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Abstract
A modular Multicasting Algorithm with a Contour Discovery Approach
by
Alberto Aponte
Adviser: Professor Tarek Saadawi
This thesis presents an innovative approach to multicasting algorithms design. Our
approach herein is based on two main components; the first is our proposed contour
discovery algorithm, while the second is the proposed multicasting algorithm that is
based on the contour discovery algorithm.
We develop an algorithm for finding the shortest distance -in terms of the number of
hops- from a node identified as a source to unknown nodes located by the outskirts of a
network. Several distances are found through each neighbor of the source node to
determine the contour of the network. The accuracy of the found contour relies on our
outward propagation mechanism which propagates discovery packets strictly in an
outward direction relative to the source node. This algorithm is based on the deployment
and return of discovery packets.
Based on the found contour we develop a Distributed Multicast Algorithm which uses
that information to create modules on appropriate regions of a network. This algorithm
deals with the following issues: (a) neighbor discovery, (b) neighborhood exchange, (c)
multicast advertisement, (d) multicast registration, and (e) data distribution. The main
goal of this algorithm is to minimize the multicast delivery delay, that is, the time
between the beginning of the reception of a packet by the first group member and the end

of the reception of the same packet by the last member.



Performance metrics covered include coverage time, multicast delivery delay, and
network congestion. Performance evaluation through simulation observations show that
the probability of missing a node during the discovery process is near zero for several
topologies with different network sizes and different origination points. It is also shown
that the multicast delivery delay in our distributed multicasting decreases on the average
by a factor of 0.6 compared to that in non-distributed multicasting when the two
algorithms are tested on the same topologies and network sizes. On the other hand, the
packet delivery ratio, that is, the number of multicasting packets delivered versus the
number of multicasting packets supposed to be received is near one for moderate
multicast group sizes and data rates. Other outcomes achieved by the implementation of
modularity are: Distribution of acknowledgement implosion among several nodes in the

network, obtain multicast source registration, and avoid broadcast storming.

VI



TABLE OF CONTENTS

1. INTRODUCTION

11 MULTICASTING ISSUES
1.1.1  NETWORK SIZE AND CONTOUR DISCOVERY
1.1.2 BROADCASTING
1.1.3 SOURCE REGISTRATION
1.1.4 ACKNOWLEDGEMENT IMPLOSION
1.1.5 MULTICAST DELIVERY DELAY

2. MULTICASTING COMMUNICATIONS
2.1 MULTICASTING MODES
2.1.1 RECEIVER BASED MULTICASTING MODE
2.1.2 SENDER BASED MULTICASTING MODE
2.2 MULTICASTING MECHANISMS
2.2.1  MULTICAST FORWARDING TABLE FORMATION
2.2.2 SOURCE TREE FORMATION
2.2.3  MULTICAST TRAFFIC
2.24  PRUNING
2.25 NEIGHBOR DISCOVERY
2.2.6 PROMISCUOQOUS LISTENING

2.3 MULTICASTING PROTOCOLS FOR AD HOC NETWORKS
231 MULTICAST AD HOC ON DEMAND DISTANCE VECTOR PROTOCOL

2.4 DISTRIBUTED MULTICASTING WITH DISCOVERY PACKETS

3. NETWORK CONTOUR DISCOVERY ALGORITHM
3.1 INTRODUCTION
3.2 THE USE OF DISCOVERY PACKETS
3.3 RELATED WORK
3.4 OUTWARD PROPAGATION AND CONTOUR DISCOVERY
341 NEIGHBOR DISCOVERY
3.4.2 NEIGHBOR EXCHANGE
343 PACKET OUTWARD PROPAGATION

3.5 SIMULATION OBSERVATIONS AND RESULTS

4. MODULAR MULTICASTING ALGORITHM
4.1 INTRODUCTION

4.2 DISCOVERY PACKETS AND MODULARITY

O ook~ ww

11
11
11
12
14
14
15
17
18
18
19

20
21

24

26
26
28
29
31
37
38
40

43

95
55

57

VII



4.3 DISTRIBUTED MULTICAST DELIVERY DELAY 61

4.4 THE REGISTRATION SESSION 64
4.5 THE DISTRIBUTED MULTICASTING PROCESS 68
451 NETWORK DISCOVERY AND PROPAGATION OF MULTICASTING FORWARD

