)(s+1) (3.7)

In Equation B the term 7 is called APR/ASR (Average Publishing/Subscribing Rate ).
The derivation of r is simply a manipulation of routing space cells and cells that are
being published or subscribed to. Normally, when ¢ is large

s+1
4c

)? wheres < 4c—1 (3.8)

ra(

Let f be the total number of federates, n; be the total number of objects at federate 1,
and S, = s, X s,, Sg = S5 X s, be the publication/subscription region size of an object.
In addition, let ap, O be the publishing/subscribing probability at the federation level,
«;, (3 be these probabilities at the federate level, and p;;, ¢;; be the corresponding
probabilities at the object level (the j-th object at federate i). According to expressions
B4 B3 and BH, we have

f f

ap=1-[[1-a;) and pr=1-[](1-5) (3.9)

i=1 i=1

;=1 — H(l —piy) and [Bi=1- H(l — i) (3.10)
j=1 J=1
Dij = (%'M) and ¢ ; = (954) (3.11)

C
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3.4.3.3 Matching Probability

According to the formal Definition BZ4], the matching probability is derived directly from
the publishing/subscribing probability at both the federation and federate levels:

Pr[Matching]
= (Prla cell is Pub by at least one Fed] x Pr{a cell is Sub by at least one Fed))

— Prla cell is Pub and Sub by only one Fed] (3.12)

Let ~ represent the matching probability. According to Equation B9, we obtain

f

f
ot § CREOIRES | (SREh) EJM»Hﬁ—%m—@> (3.13)

i=1 JFe

When f is large, we have the approximation

f /

~L =T - a))- [0 = -8 (3.14)

i=1 i=1

3.4.3.4 Lower Boundary Analysis

In the previous two subsections, we established performance equations B9, B10, BTT], and
for computing the publishing/subscribing probability and the matching probability.
If we look inside these equations, they are quite disordered because each federate can
have a different number of objects and both the publisher and subscriber can behave
very differently. In fact, these equations are expressed with respect to a real simulation
situation and are not as efficient or meaningful for computing and analysis purposes. In
order to render our computation and results more practical, it is necessary to introduce
the Lower Boundary Analysis to the matching model.

We start from the publishing/subscribing probability at the object level. By applying
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Equations B and B8, Equation Bl can be expressed as a function in s:

pij = [(8pij) and gij = f(8s:;5) (3.15)

When ¢ is a constant, it is not difficult to show that p = f(s,) and ¢ = f(s;) are real
continuous functions over the interval (0,4c — 1]. If we let p; and ¢ be the average

publishing /subscribing probability of an object at federate i, we have

_:n_XZfsplj >f(ZSPZ]>_f(S;7i) and

= 23 o) 2 S = s (3.16)

j=1
Moreover, by applying the General Means Inequality and Inequality B18 to Equation
BI0 we obtain the lower boundaries of the publishing probability and the subscribing
probability of the federate i:

ng

Q; = 1-— H(l _pi,j)

j=1
1 & _ .

>1—[—> (1—py)l"=1-(1—-p)"
n; =

>1—1[1— f(spa)]™ =« and

ng

Gi=1- H(l — 4ij)

J=1
ng

=1 [n% > (1 —a)" =1-(1—a)"

>1—[1— f(ss0)]™ =5 (3.17)

Similarly, in order to obtain the lower boundary of the matching probability, we let
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N = %Zlf:l o), B = %Z{:l !, and apply the General Means Inequality and Inequality

17

17 to the approximation Equation B14l Then we have

f f
yrl-J[a-e)] -] -5
=1 i=1

f f
>[-JJa-ad)]-1-]J-8)
=1 =1 ;
20—

=1

1f
> {152 0 =a)l} {1

kh
w}a

>[1-01-a)]-[1-0-p)] (3.18)

If we let ap =1 — (1 —a)’ and Br =1 — (1 — )/, then

v > ap - P (3.19)

In the implementation of our new Adaptive Grid-based DDM approach, if we let (C, f,
n/f, Sp, Ss) be one simulation input case, in which C' = ¢ x ¢ is the grid size of routing
space, [ is the number of total federates, n is the number of total objects, n; = n/f
is the number of objects in each federate, and Sp = 5p X &, and S¢ = §, X §, are the
publication and subscription region sizes of each object, then, according to the lower

boundary inequalities BT and B-I8 we have the following fact

Fact 3.4.5. By applying the Lower Boundary Analysis to the Adaptive Grid-based DDM
approach, the performancdl of one simulation input (C, f, n/f, Sp, Sg) represents the
lower boundary result of a series of simulation input cases in which the total number of
grid cells is C, the total number of federates is f, the average number of objects in each

federate is n/ f, and the average publication and subscription region sizes of each object

3Performance is measured by using « , 3, and v in this thesis.
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are Sp and §5.u

3.4.3.5 Adaptive Resource Allocation Control Scheme

In subsection BEAZZT] we discussed theoretically the storage requiredH at each federate for

a specific simulation input. Now, we are able to summarize and rewrite those expressions.

STGlocal PubSub ~ C X (d + ﬁ) (320)

STG gist PubSub = % x{1-1—-a)]+[1-0-73)T}

- % < [t + B (3.21)

STGmatch ~ STGlocalPubSub X [1 - (1 - a)f] X [1 - (1 - B)f]

= ST Grocat Pubsub X (cr - Br) (3.22)

Therefore, theoretically, the total storage required is simply the summation of the above

three results:

STGreq = STGlocal PubSub STGdict PusSub T STGmatch (323>

Since we are using Lower Boundary Analysis to evaluate the performance of a series
of simulation inputs, the actual storage used may vary from the theoretical result. In
addition, in practice, no matter how small the input size of a simulation is, it requires
a minimum amount of storage for starting up. Therefore, these formulas need certain
adjustments to adapt to the real simulation requirements. The adjustment normally

depends on the details of the implementation. In our coding, we add one factor for the

“In order to avoid confusion, we use E(Sp; ;) and E(Ss, ;) to represent the average object pub-
lication /subscription region size because of the publication/subscription loss at the border area, while
Sp and Sg represent the average publication/subscription region size computed based on all simulated
objects.

5In terms of unit space.
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extra storage required due to variations in storage usage as well as another factor for the

minimum amount of storage required. Both value are set to 0.05 for now.