ADVERTISEMENT PACKETS 70
452 PROPAGATION OF BACKWARD DISCOVERY PACKETS 74
453 PROPAGATION OF REGISTRATION PACKETS FROM THE MULTICAST
SOURCE TO A REGISTRATION CENTER 76
454 PROPAGATION OF REGISTRATION ADVERTISEMENT PACKETS 77
455 PROPAGATION OF BACKWARD REGISTRATION PACKETS 81
456 REGISTRATION INFORMATION FROM REGISTRATION CENTERS TO THE
MULTICAST SOURCE 82
457 DATA FROM THE MULTICAST SOURCE TO REGISTRATION CENTERS 83
458 DATADISTRIBUTION 85
459 DATARECEPTION ACKNOWLEDGEMENT 89
4.6 SIMULATION OBSERVATIONS AND RESULTS 91
46.1 SYMMETRIC PROJECTS 91
4.6.2 NON-SYMMETRIC PROJECTS 94
5. MAINTENANCE MECHANISMS 103
5.1 OUTWARD PROPAGATION 103
5.2 DISTRIBUTION TREE RECOVERY 104
53 DATA RECOVERY 105
5.4 THE PRUNNING PROCESS 106
6. PROCESSES AND PROJECTS DESCRIPTION 108
6.1 THE NODE 108
6.2 PROCESSES 109
6.2.1 NEIGHBOR DISCOVERY, NEIGHBOR EXCHANGE, AND NETWORK CONTOUR
DISCOVERY PROCESSES 110
6.2.2 NEIGHBOR DISCOVERY, NEIGHBOR EXCHANGE, NETWORK CONTOUR
DISCOVERY, AND REGISTRATION PROCESSES 112
6.2.3 NEIGHBOR DISCOVERY, NEIGHBOR EXCHANGE, NETWORK CONTOUR
DISCOVERY, REGISTRATION, AND DATA DISTRIBUTION PROCESSES 114
6.3 PROJECTS 116
6.3.1 STRING TOPOLOGY PROJECTS 116
6.3.2 STAR TOPOLOGY PROJECTS 118
6.3.3 GRID TOPOLOGY PROJECTS 120
7. SUMMARY AND FUTURE WORK 122

Vil



9. APPENDIXES

APPENDIX A: NEIGHBOR DISCOVERY MODULE

APPENDIX B: NEIGHBORING EXCHANGE MODULE

APPENDIX C: FORWARD DISCOVERY MODULE

APPENDIX D: BACKWARD DISCOVERY MODULE

APPENDIX E: REGISTRATION CENTER ADVERTISEMENT

APPENDIX F: REGISTRATION CENTER BACKWARD ADVERTISEMENT
APPENDIX G: REGISTRATION CENTER TO MULTICAST SOURCE MODULE

APPENDIX H: FORWARD DATA MODULE

9. REFERENCES

124
124
126
128
130
131
133
134

135

136



LIST OF FIGURES

Fig. 1.1: Discovery packets travel to the perimeter of the network and return to the source

4

Fig. 1.2: Every node in the network re-broadcasts received packets 5

Fig. 1.3: Only designated nodes re-broadcast packets 6

Fig. 1.4: A multicast source does not get registration information 7

Fig. 1.5: The source gets registration information from registration centers 7

Fig. 1.6: Non-Distributed Acknowledgement Implosion 8

Fig. 1.7: Distributed acknowledgement to avoid implosion at the source 9

Fig. 1.8: Unfair multicast delivery delay in Non-Distributed Multicasting Algorithms
10

Fig. 1.9: Multicast delivery delay comparison Non-Distributed and Distributed
Algorithms 10

Fig. 2.1: Simple Source Tree for Multicasting 11

Fig. 2.2: A Multi-source Tree for Multicasting 12

Fig. 2.3: Multicasting through an RP Point from two Sources 13
Fig. 2.4: Multicast Tree Originated at the Root 13