0.10C 0<a-+p3<005
STG;ocal PubSub — STGlocal PubSub + 0.05C" 0.05 <a-+ B < 0.95 (324)
C 095<a+p3<1
0.10% 0 < ar + Br < 0.05
STGlist pubsub = § ST Guist Pubsub +0.055  0.05 < dp + G < 0.95 (3.25)
g 0.95< ap + fr < 1
STG;natch - STGmatch + O'O5STG20cal PubSub 0.05 < a’FEF <0.95 (326)
STGgocal PubSub 095§ E)ZFﬁ_F < 1

After the adjustment, the total storage allocated is

STGGUOC = STG;ocal PubSub + STGlest PubSub + STG;rLatch (327>

In the following section, we will use experimental data to prove that the optimum
solution to the storage allocation problem has been best approached by the ARAC

scheme.

3.5 Switching Model
3.5.1 Dynamic Data

In a distributed simulation, a federate plays two different roles in each timestep. As the
owner of its objects, it is responsible for distributing objects across routing space, then
driving these objects to move inside routing space, keeping track of the location of each
object, and sending new publishing and subscribing requests to the owners of all target
cells, as well as sending un-publishing and un-subscribing requests. As the owner of a
cell, on the other hand, the federate accepts all publishing and subscribing requests to the
target cells it owns, as well as all un-publishing and un-subscribing requests. Because of

this role, each federate is responsible for keeping track of the publishing and subscribing
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activities federation-wide in each cell it owns, and it performs the matching detection in
these cells. If a new matching of a cell is detected, the owner federate allocates a MGRP
for this cell, sends triggering messages to all registered publishers and subscribers in this
cell, and asks them to join the MGRP. If a cell that has been in matching since the last
timestep has new arrival or departure activities, the owner federate sends a notification

about the new changes to all registered publishers and subscribers in this cell.

3.5.1.1 Two Phases of Transmission

Because a federate plays two different roles in a distributed simulation, the transmission
of DDM messages in each timestep is also divided into two different phases. In the first
phase of transmission, a federate plays the role of the owner of its objects and behaves like
the publisher or subscriber of grid cells. The senders of the transmissions in this phase
are new publishers or subscribers of grid cells at the federate level, while the receivers
are the owner federates of these grid cells. The goal of the first phase of transmission is
to register or un-register publishing and subscribing requests to the owner of the target
cells.

In the second phase of transmission, a federate plays the role of the owner of the grid
cells that have been distributed to it. Since it has obtained federation-wide knowledge
of the new publishing and subscribing activities in the cells it owns through the first
phase of transmission, it now performs the matching detection and all consequent tasks.
The senders of the transmission in this phase are the owners of grid cells, while the
receivers are the publishers or subscribers in the grid cells in the same timestep at the
federation level. The goal of the second phase of transmission is to trigger the publishers
and subscribers of a cell that is found in matching to join the MGRP, to notify the
remaining publishers and subscribers in a cell that is still in matching about new arrivals
or departures. or to trigger the remaining publishers or subscribers of a cell that is no

longer in matching to leave the MGRP.
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3.5.1.2 States of a Cell

The steady-state of a cell is the state of a cell within only one timestep, and it can’t
change in the same timestep.

The steady-state of a cell describes how many publishers and subscribers are pub-
lishing or subscribing to that cell. In this thesis, we use (npub, Msub)s [Ppubs Nsup] and
{npub, Nsup, m} to represent the steady-state of a cell at the object level, the federate
level, and the federation level respectively.

At the object level, npup, nsw € {0, 1}, and the steady-state of a cell refers to whether
the cell is being published or subscribed to by a single object; at the federate level,
Npubs Nsup € {0, ..., n; J, and the steady-state of a cell refers to the number of objects
owned by a single federate that are publishing or subscribing to the cell; at the federation
level, npup, Nsup € {0, ..., fHl and m € {0, 1}, and the steady-state of a cell refers to the
number of federates that have at least one object publishing or subscribing to the cell. In
addition, at the federation level, if m = 1, then the cell’s state is in matching; otherwise,
it is not in matching.

At the federation level, because of the requirement of the matching condition, some
state representations may not be valid. For example, {u, 0,1} and {0, v, 1} are not valid
representations, along with {u + 1,v,0 : w,v > 1} and {u,v+ 1,0 : w,v > 1}. On the
other hand, both {1,1,1} and {1,1,0} are valid representations.

The dynamic state of a cell is the state-transition of a cell between two consecutive
timesteps. It is called “dynamic” because the state of a cell may be affected by the
movement of objects in two consecutive timesteps.

Because the dynamic state describes the transition of the state of a cell in two consec-
utive timesteps, it can be represented using two steady-state representations at a certain
level. In the this thesis, the state-transitions are only limited to transitions between two

valid cell states. In addition, if the character # appears in the state’s representation

6n;: the total number of objects owned by the i — th federate.
Tf: the total number of federates.
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instead of a number, such as [#, ng|, it means that the number in that location can be

any number in its range that makes the representation valid.

3.5.1.3 Definition of Dynamic Data

Dynamic data is generated at a federate because the movement of objects in each timestep
leads to the state change of a cell to which they had previously published or subscribed.
As the owner of the objects, a federate needs to register new publishing and subscribing
requests to the owner of the target cells, as well as the un-publishing and un-subscribing
requests; also, as the owner of the grid cells, a federate needs to process the registration
requests received, perform matching detection in these cells, and send triggering messages
to all publishers or subscribers in a cell if necessary. Therefore, dynamic data at a federate
refers to the total DDM messages generated at that federate.

According to the above discussions, the first fact is obtained from direct observations

is the following:

Fact 3.5.1. Dynamic data determines the DDM messages generated in each timestep

at a federate.

It is important to note that the name dynamic data does not refer to the actual
property of data we are studying. Instead, we use this term because we are going to
use a dynamic probability model to evaluate the average amount of such data, and this
dynamic model demonstrates the behavior of the state-transition of a grid cell in the

grid-based DDM environment.

3.5.1.4 Inside Dynamic Data

Figure [Z7 demonstrates the movement of three objects (one publisher and two sub-

scribers) in three different federates (1, 2, and3) from timestep k — 1 to k+ 1. In this
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Timestep k - 1 Timestep k Timestep k + 1

Solid square: pub-region of an object in federate 1
Grey square: sub-region of an object in federate 2
Dotted square: sub-region of an object in federate 3

Figure 3.1: Dynamic Data Generated by the Movement of Objects (I)

figure, each grid cell is marked by its cell ID. We use this figure to show how dynamic
data is generated by the movement of objects in a simulation.

New Pub/Sub data New Pub/Sub data is generated in the first phase of transmis-
sion. It is generated due to the transition of a cell’s state from [0, #] to [u,# : u > 1],
or from [#,0] to [#,v : v > 1]. Examples include cells {33,34,35} of federate 1, cells
{25,126, 27} of federate 2, and cells {28,20, 12} of federate 3 in timestep k of Figure [Z1l.

UnPub/UnSub data UnPub/UnSub data is generated in the first phase of trans-
mission. It is generated due to the transition of a cell’s state from [u,# : u > 1] to
[0, #], or from [#,v : v > 1] to [#,0]. Examples include cells {9,10,11} of federate 1,
{49, 50, 51} of federate 2, and {31, 23, 15} of federate 3 in timestep k of the figure.

TellPubJoin and TellSubJoin data TellPubJoin and TellSubJoin data are gen-
erated in the second phase of transmission. There are two cases: the first occurs when
the cell’s state transits from {u,v,0} to {v/,v’, 1} (cell {33,34,35} and {25,26,27} in
timestep k of the figure), and the owner of this cell needs to allocate a MGRP for this
cell and trigger all publishers and subscribers within it to join; the second occurs when a
cell’s state transits from {u,v,1} to {«/,¢’, 1} and has new arrival activitie£ (arrival of

federate 3 in cell {27} in timestep k + 1).

8 Arrival of new publishers or subscribers.
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In the subsequent process, once a publisher or subscriber receives a TellPubJoin or
TellSubJoin message, it also receives an entire list of current publishers and subscribers
in this cell. We call this list the Cached List (CList).

TellLeave data Telll.eave data is generated in the second phase of transmission. It
is generated when the cell’s state transits from {u, v, 1} to {u’,v’, 0} (cell {33, 34, 35, 25}
in timestep k+1). As the owner of this cell, the federate needs to de-allocate the MGRP
of this cell, and then trigger all remaining publishers or subscribers in this cell to leave
this MGRP.

RefreshCList data RefreshCList data is generated in the second phase of transmis-
sion. It is generated when a cell’s state transits from {u,v,1} to {u/,v’, 1} and has new
arrival or departure activitieﬂ (arrival of federate 3 in cell {27} in timestep k + 1). In
this case, the CList held by existing publishers and subscribers ( federate 1 and 2 in cell
{27} in timestep k) in this cell is out of date and needs to be updated.

According to the classification we have described so far, dynamic data represents
the dynamic features of a distributed simulation in which the movement of simulated
objects leads to a situation in which objects are continuously publishing or subscribing
to new cells, and correspondingly un-publishing or un-subscribing from old cells. The
consequence of this effect is that, in each timestep, the states of some cells transit to
other states, and therefore the owners and all interested publishers/subscribers of these
cells must be notified about new changes within the same timestep.

During a certain time period within a simulation, because the number of total feder-
ates, the number of total simulated objects, and the size of the publication and subscrip-

tion regions of each object are all fixed, we obtain the second fact from direct observation:

Fact 3.5.2. If the distribution pattern of a simulation is given, the total amount of

dynamic data is predictable.

9Arrival of new publishers or subscribers, or departure of existing publishers or subscribers.



CHAPTER 3. DDM IN CLUSTER-BASED NETWORK ENVIRONMENTS 104

Table 3.1: State-transition at Object and Federate Level

State-trans. ‘ Prev state ‘ Curr. state ‘ ‘ State-trans. ‘ Prev. state ‘ Curr. state
up 0, #) (1,#) Pr{uzp] or u2p [0, #] [u,# ¢ u> 1]
uu (0,#) (0,#) Pru2u] or u2u (0, #] [0, #]
pu (1,#) (0, #) Prip2u) or p2u | [u,# : u> 1] [0, #]
pp (1,#) (1,#) Prip2p] or p2p | [u,# :u>1] | [, # : v’ >1]
us (#,0) (#,1) Prlu2s] or u2s [#,0] [#,v:v2>1]
un’ (#,0) (#,0) Priu2u’] or u2u’ [#,0] [#,0]
su (#,1) (#,0) Pr[s2u] or s2u [#,v:v>1] [#,0]
ss (#,1) (#,1) Pr[s2s] or s2s [#,v:v>1] | [#,0 v >1]

Object Level Federate Level

3.5.2 Performance Analysis

Normally, the amount of dynamic data generated in each timestep at a federate is eval-
uated in terms of the number of DDM messages that need to be transmitted to other
federates. In the grid-based DDM system, a DDM message is produced once the state
change of a grid cell results in a notification that must be sent to the owner of that cell
or to the publishers or subscribers in that cell. Therefore, the number of DDM messages
that must be transmitted from one federate to every other federate in each timestep can
be computed by evaluating the number of cells that have the same ownership or the same

publishers or subscribers, as well as one of these state changes.

3.5.2.1 The State-transition of a Cell

In Tables Bl and B2, we specify notations used for the state-transition probabilities at
three different levels respectively. According to the probability theory, we have their

relations as follows.

up + uu + pu + pp = us + un’ + su+ ss =1

u2p + u2u + p2u + p2p = u2s + u2u' + s2u + s2s =1
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Pu2p + Pu2u + Pp2u + Pp2p = Pu2s + p;Qu + Psou + Ps2s = 1

u2m4+u u+m2u+m2m=1

It is easy to understand that the state-transition probabilities of u2u, u2u’, pyo.,
Doy, and u__u do not have the potential to generate any DDM messages. However, we
should pay more attention to p2p, s2s, ppap, Ps2s, and m2m, because although these
state-transition probabilities do not lead to a state change, they have the potential to
generate DDM messages in cases when there are new arrival or departure activities of
objects or federates in the current timestep. Therefore, in the discussion of this section,
we add the capitalized notations for each state-transition probability listed in Table Bl
and to emphasize the fact that the cells with state-transitions are those cells with

new arrival or departure activities. Normally, we have
U2P = u2p, P2U = p2u, U2S = u2s, S2U = s2u

Pyap = Pu2p; Ppoy = Pp2u, Pyas = puzs, Psau = Ps2u

U2M = u2m, M2U = m2u

but
P2P < p2p, U2U < u2u, S28 < s2s, U2U" < u2u/

Ppap < ppop, Puov < puzus Psas < psas, Plror < Doy

M2M <m2m,U_ U <u_ u
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3.5.2.2 Evaluating New Pub/Sub Data and UnPub/UnSub Data

According to the classification of dynamic data presented in subsection BT let N (7, 7) pup
represent the new Pub data at federate ¢, which is the number of cells that have the same
ownership (federate j) and that have new publishing activities in the current timestep
by objects in federate i; similarly, let N (%, j)sup, N (%, j)unpub, and N (i, j)unsup represent
the new Sub, UnPub and UnSub data at federate i respectively. In the transmission of
these data, the sender side (federate i) plays the role of a publisher or subscriber to the
target cell, while the receiver side (federate j) plays the role of the owner of the target
cell.

According to the distribution pattern applied to the simulation scenario, the cells’
ownership is uniformly distributed to a total f number of federates. The total number
of grid cells is C' = ¢?, and each federate owns Cy ~ C/ f cells.