Fig. 2.5: Exchange of Forwarding Tables 15

Fig. 2.6: The Advertisement Process Starting at the Source 16

Fig. 2.7: The Formed Tree 16

Fig. 2.8: Traffic not coming from forwarders is rejected 17

Fig. 2.9: Neighbor Discovery Packets 19

Fig. 2.10: Nodes 4, 5, 6, and 7 shown inside the boxes, are receiving the advertisement
packets promiscuously 20

Fig. 2.11: Nodes 4, 5, 6, and 7 shown inside the boxes, may decide to register
promiscuously 20

Fig. 2.12: Multicast membership request in MAODV 21

Fig. 2.13: The Multicast Activation in MAODV 23

Fig. 2.14: Pruning process in MAODV 23

Fig 3.1: Outward Propagation 27

Fig 3.2: Three stages of the outward propagation mechanism 28
Fig 3.3: Quadratic Distribution Expansion 34

Fig 3.4: Flowchart for Forward and Backward packets 35

Fig 3.5: Node 1 and Node 2 reprocessing forward packets 36

Fig. 3.6: Neighbor Discovery Packet 38

Fig. 3.7: Neighbor Exchange Packet 39

Fig. 3.8: A packet released from node s has to end up at node t passing only through
nodes D and K 42

Fig. 3.9: String Topology with 14 Nodes 44
Fig. 3.10: Coverage for a 14 Nodes String Topology with Source at Node7 45
Fig. 3.11: 25-Nodes Non-Symmetric Topology 45



Fig. 3.12(a): Total Visited Nodes with redundancy by 2 and 3 rounds as a function of
time 46

Fig. 3.12(b): Effective Visited Nodes by 2 and 3 rounds as a function of time 47

Fig. 3.12(c): Redundancy Factor from 2 and 3 rounds as a function of time 47

Fig. 3.13(a): Total number of visited nodes for Binary, Square, and Unity expansions as a
function of time 48

Fig. 3.13(b): Redundancy Factor for Unity, Binary, and Square Expansions as a function
of time 48

Fig. 3.14: Coverage for the 25 Nodes Non Symmetric with the Source at Nodel2 49

Fig. 3.15: Coverage for the 25 Nodes Non Symmetric with Source at Node 9 50
Fig. 3.16: 30-Nodes Grid Topology Network 50

Fig. 3.17: Coverage for the 30 Nodes Grid Topology with the Source at 14 51
Fig. 3.18: Coverage for the 30 Nodes Grid Topology with Source at Node 1 51
Fig. 3.19: 49 Nodes Grid Topology Network 52

Fig. 3.20: Coverage for 49 Nodes Grid Topology with Source at Node 18 53
Fig. 3.21: Coverage for 49 Nodes Grid Topology with Source at Node 22 53
Fig. 3.22: Coverage for 49 Nodes Grid Topology Network with Source at Node 1 54
Fig. 3.23: Coverage for three different topologies 54

Fig. 4.1: Nodes in the middle of the paths are selected as Registration Centers 59
Fig. 4.2: Delay for Non-Distributed and Distributed Multicast Algorithms 62
Fig. 4.3: Multicast Delivery Delay for a branch with 100 Nodes 63

Fig. 4.4: Processes at the nodes during the Registration Session 66

Fig. 4.5: Registration Session Flow Chart 67

Fig. 4.6: The complete Distributed Multicasting Process 69

Fig. 4.7: The Discovery Packet 74

Fig. 4.8: Formation of a Registration Branch 79

Fig. 4.9: Forward Registration Packets 80

Fig. 4.10: Packet including data from the multicast source to Registration Centers 85
Fig. 4.11: Data Packet 88

Fig. 4.12: Multicasting Data on a Tree Branch 89

Fig. 4.13: Data acknowledgement packet 90

Fig. 4.14: Symmetric network of 39 nodes with the source located at node 20 92
Fig. 4.15: Formed tree of 22 nodes from a symmetric network with 39 nodes 93
Fig. 4.16: Multicast Delivery Delay for Distributed and Non-Distributed Algorithms in
Symmetrical Networks. 93

Fig. 4.17: Non-Symmetric network of 25 nodes with the source located at node 3 94
Fig. 4.18: Formed tree of 11 nodes from a non-symmetric network with 25 nodes 95
Fig. 4.19: Multicast Delivery Delay for Distributed and Non-Distributed Algorithms in