The number of DDM messages generated at source federate i that must be sent to

each destination federate j in each timestep is approximately
N(i, ) Pub = N (i, ) )unpub = (Prlu2pl; x C)/ f (3.28)

By transmitting these data, each cell’s owner (federate j) obtains federation-wide

knowledge of the publishing and subscribing activities in all of the cells it owns.

3.5.2.3 Evaluating TellPubJoin, TellSubJoin Data

Similarly, let N(J,%)npup represent the TellPubJoin data at federate j, which is the
number of cells owned by federate j that have the same publisher (federate i), whose
states transit from {u, v, 0} to {u/,v’, 1}, or from {u, v, 1} to {u’,v’, 1} and that have new
arrival activities (federate 7). Similarly, let N(7, 0)seusub, N (4, 0)tetizeave, a0d N (J, ) refcList

represent TellSubJoin, TellLeave, and RefreshCList data at federate j respectively. In
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Table 3.2: State-transition at Federation Level

State-trans. Prev. state Curr. state ‘ ‘ State-trans. ‘ Prev state ‘ Curr state
Pu2p {0, #, #} {u, #,#:u>1} Pr[u2m] or u2m {u,v,0} {2, 1}
Puzu {0, #, #} {0, #, #} Prlu_u] or u_u {u,v,0} {u/,v,0}
Pp2u {u, #,#:u>1} {0, #, #} Pr[m2u] or m2u {u,v,1} {u/,v,0}
Pp2p {u b4 cu>1} | {u,#,4# u' > 1} Pr[m2m]| or m2m {u,v, 1} {u,v', 1}
Du2s {#,0,#} {#.,v,# 1 v>1}

Pluzu {#,0,#} {#,0,#}
Ds2u {#.v.# v >1} {#,0,#}
Ps2s {#, 0.4 v 21} | {#0,# 0 > 1}

Federation Level 1 Federation Level 11

the transmission of these data, the sender side (federate j) plays the role of the owner of
a target cell, while the receiver side (federate i) plays the role of a publisher or subscriber
to the target cell.

For N (7, %)tcupuy and N (J, 7)tensup, We have

N(j, D)tetipup = Pr[Publ; x Priu2m] x Cy + Priu2p|; x Pr(M2M] x Cf (3.30)

N(J,1)tetisub = Pr[Subl; x Pr{u2m] x Cy + Pr{u2s|; x Pr[M2M] x Cy (3.31)

(where Pr[Publ; or Pr[Sub]; is the steady-state probability of a cell being published or
subscribed to by federate i discussed in Subsection BZ3])

By transmitting these data, all of the publishers and subscribers of a target cell are

triggered to join the MGRP in the current timestep.

3.5.2.4 Evaluating TellLeave Data

N(7,%)ten1reave considers the number of cells owned by federate j whose states transit
from {u,v,1} to {v/,v",0}, and who have the same publisher or subscriber (federate )
remaining in the current timestep. By transmitting these data, all remaining publishers
or subscribers of a target cell in the current timestep are triggered to leave the MGRP

of the target cell.
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N(j, )telieave = (Pr[Publ; + Pr[Subl;) x Prim2u] x Cy (3.32)

3.5.2.5 Evaluating RefreshCList Data

N(Jj,%)reforist considers the number of cells owned by federate j that have the same
publisher or subscriber (federate i) remaining since the previous timestep, whose states
transit from {u,v, 1} to {v/,v’, 1}, and that have new arrival or departure activities. By
transmitting these data, all of the remaining publishers and/or subscribers of a target

cell are notified about the new activities occurring in the current timestep.

N(jai)refCList ~ (PT[PUZ)]Z + PT[Sub]Z) X PT[MQM] X Cf (333)

In this section, we have evaluated the average number of DDM messages that needs
to be transmitted to a destination federate in each timestep at a source federate. In
order to compute the result using these approximation formulas, we need to know the
state-transition probabilities of a grid cell. In the next section, we will discuss how these

probabilities can be solved by applying a switching model to the grid-based DDM system.

3.5.2.6 Evaluating Transmission Performance

The objective of this part of work is to design an efficient and scalable transmission
control scheme for a grid-based DDM system that is adaptive to different simulation
sizes and best approaches optimum performance.

Traditionally, DDM time and DDM messages are two out of three parameters used to
evaluate the performance of a DDM approach. Since our existing DDM implementations
use the SMT (Single Message Transmission) mode, the DDM time is dominated mainly

by the total transmission time at each node. In addition, because the total number of
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DDM messages increases tremendously with the input size of a simulation, the DDM
time increases as well quickly with the input size of a simulation either. Therefore, in
our proposed new adaptive transmission control scheme, the objective for DDM time is
very simple:

“DDM time should be controlled by the propagation delay instead of the transmission
time of DDM messages.”

If this objective is fulfilled in our proposed scheme, the DDM time will not rise
considerably with the input size of a simulation, and will be the shortest time among all
existing DDM implementations. According to our objective for the DDM time, DDM
messages generated by a grid-based DDM approach will not be transmitted using the
SMT mode; instead, DDM messages destined for the same node will be grouped in one
buffer. In order to maximize the performance gain in terms of DDM time, our objective
for the DDM messages is to

“Optimize the buffer size for DDM messages based on the input size of a simulation

to obtain the best DDM time performance.”

3.5.3 Switching Model

The switching model is established based on the simulation scenario described in Section
It consists of state-transition probabilities at the object level, the federate level,
and the federation level. We have mentioned previously that these probabilities are the
measurement of the dynamic performance of a DDM approach and are used to determine
the average number of DDM messages generated in a simulation. In this section, we
will evaluate these probabilities in the grid-based DDM environment with the uniform
distribution patterns given in Section B3 Because of the symmetric behaviors of the
publishing and subscribing activities of an object, we focus only on the state-transition

probabilities of publishing.
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Figure 3.2: Sate-transition Probabilities at Single Object Level

3.5.3.1 State-transition Probabilities at Object Level

At the object level, we are interested in the state-transition probabilities of a single object.
Figure shows the region actually published by an object with 4 x 4 publication region
size in the current timestep. Because the distance of movement in each timestep is set
to the wunit distance, only the grey cells shown in Figure (a) may have the chance
to switch from the state (1,#) to (0,#). In particular, cell 10, 14, 42, or 46 may have
such a state change if two out of four directions of movement are chosen by the object
in the next timestep, while other grey cells ({11,12,13}, {43,44,45}, {18,26,34}, or
{22,30,38}) may have such state changes if only one out of four directions is chosen by
the object. Therefore, given a cell being published by an object, if the routing space grid
is large enough, the probability (p1o) of this cell’s state transition from (1,#) to (0, #)
is

4s—1) 1 1

PES IR Ui

42y

(where s x s is the publication region size of an object and (s+ 1) x (s+ 1) is the maximum
publication region size published by this object.)