Non-Symmetrical Networks 95

Fig. 4.20: Multicast Delivery Delay comparison with source at Node 18 96
Fig. 4.21: Multicast Delivery Delay comparison with source at Node 7 97
Fig. 4.22: Multicast Delivery Delay comparison with source at Node 19 97
Fig. 4.23: Multicast Delivery Delay comparison with source at Node 12 98

Fig. 4.24: Multicast Delivery Delay for a Non-Symmetric Multi-branch Network 98
Fig. 4.25: 30 Nodes Non-Symmetric with one multicast member 100
Fig. 4.26: 30 Nodes Non-Symmetric with seven multicast member 100

Xl



Fig. 4.27: 30 Nodes Non-Symmetric with ten multicast member 101

Fig. 4.28: 30 Nodes Non-Symmetric with 14 multicast member 101

Fig. 4.29: 30 Nodes Non-Symmetric with 19 multicast member 102

Fig. 4.30: Packet Delivery Ratio as a function of bits per member per second 102

Fig. 5.1: N1 moves away leaving N2 and its neighbors N5, and N6 off the tree 104

Fig. 5.2: Tree after reconnection of N1 and its neighbors 105

Fig. 5.3: Nodes can recover missing packets from nodes in the path to a registration
center 106

Fig. 5.4: Nodes can leave the multicast session at any time 107

Fig. 6.1: Node model used in the projects 108

Fig. 6.2: Neighbor Discovery, Neighbor Exchange, and Network Contour Discovery
Process 110

Fig. 6.3: Neighbor Discovery, Neighbor Exchange, Network Contour Discovery, and
Registration Process 113

Fig. 6.4: Neighbor Discovery, Neighbor Exchange, Network Contour Discovery,

Registration, and Data Distribution Process 115

Fig. 6.5: Network with 10 nodes connected in string topology 116

Fig. 6.6: Network with 19 nodes connected in string topology 117

Fig. 6.7: Network with 30 nodes connected in a star topology 118

Fig. 6.8: Node with 25 nodes connected in a star topology 119

Fig. 6.9: Network with 96 nodes connected in a grid topology 120

Fig. 7.1: A source and several registration centers showing the modularity in the network

123

Xl



1. INTRODUCTION

Multicasting is a communication process where a single source transmits user
data to more than one receiver. In a multicast network, sources send data traffic to a
group of hosts represented by a multicast group address. A multicast wireless host cannot
base its forwarding decision on a destination address; a host in a wireless network must
forward multicast data in a broadcasting mode in order to reach all possible receivers.

In order to forward multicast data to appropriate receivers, multicast routing
algorithm protocols have to deal with many of the same issues as a unicast routing
algorithm, such as learning the inter-network topology, detecting changes in the topology,
and computing delivery paths in the topology. Multicast forwarding makes use of the
source address, while unicast forwarding makes use of the destination address.
Forwarding mechanisms of multicasting are based on the source address, and to prevent
loops, packets are discarded if they do not arrive from a designated forwarder host.

The goals of a multicast algorithm are: i) minimize the number of steps needed to
complete the multicast process, and ii) minimize the multicast delivery delay, i.e., the
time between the beginning of the reception of a packet by the first member and the end
of the reception of the same packet by the last member. In our multicast distributed
algorithm we emphasize on the reduction of the multicast delivery delay by creating
techniques which reduce this delay to values that are on the average 40% below those
values found in other non-distributed algorithms.

A multicast algorithm may be state based [38]. However these types of algorithms
(either hard or soft) are not suitable for wireless networks because these are characterized

by their random mobility. In some multicast algorithms for wireless networks, states or



tables are kept for very short periods of time, therefore they are considered stateless. In
order to deliver the multicast data, some protocols, such as the On-Demand Multicast
Routing Protocol (ODMRP) [12], construct a multicast mesh. Others, such as the
Multicast Ad-hoc On-Demand Distance Vector protocol (MAODV) [13], construct a
Distributed Shared Tree. The Distributed Multicast Algorithm presented herein construct
distributed trees to keep redundancy factors as low as possible. Redundancy is defined as
the ratio of the number of nodes visited once or more than once versus the number of
nodes visited only once. Furthermore, the Distributed Algorithm for Multicasting
proposed herein does not depend on any unicast routing protocol; it is capable of
discovering all nodes interested in the communication process and deliver the multicast
data to them. Our multicasting algorithm relies on a discovery algorithm which is also
developed in this work; this discovery algorithm finds the distances from a source node to
nodes located by the outskirts of the network by using our own outward propagation
mechanism. These two algorithms working together allow us to reduce the multicasting
delivery delay, and maintain a near one value for the packet delivery ratio while
maintaining moderate values of group members and user data rate. Some issues inherent
to multicasting such as network discovery, broadcast storm, acknowledgment implosion,
source registration and unfair delivery delay, along with proposed solutions are presented
in the following sections 1.1 through 1.5.

The rest of this work is organized as follows: chapter two describes some
multicast techniques used in wired and wireless networks. Chapter three describes the
first part of our original work which is the design of an algorithm to discover the contour

of a network and the use of these findings to create modularity; simulations and obtained



results such as network coverage, and redundancy are presented at the end of the chapter.
Chapter four describes the second part of our original work which is the design of a
multicasting algorithm capable of advertisement, registration, and data distribution;
simulations and obtained results such as multicasting delivery delay, and data delivery
ratio are presented at the end of the chapter. Chapter five discusses some required
mechanisms to control and maintain the performance of the algorithms presented in
chapters three and four. Chapter six presents some of the processes and projects used to
test the validity of the algorithms developed in chapters three and four. Chapter seven

presents a summary and future work.

1.1 MULTICASTING ISSUES

Regardless of the network application, multicasting communications [41] provide
an efficient way to support the dissemination of data from a sender to a group of
receivers. However, distributing data in applications such as financial information
requires a fair multicast delivery delay, data distribution in other applications such as
software distribution, and billing records require reliable delivery, while multimedia
communications [35] require quality of service [29]. These types of problems, and some
others related to bandwidth consumption, and network unpredictability are presented

along with a proposed solution in the following sections.

1.1.1 NETWORK SIZE AND CONTOUR DISCOVERY
The components and resources of mobile wireless networks are not known in

advance. Their characteristics can change in an unpredictable way, communication



capabilities can break down, and therefore necessary services can be become unavailable
at any time. Communicating in mobile networks is a complex problem, because networks
can become very large, and mobility and battery usage can make the components of the
network unpredictable. Discovery packets are tools that can be used periodically to
explore the network to determine the number of nodes in different directions. Figure 1.1
shows the trajectory followed by discovery packets from a source node to the outskirts of

the network.

Proposed Approach to find Network Size
and Contour

e Deploy directed Discovery Packets from the source to explore the
location of the outer nodes.

Solution

Fig. 1.1: Discovery packets travel to the perimeter of the network and return to the
source
1.1.2 BROADCASTING
Multicast communications involve flooding and broadcasting [36], especially when
node mobility needs to be taken into consideration. These processes create contention and
collision problems, and the redundancy involved leads to poor scalability. The problem of

serious redundancy creates what is referred to as the Broadcast Storm Problem.



e Broadcasting or Flooding

« Flooding generates too many packets and consumes too much
bandwidth

e Broadcast Storm
« MAODV: rreq '\/L/ /
« ODMRP: Join Queries /I\ W
N
" E N
L % /';
~ g ~ %

<~

Problem

Fig. 1.2: Every node in the network re-broadcasts received packets
Multicast protocols such as Multicast Ad Hoc On Demand Distance Vector broadcasts
route requests, while the On Demand Multicast Routing Protocol broadcasts join
requests. In the Distributed Algorithm for Multicasting presented here, neither flooding
nor broadcasting are used during the discovery, advertisement or registration sessions.
Instead, the information originates at a multicasting source and is passed from node to
node in a sequential manner. Figure 1.2 shows nodes re-broadcasting received packets.
Figure 1.3 shows the use of controlled broadcasting to reduce the redundancy of control

packets and improve the bandwidth efficiency.



Proposed Approach to Avoid Broadcasting

e The source broadcasts but only one of the
neighbors re-broadcasts
e This process continues from neighbor to neighbor

O O
O
O : :
O
o~
O

Fig. 1.3: Only designated nodes re-broadcast packets

1.1.3 SOURCE REGISTRATION

Unreliable multicast algorithms [28] delivering data throughout distribution trees
do not expect any acknowledgement from the group members. As a result, the multicast
source does not have a record of the actual registered members receiving data. In the
distributed algorithm proposed herein, the source registration of group members is
distributed among all registration center nodes and the source communicates only with
those nodes.