Correspondingly, only the grey cells shown in Figure (b) may have the chance to
switch from the state (0, #) to (1,#). Therefore, given a cell not being published by an
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object, if the routing space grid is large enough, the probability (po1) of this cell’s state
transition from (0, #) to (1,#) is

As+1) 1 s+1

pPor1=—35— X =
2 4 c2

(where ¢ x c is the routing space grid size.)
Let p be the steady-state probability of a cell being published by an object. According
to SubsectionBZ3)], it is given directly as

st 1,
p=(——)

therefore, we have the expressions for state-transition probabilities at the object level

as follows
up = po1 - (1 —p) (3.34)
pu=p1o-p (3.35)
uu = (1 —po1) - (1 —p) (3.36)
pp=(1—pio)-p (3.37)

Normally, routing space has a limited grid size; as a result, part of the region actually
published or subscribed to by an object will sometimes fall outside the range of routing
space. Thus, we lose part of the publication or subscription region. In addition, if we
consider the grey cells shown in Figure (a) and (b) to be the switching region, then
we have the switching region loss of publication or subscription. Let r, and r4 be the Av-
erage Publication Rate (APR) and the Average Subscription Rate (ASR) because of the
publication or subscription region loss, and r,s and rss be APSR (Average Publication

Switching Rate) and ASSR (Average Subscription Switching Rate) because of the switch-
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ing region loss of publication or subscription. We thus have the modified approximation

expressions for the probability p and the conditional probabilities of pg; and pig:

s+1

paTp(— )? (3.38)

Po1 A Tps * %21 (3.39)

P1o & % g j_ 1 (3.40)
In the expressions above,

rp & (1 - SL1)2 (3.41)

- 2(s +2)(3s —2)c — (s +2)%(s — 2) (3.42)

8sc?
where s € [2, ¢ — 3]

The derivations of these two approximations are outside of our focus. We will use the

simulation results to show that these approximations are very accurate.

3.5.3.2 State-transition Probabilities at Federate Level

At the federate level, we are interested in the state-transition probabilities of all objects
(n;) owned by a single federate i. When we evaluate the state-transition probability (p2u);
at the federate level, (pp)r and (up)y of any object k in the federate i are out, because
these two state-transition probabilities at the object level violate the state-transition of a
cell from [u, # : u > 1] to [0, #]. Therefore, (p2u); is all of the possible combinations of
the state-transition probabilities of [(pu); + (uu)g] of all objects in the federate i except

in the case that (uu)y is true for all.
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(p2u); = [[(tpuls + (] - [ (wal (3.4
k=1 k=1
Similarly,
(u2p); = ﬁ[(up)k + (uwu)g] — ﬁ(uu)k (3.44)
k=1 k=1

(u2u); at the federate level is easy to express,

ng

(w2u); = [ [ (wu)x (3.45)

k=1

since the sum of total probabilities is 1, so

(p2p); = 1 — (p2u); — (u2p); — (u2u);

=1- ﬁ[(uP)k + (uu)i] — ﬁ[(pu)k + (uw)i] + l_l(uu)k (3.46)
k=1 k=1 k=1

Let (p2p); be the state-transition probability (p2p); without any new arrival or departure
activities. It refers to the probability of the state-transition from [u,# : u > 1] to
[u,# : u > 1]. For each object in the previous timestep, if it was publishing to the cell,
it continues publishing to the cell in the current timestep; otherwise, it continues not
publishing. Therefore, (p2p); is all of the possible combinations of the state-transition
probabilities of [(pp)r + (uw)] of all objects in the federate i except in the case that (uu)y

is true for all.

ng Lz

(p2p); = [[1(ep)x + (wn)i] = T (wuw)

k=1 k=1

According to the discussion in subsection B2l (P2P); represents part of the proba-
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bility (p2p); that has new arrival or departure activities in the current timestep

(P2P); = (p2p)i — (p2p);

=1- ﬂ[(up)k + (uu)g] — ﬁ[(pu)k + (uu)g] — ﬁ[(pp)k + (uu)p] + 2 - H w)y,
k=1 k=1 k=1

(3.47)

3.5.3.3 State-transition Probabilities at Federation Level

At the federation level, we are interested in the state-transition probabilities of all feder-
ates in the simulation. The probabilities listed in Table B2 can be evaluated by following
exactly the same reasoning described in the previous subsection, although these are at

the federation level. As before, let f be the total number of federates, then we have

!

Pp2u = H[(p2U)k + (u2u)g] —
k=1

(u2u)y, (3.48)

-

B
Il
—

(u2u)y, (3.49)

;:]\

f
Du2p H (u2p)i + (u2u)g] —

B
Il
—

!
Puza = | [ (w2u)y (3.50)

k=1

f

Pp2p =1 — H[(u2p Vi + (u2u)g

f
[(p2u)g + (u2u)k H u2u)g (3.51)
k=1 k=1 k=1

::]x
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f f

f /
Ppop = 1—H[(u2p i+ (u2u)g H (p2u) + (u2u)g H (p2p) k. + (u2u) H (u2u)g
k=1 k=1 k=1 k=1

(3.52)

At the federation level, m2u in Table IT describes the state-transition probability
of a cell from a matching state to not being in matching anymore. According to the
specifications for matching, the matching condition is met if and only if there is at least
one pair of publisher-subscriber from different federates that are in the same cell. There
are three state-transition situations that will lead m2u to be true: (1) from {u,v,1 :
u,v > 1} to {0,0/,0 : v/ > 1}; (2) from {u,v,1 : u,v > 1} to {«/,0,0 : &/ > 1}; and (3)
from {u,v,1 : u,v > 1} to {0,0,0}. Therefore,

m2u = Pp2u * Ps2s T Pp2p * Ps2u + Pp2u * Ps2u (353)

Similarly, we have
u2m = Pp2p - Pu2s + Pu2p * Ps2s + Pu2p * Pu2s (354)

In subsection BA2ZTl we mentioned that M2M is the state-transition probability of a
cell from a previous state that was in matching to a current state that is continuously in

matching and has new arrival or departure activities. Therefore,
M2M = Ppap - Psas + (pp2p — Pr2p) - Psas
+ Ppap - (ps2s — Psas) (3.55)

All of the other probabilities listed in Table IT do not need to be discussed here,
because our interest is only in the state-transitions that are able to generate DDM mes-

sages.

3.5.3.4 Lower Boundary Analysis

According to the uniform distribution pattern applied to the simulation scenario (Section

B3), the inputs of a simulation include the following: (1) routing space grid size (C' =
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¢ X ¢); (2) total number of federates (f); (3) number of objects owned by each federate
(n; s.t. n = Y21 n;); (4) publication region size of each object (Sp; = s, X 5p,); and
(5) subscription region size of each object (Ss; = Ss; X ss;). However, the design of
input cases can become overly complex if we give each object an individual publication
and subscription region size; in fact, this is not only unnecessary but also inefficient for
computing.

In order to obtain a reasonable and meaningful simulation result, we let all federates
have the same number of objects (n; = n/f), and all objects have the same publication
region size (Sp = s, X s,) and the same subscription region size (Sg = s5 X s5). We can

prove the fact that

Fact 3.5.3. When ¢ >> spcmds, by applying the inputs (C, f, n/f, Sp, Ss) to
a distributed simulation in the grid-based DDM environment, the performance of the
simulation represents the lower boundary results of a series of simulation input cases in
which the total number of grid cells is C, the total number of federates is f, the average
number of objects in each federate is n/f, and the average publication and subscription

region sizes of each object are Sp and Ss.

Proof. By applying Jensen’s Inequality Theory and General Means Inequality to prob-
ability equations at the object, federate and federation levels respectively, Fact is

correct at each level. O

19Tn practice, we set sp, ss < ¢/8
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3.6 Experimental Results

Our simulation is running on a cluster with 32 nodes, and follows the exact scenario we
described in Subsection B3l All existing grid-based approaches have been implemented
inside the RTI-Kit, which was originally developed by Georgia Institute of Technology
[67]. These approaches include the Fixed Grid-based approach, the Dynamic Grid-based
approach, and the Sender-based DDM approach. Because they all use the same fixed
storage allocation strategy for dealing with any simulation inputs, we use grid-based
approaches to refer to all of them together.

Although the implementation of the AGB DDM approach is based on the RTI-Kit,
it is implemented as a separate version because the change of storage allocation strategy
makes it incompatible with all existing approaches. The new version has separate schemes
for the storage allocation, local processing flow control, and transmission control. In the
transmission control, in addition to the existing SMT (Single Message Transmission)
mode, we add AMGT (Adaptive Message Grouping Transmission) mode and FMGT
(Fixed Message Grouping Transmission) mode. In order to ease our analysis, we also
designed multiple simulation modes, like the Debug mode, the Lower Boundary Analysis

mode, and the Group Case Testing mode.

3.6.1 Performance of ARAC Scheme

3.6.1.1 Simulation Environment

The details of the simulation setting are that (i) routing space is a 1024 x 1024 x 2 grid,
the third dimension is used for the team ID[45], and all objects play in the first two
dimensions; (ii) corresponding to the cluster with 32 nodes, the federation consists of 32
federates; (iii) the total number of objects is 1024, each federate has 32 objects; (iv) the
publication region size of each object is the same, as is the subscription region size; (v)

in order to obtain ideal randomized results, the number of total timesteps in each run
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Figure 3.3: Performance Evaluation of Matching Model

of a simulation is 20,000; (vi) the distance of one timestep for all objects is set to unit
distance.

The experimental data used in this section is generated from two series of simulation
runs. For both series, we increase the input size of each simulation run gradually, which is
accomplished by fixing the object publication region size while increasing the subscription

region siz in each series of runs.

3.6.1.2 Performance Evaluation

We use experimental data generated from the first series of runs to evaluate the perfor-
mance variations of the matching model. In this series, the object publication region size
is fixed and set to 128 x 128, while the object subscription region size varies from 1 x 1
to 129 x 129 with an eight unit distance increase from the first to the last run. In Fig-
ure B3, the average subscribing, publishing, and matching probabilities are simulation
results that are computed using experimental data collected from each federate in each
run. These results are drawn using three distinct types of points (shown as B, D, and F’

in Figure B3); in addition, for the purpose of comparison, the corresponding expected

1 Subscription region size = Sub Distance x Sub Distance
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average values of these probabilities are drawn by three distinct type of lines (shown as
A,C, and E in Figure B3)), and they are the theoretical results that are computed using
lower boundary inequalities BT and B9,

As shown in Figure B3, the horizontal line represents the publishing performance of
a federate, which is horizontal because the object’s publication region size is fixed. The
lower curve represents the subscribing performance of a federate, which rises slowly with
the increase in the object’s subscription region size. Finally, the upper curve represents
the matching performance, which rises quickly before approaching 1 because the match-
ing probability is the accumulated effect of the publishing and subscribing probabilities
federation-wide.

As we can see from this figure, all experimental results (plotted by points) match
their theoretical results (plotted by lines) very well. In fact, there is about a 1 percent

difference between them, but the tolerance of the figure is greater than that.

3.6.1.3 Storage Allocation Rate

The storage allocation rate is the rate of the total storage allocated over the total storage

required. It can be expressed as

STGalloc

rsra = TG
req

Accordingly, the storage allocation rate for the local Pub/Sub data, the distributed
Pub/Sub data, and the matching data can be expressed as

/
STGlocal PubSub
STGloca PubSub

Tlocal PubSub =

!
STGdist PubSub
STG gist PubSub

STG!

Fonateh = match
e STGmatch

Tdist PubSub =

Since the storage required (ST'G,.,) is computed using the results from the Lower

Boundary Analysis, the actual storage (ST G u0c) allocated must always be a little larger
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Figure 3.4: Comparison of Storage Allocation Rates

than that or the simulation will crash. The same condition has to be true even for the
storage allocated for each part of the static data. Therefore, the bottom line for allocating

storage in the distributed simulation is

rsra > 1 and Tiocar pubsus = 1 and Taist pupsus > 1 and rpgren > 1 (3.56)

3.6.1.4 Performance Comparisons

In this part of simulations, the storage allocation rate is used to compare the performance
of two storage allocation strategies employed by the ARAC scheme and grid-based ap-
proaches. As we can see, there is a horizontal line with the storage allocation rate of 1
in all of these figures. This line is called the bottom line, and it is used to show an ideal
solution in which the storage allocated is the storage required.

In Figure B4 (a), we use the same experimental data from the first series of runs, but
instead for the purpose of comparing the storage allocation rates of two different storage
allocation strategies. As shown in this figure, the bottom line is drawn using a solid

line, and the performance lines of both schemes start approaching the bottom line from
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the highest values above it and end with the lowest values almost on the bottom line.
The reason for this phenomenon can be explained using Equations B24 B28 and B26
(1) when the simulation size is very small, the minimum amount of storage required for
starting up is larger than the actual storage required, so that the storage allocation rate
is highest at the beginning; (2) when the simulation size becomes large, the minimum
amount of storage needed for starting up is very small compared to the actual storage
required, and thus, the storage allocation rate tends to decrease toward 1.