Figure 1.4 shows a multicast source node (S), a few group members (M), and
some nodes being used as forwarders. As data is propagated through forwarders to the
member nodes, the source does not get information about the number of group members

or their identification.



e Non-Source Registration
e Poor Reliability

M: member

F: forwarder

Problem

Fig. 1.4: A multicast source does not get registration information

Proposed Approach to Provide for Registration and
Reliability
* Nodes register with the center of the modules
* Module centers pass registration info to the source

Fig. 1.5: The source gets registration information from registration centers
Figure 1.5 shows a source node (S), and several registration centers (RC) nodes.
Nodes around a registration center can register for the multicast session locally at the

closest center, and the multicast source communicates only with those centers.



1.1.4 ACKNOWLEDGEMENT IMPLOSION

Reliable multicast protocols [24] [26] work efficiently in small area networks but
they don’t scale well in large area networks. A large number of group members sending
acknowledgements or data requests to the multicast source create what is referred as
acknowledgement implosion. This implosion [43] does not allow the implementation of
reliability. Figure 1.6 shows a multicast source (S) and a large number of member (m)
nodes returning acknowledgement packets.

The distributed algorithm proposed herein is reliable for multicasting. The
implementation of modularity allows for acknowledgement return packets to be
distributed among all registration centers. Figure 1.7 shows a multicasting source (S), a
few registration centers (RC), and some group members returning acknowledgement
packets to their respective centers. The return of packets confirming the delivery of data

implements reliability.

e ACK Implosion

Problem

Fig. 1.6: Non-Distributed Acknowledgement Implosion



Proposed Approach to Solve the ACK Implosion

e Multicast Distribution or Modularity

s

o—"

o

O\

—=() O
j)o
\,e

o~ o
TN

Solution

Fig. 1.7: Distributed acknowledgement to avoid implosion at the source

1.15 MULTICAST DELIVERY DELAY

We have defined the multicast delivery delay as the time between the beginning
of the reception of a packet by the first group member and the end of the reception of the
same packet by the last member. Obviously, nodes located near the multicast source will
receive data information before nodes located at a long distance. This situation is
depicted in Figure 1.8. The delivery time is also affected by the number of nodes in
between the source and the group member. The approach proposed in this work considers
the selection of a node in the middle of a path between the first and last node from a
source and distribute the data from this middle node. This procedure will effectively
reduce the multicast delivery delay by a factor of 0.5. Chapter 4 shows this procedure in

fine detail.



Figure 1.9 shows the comparison of the delivery delay when data is multicast in
sequence from the first to the last node, against the delivery delay when data is sent to a

node in the center of the network.

 Unfair Delivery Delay: The time between the beginning of the
reception of a packet by the first member and the end of the
reception of the same packet by the last member.

<+——  Multicast Delivery Delay - 3

Problem

Fig. 1.8: Unfair multicast delivery delay in Non-Distributed Multicasting
Algorithms

Proposed Approach to Reduce the Multicasting
Delivery Delay

Solution: Select a node in the center of the network and deliver the data
from that node.

t t t t t t t t

©) D! D! D! D! D) D! D! D! O

NON-DISTRIBUTED MULTICAST DELIVERY DELAY =8 UNITS OF TIME

t t t lw( t t t

DISTRIBUTED DELIVERY DELAY =4 UNITS OF TIME

Solution

Fig. 1.9: Multicast delivery delay comparison between Non-Distributed and
Distributed Algorithms
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2. MULTICASTING COMMUNICATIONS

2.1 MULTICASTING MODES

2.1.1 RECEIVER BASED MULTICASTING MODE

Receiver based multicasting uses a multicast source distribution tree where the root is the
source node generating the data to be multicast, and the branches are formed by either
routers or receivers. In this type of multicasting the sender does not need to maintain a
list of receivers. The routers save only their next receivers in the tree; this makes it easier
to make groups dynamic, letting receiving members join and leave multicast sessions
without the need to update the sender information.