In Figure B4 (a), although we do not know exactly where the performance line of the
optimum solution lies, there is no doubt that it is located in the area between the bottom
line and the performance line of the ARAC scheme. Because the storage allocation rates
of the ARAC scheme are much closer to the bottom line than all existing grid-based
approaches, the optimum solution has been best approached by the ARAC scheme.

Figure B4 (a) is very good at illustrating the outstanding performance of the new
ARAC scheme, but it is not good enough because it is misleading. By viewing this
figure directly, anyone might think that existing grid-based approaches are indeed not
as efficient as the ARAC scheme but are nonetheless still able to run. In actuality, the
condition of existing grid-based approaches is much worse. In Figures B4l (b) and B4
(a), the allocation rates for three parts of the static data are presented separately. In
the first figure, we can see that all three performance lines of the ARAC scheme are
above the bottom line, while in the second figure the performance line for the distributed
Pub/Sub data of grid-based approaches remains below the bottom line from 0 to the
end. According to condition in subsection BG.T3 the existing grid-based DDM
approaches crash in all runs of the first series of simulations.

In fact, the existing grid-based DDM approaches are able to run only in very limited
input cases. Figure (b) demonstrates some of these cases. The experimental data
used in this figure is collected from the second series of simulation runs, in which the
object publication region size is still fixed but set to 1 x 1 instead of 128 x 128, and the

object subscription region size varies from 1 x 1 to 129 x 129. If we compare this series
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of runs with the first series, the size of the simulation in this series is very limited and

the performance of the matching model is considerably lower.

3.6.2 Performance of ATC Scheme

3.6.2.1 Simulation Environment

We designed two series of average simulation inputs (C, f, n/f, Sp, Ss) for the perfor-
mance evaluation. The simulation runs for each input case. In both series, the grid-based
routing space is set to C' = 1024 x 1024, the total number of federates is fixed to f = 32,
and the total number of objects is n = 1024. In the first series of inputs, we fix the
publication region size to Sp = 128 x 128, but vary the subscription region size from
Ss=1x1to 129 x 129. In Figures B and B, we use Pub Distance/Sub Distance or
Pub/Sub to represent the publication/subscription region size in each dimension. The
first series of inputs is used to validate the correctness of the switching model, as well as
to compare the simulation performance between the AMGT mode (as shown in Figure
B (a) and (b)), which is employed by our new ATC scheme, and the FMGT mode (as
shown in Figure B (a) and (b)).

In the second series of inputs, we fix the publication region size to Sp = 1 x 1, but
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Figure 3.6: Performance Evaluation of Switching Model

vary the subscription region size from Sg = 1 x 1 to 65 x 65. Compared to the first
series of inputs, the maximum input case in the second series is about half the size of
the minimum input case in the first series. The second series of inputs is used only for
the SMT mode (as shown in Figure BZ (a) and (b)), which has been adopted in our
previous DDM implementations. The purpose of designing the second series of inputs is
to generate some simulation results for the SMT mode, because this is the right range
in which this transmission mode works. In both series, the total number of timesteps in

each run is 20000. The distance of each timestep is set to the unit distance.

3.6.2.2 Performance Evaluation

Figure BHl (a) and (b) demonstrate our performance concerns at the federate and fed-
eration levels respectively. In both figures, we use the expected performance and the
average performance to validate the correctness of our switching model. The expected
performances (Fxp. P2U, etc.), which are computed using the switching model, are drawn
using lines in different styles, while the average performances (Avg. P2U, etc) collected
from the simulation results are plotted by dots in different styles. The state-transition
probabilities are represented by using their capitalized forms to emphasize the fact that

we are considering the state-transition performance of a cell with new arrival and/or



CHAPTER 3. DDM IN CLUSTER-BASED NETWORK ENVIRONMENTS 124

departure activities. From the direct observation of these two figures, we can see that
the expected performance matches the simulation results very well, and thus that the
switching model correctly models a distributed simulation in the grid-based DDM envi-

ronment.

3.6.2.3 Performance Comparisons

In Figures B (a) and (b), we use the experimental results from the first series of input
cases to compare the performance of DDM time and DDM messages between the AMGT
mode and the FMGT mode. The experimental results of the SMT mode are from the
second series of input cases, but they are shown together with the AMGT and FMGT in
these two figures. Thus, when we compare the performance of these three transmission
modes, we should keep in mind that the the maximum input of the second series of
simulation runs is about half the size of the minimum input of the first series.

In Figure B (a), the spike problem generated by the FMGT mode is fixed by applying
the AMGT mode. The reason for this is that, in the AMGT mode, DDM messages are
grouped adaptively according to the estimation of average DDM messages generated in
each timestep, and this mechanism ensures that the propagation delay remains being the
dominant part of the DDM time in all input cases. Therefore, the total DDM time does
not appear to increase as much even as the simulation size increases considerably.

In addition, for the same reason, the DDM time performance of the SM'T mode at the
maximum input case (caseA) is over 70 seconds, while it takes no more than 8 seconds
for the AMGT mode in the minimum input case (caseB). In the SMT mode, because
the DDM messages are transmitted individually, the total local transmission time rises
proportionally with the increase in the simulation size, and this makes the transmission
time become the dominant part of the DDM time.

Figure B (b) presents another viewpoint on the simulation performance. It shows

12The input size of caseA (Pub = 1 and Sub = 65 ) is only about half of the input size of caseB
(Pub =128 and Sub=1).
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Figure 3.7: Performance Comparisons

that the total number of DDM messages for the SMT mode goes up very quickly as the
input size increases in each run. As a matter of fact, the number of DDM messages
is not as meaningful when the AMGT mode or the FMGT mode is employed, because
we manipulate the buffer size of the DDM messages in these two transmission modes to
obtain a performance gain in DDM time. Therefore, the DDM messages generated at a

federate are no longer equivalent to the messages transmitted by the same federate.

3.7 Summary

The goal of proposing a novel AGB DDM approach is to control a distributed simulation
running in the most efficient mode. In order to achieve this goal, we have developed
two adaptive control schemes: the ARAC scheme and ATC scheme. In the ARAC
scheme, we optimized the storage allocation strategy for the grid-based DDM system
and made it adaptable to various sizes of simulations. We summarize our conclusions
for this part of the work as follows: (1) the matching model measures the static-state
probability of a grid cell in each timestep of a simulation; (2) based on the matching
model, the ARAC scheme is able to evaluate the static data generated in each timestep

of a simulation; (3) static data determines the local storage allocated by a federate; (4)
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Lower Boundary Analysis simplifies the computation work in the ARAC scheme and
makes the analysis of the experimental data feasible; (5) the experimental results not
only show that the ARAC scheme in our new Adaptive Grid-based DDM approach is
adaptable to various simulation sizes, but also indicate that existing grid-based DDM
approaches can be applied only to simulations with a very limited size; and lastly, (6)
the experimental results show that the optimum solution for the storage allocation has
thus been approached best by the ARAC scheme.

On the other hand, the ATC scheme optimizes the transmission control in a simu-
lation according to the input size. We summarize our conclusions as follows: (1) the
switching model measures the state-transition probability of a grid cell between each two
consecutive timesteps of a simulation; (2) based on the switching model, the ATC scheme
is able to evaluate dynamic data generated in each timesteps of a simulation; (3) dynamic
data determines the number of DDM messages generated by a federate in a grid-based
distributed environment; (4) DDM messages generated in a distributed simulation should
be grouped before transmission, and the buffer size for grouping should be set adaptively
according to the input size; (5) given the distribution pattern of a simulation, the to-
tal amount of dynamic data is predictable; (6) lower boundary analysis simplifies the
computation work in the ATC scheme and makes the analysis of the experimental data
feasible; (7) experimental results show that the switching model correctly demonstrates
the state-transition behavior of a cell in the grid-based DDM system; and (8) in compar-
ison with existing DDM implementations, the experimental results show that the ATC
scheme achieves a considerable performance gain in DDM time by applying the AMGT
transmission mode.

Current experimental results are obtained by applying a set of uniform distribution
patterns to the simulation scenario. In our future work, the matching model and switching
model should be capable of handling a simulation scenario with a set of more generalized

distribution patterns.



Chapter 4

Conclusions and Future Works

4.1 Conclusions

Because of the fundamental differences at both the application layer and the underlying
network layer, DDM in P2P overlay networks and cluster-based network environments
follows very different methodologies. In P2P overlay networks, we addressed DDM us-
ing a novel distributed data structure HD Tree. HD Tree is constructed over a com-
plete tree structure, and it doubles the number of neighbors at non-root nodes at the
cost of doubling the total number of links of a tree. HD Tree inherently supports all
important features of a P2P overlay network, like recursive decomposition, scalability,
self-organizing, error-resilience, and dynamic loading balancing. HD Tree is an optimal
solution for supporting multi-dimensional range queries in the P2P overlay network. It is
the first distributed data structure proposed in this area that is able to not only adapt the
hierarchical structure into the distributed environment, but also to give a complete view
of system states when processing multi-dimensional range queries at different levels of
selectivity and in various error-prone routing environments. In order to build a complete

HD Tree overlay network, we proposed the error-resilient DROCR algorithm to support
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routing in HD Tree, Join and Leave algorithms to manage nodes’ dynamic feature, H2H
and H2D local adaptation algorithm to balance overly loaded nodes among neighbors in
a static manner, and D2H repartitioning algorithm to redistribute load system-wide in
a dynamic manner. Both theoretical analysis and experimental results indicate that HD
Tree achieves better routing performance than its equivalent tree. The performance of
all basic operations is bound by O(lg(n)) in an ideal routing environment, and it survives
with a maximum of 10 percent of routing nodes’ failures with very limited performance
variations in an error-prone routing environment.

On the other hand, in cluster-based network environments, we optimized DDM per-
formance by employing probability models to evaluate the size of a simulation. In par-
ticular, we addressed DDM using a AGB DDM approach in the HLA/RTI simulation
middle-ware. AGB DDM approach is a novel adaptive grid-based DDM protocol that
improves DDM performance by optimizing resource allocation strategy and transmission
control strategy for the grid-based DDM systems. AGB DDM approach is the first DDM
approach in the HLA /RTT simulation middle-ware that is able to control and adapt a
simulation running in the most efficient mode by evaluating the input size of a simu-
lation. We proposed two adaptive control schemes for the AGB DDM approach. The
ARAC scheme is used to evaluate and control DDM data that is generated and allocated
locally at each cluster node, and it is based on a matching model which is a probability
model built to evaluate the steady-state probability of a grid cell in a simulation. The
experimental results show that the AGB DDM approach is adaptable to various simu-
lation input sizes and the optimum solution for the resource allocation has thus been
approached best by the ARAC scheme. For the comparison, the experimental results
indicate that existing grid-based DDM implementations can be applied only to simula-
tions with a very limited input size. Moreover, the ATC scheme is used to evaluate and
control DDM data that should be distributed remotely to other cluster nodes, and it
is based on a switching model which is another probability model built to evaluate the

state-transition probability of a grid cell in a simulation. The experimental results show
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that the ATC scheme achieves a considerable performance gain in DDM time over all
existing DDM implementations.

In summary, we conclude that HD Tree is an effort made towards an efficient, reliable,
and scalable P2P search network. It provides a DDM solution for more general purposes,
and it supports P2P overlay applications at the architectural level and at an Internet
scale. As a comparison, AGB DDM approach is another effort made towards an efficient
DDM service in HLA/RTT based simulation systems. It improves the performance of
DDM service for HLA/RTI, and it supports large-scale, real-time, distributed, and in-
teractive simulation systems at the implementation level and in cluster-based network

environments.

4.2 Future Works

Both parts of the thesis work are conducted for the unique purpose of providing a data
indexing service for various large-scale distributed environments. Our first part of the
thesis provides a preliminary overview of the HD Tree overlay network. Although our
conclusions are supported by both theoretical analysis and experimental results, the ex-
perimental part is obtained from simulations and by using an abstract data space. Nev-
ertheless, HD Tree presents outstanding properties to support multi-dimensional range
queries in the distributed environment. However, we need to fully explore the fault tol-
erance capacities in HD Tree, and, at the same time, we have to apply real application
scenarios to the HD Tree based overlay networks.

The second part of the thesis explores the potential of an optimum DDM solution
by modeling and analyzing the simulation scenario. However, this part of experimental
results are obtained by applying a set of uniform distribution patterns to the simulation
scenario. As a next step, the matching model and switching model should be capable of
handling the simulation scenario with a set of more generalized distribution patterns.

In our future work, we intend to adapt the HD Tree data structure into both wired
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and wireless distributed environments. We believe that constructing an HD Tree based
overlay network across heterogeneous network infrastructures and over multiple admin-
istrative domains will serve distributed applications and large-scale distributed simula-
tions for much more general purposes. Our final objective is to support P2P overlay
applications, including the distributed simulations involving aggregation of large-scale
computing based systems in cluster-based environments, like grid computing or cloud

computing systems. Our future work will be conducted further towards this end.
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