A simple source tree is shown in Figure 2.1,

Fig. 2.1: Simple Source Tree for Multicasting

A multicast session can have more than one source with each source forming a separate
distribution tree. Any node in the network with the exception of sources can be a receiver

for the multicast session or it can be a forwarder for the multicast traffic. This type of

11



distribution trees is used for dense networks where group members are densely
distributed across the network. Protocols used in this type of networks use an approach
called data-driven (flood and prune) to construct the multicast distribution tree.

A network with two sources, five receivers, and a forwarder is shown in Figure 2.2.

Fig. 2.2: A Multi-source Tree for Multicasting

2.1.2 SENDER BASED MULTICASTING MODE

Sender based multicasting mode uses the multicast shared distribution tree where the root
of the tree is not at the source, instead it is located at a selected node in the network.
There are many algorithms that can be applied for the best selection of this node based on
its location. This node is often called RP (rendezvous Point or core). The multicast traffic
for the session is sent from the source or sources to this node and then it is distributed
from here to the receivers or to the designated forwarders. Sources can unicast the traffic
to the RP if they know its address and location; otherwise they have to discover the route

to it by using a unicast routing table. In this mode of multicasting every new member has

12



to notify every potential sender within the group to be added to the recipient list. This
approach works well for small groups, but scales poorly to large and dynamic groups.

In Figure 2.3, sources S1 and S2 send multicast traffic to the RP node (root).
Designated
Forwarder @

Fig. 2.3: Multicasting through an RP Point from two Sources

The shared tree is formed from this root to the receivers as shown in Figure 2.4. It is
assumed that links are bi-directional; this allows the traffic to flow down from S1 to the

RP on the way to the root and up from the RP to the S1 on the way to R1.

Ii Fig. 2.4: Multicast Tree Originated at the Root

13



An interesting situation arises in the topology shown in Figure 2.3 and the shared tree in
Figure 2.4. S1 is a source of multicast traffic and as such it sends its data to the root. The
root then returns the same traffic to S1 to be delivered to receiver one (R1). This flow of
traffic introduces a delay in the traffic to R1 and also consumes unnecessary bandwidth;
this problem can be solved by making R1 to join the multicast session from S1 directly

and pruning itself from the root.

2.2 MULTICASTING MECHANISMS

221 MULTICAST FORWARDING TABLE FORMATION

As a node discovers a neighbor, its address is added to a table; after all neighbors have
been discovered, a table with their addresses is formed and maintained at that node. This
table is kept until a packet discovers that a node has moved away from the neighborhood
or a new node has entered into the neighborhood. The exchange of these tables is
necessary for building and maintaining the distribution tree, that is, to keep the
connectivity among nodes in the tree. Figure 2.5 shows the exchange of forwarding tables
and the creation of designated forwarders.

The last table after being received by node N; allows the designation of this node as the
multicast forwarder of node N, for traffic coming from source one and two. In other
words, this table states that the best route to source one and source two is through node
N; and the best route to source three is through node N, The formation of the tables

shown above assumes a maximum number of hops of 16.
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Multicast Forwarding table at node N;

Source Address | Hop Count

Source One 2 @

Source Two 5 Table sent

Multicast Forwarding Table at node N,

Source Address Hop Count

Source One 4
New table at node N, Source Three 2
Source Address Hop Count N2
Source One 3
Source Two 6
Source Three 2

Table sent from node N, to node N;
Source Address Hop Count

Source One 19
Source Two 21
Source Three 2

Fig. 2.5: Exchange of Forwarding Tables

2.2.2 SOURCE TREE FORMATION
Multicast data is distributed to all destinations through a Distribution Tree originated at

the source. The tree is formed as follows: The source (S) in Figure 2.6 advertises itself to

15



its immediate neighbors N1 and N2. These two nodes in turn broadcast to their neighbors

N3 and N4.

()
-

Fig. 2.6: The Advertisement Process Starting at the Source

Assuming N3 is downstream from N1, it will receive data from the source through N1.
N4 receives the advertisement from N1 and N2 almost simultaneously. N4 designates its
forwarder based on the lowest metric (hop count) and lowest address number. In this case
the hop count is the same, so N1 is selected as a forwarder based on its address. From this
point on, N4 will process data from N1 and will discard data from N2. In this sense, N1

becomes the designated router or forwarder for N4. The resulting tree is shown in Figure

2\

NN
[\
Q

2.7.

Fig. 2.7: The Formed Tree

16



Each source can be associated with a distribution tree. In fact, simultaneous sources
multicasting to a session can take place in the network and when a receiver wants to
switchover across sources the trees involved have to be reconfigured.

2.2.3 MULTICAST TRAFFIC

Trees are used to distribute the multicast traffic to all receivers and to reject traffic
coming from a node that is not a designated forwarder for a particular node. In Figure
2.6, it was shown that N4 should reject or discard traffic coming from N2. On a well
constructed tree, nodes are not supposed to forward information to a node that is not on
its forwarder list, however this situation may arrive before the tree is fully constructed.
When a node receives a multicast packet, this packet undergoes a check to ensure that it
arrived from the correct forwarder node in the direction of the source before the packet is
forwarded.

In Figure 2.8, N4 must reject or discard traffic from N2 and N3, and it must forward

Q
AN
Qt ®\
OXO

Fig. 2.8: Traffic not coming from forwarders is rejected

traffic received from N1.
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This process is similar to Reverse Path Forwarding check where routers check to make
sure that the packet is coming from the proper interface.

2.2.4 PRUNING

Initially, traffic is sent down the tree from the source or from the root to every possible
receiver. However to conserve bandwidth the traffic flowing through branches with no
receivers should be shut off. Removing nodes that are not participating in the multicast
session is called pruning.

If a node is not interested in receiving traffic from a multicast session it should
investigate if a node down the branch is. If there are no receivers down the branch, the
node must stop sending traffic down and inform the upstream node about its intention to

leave the multicast group.

2.25 NEIGHBOR DISCOVERY

The initial step in implementing a multicast algorithm at any node is to select a neighbor
to send a packet to; therefore nodes must have a list of neighbors at all times. The packets
exchanged between any two neighbors can contain, besides the identification, the
following information: available energy for distance calculations, processing capabilities,
and location information if available.

This information allows the creation of the distribution trees and the forwarding of
multicast traffic for data delivery. Nodes will maintain a database of neighbors by
performing neighbor discovery. To initiate the process, a node broadcasts discovery
packets with a hop count of one; every node starts with a null in the neighbors list. When
a node hears a discovery packet from another node, it adds the received address to its

neighbors list. This node replies with a discovery packet including its own address. After
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those two messages have been successfully exchanged, an adjacency between the two
nodes has been established and the two nodes are considered neighbors of each other.

Figure 2.9 shows the exchange of those messages.

Packet sent by Node N1
Source | Neighbors | Hop Count
N1 NULL 1

Packet sent by Node N2 after a
receiving packet from Node N1
‘ Source | Neighbors Hop Count
N2 N1 1

Fig. 2.9: Neighbor Discovery Packets

Discovery packets are sent periodically to check for new or lost neighbors.

2.2.6 PROMISCUOUS LISTENING

In wireless networks, nodes can listen to and process data from packets destined
for nearby nodes. This promiscuous listening can be implemented in both the
advertisement and registration sessions of a multicasting algorithm. Nodes that receive
advertisement packets promiscuously must relay (process and resend) the packets in new
advertisement rounds. Nodes that register promiscuously do not act as parents or
forwarders; they are just children of the node they register with. Figure 2.10 shows nodes
receiving advertisement packets by promiscuous mode, and Figure 2.11 shows nodes that

may decide to register promiscuously.
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ADVERTISEMENT
PACKET

Fig. 2.10: Nodes 4, 5, 6, and 7 shown inside the boxes, are receiving the
advertisement packets promiscuously

REGISTRATION
PACKET

Fig. 2.11: Nodes 4, 5, 6, and 7 shown inside the boxes, may decide to register
promiscuously

2.3 MULTICASTING PROTOCOLS FOR AD HOC NETWORKS

When designing protocols for Ad Hoc Networks we have to consider that the physical
topology can change continuously, and nodes may join or leave the multicasting group at
any time.

Several approaches have been proposed for multicasting in ad Hoc Networks: Multicast
Ad Hoc On Demand Distance Vector (MAODV) a tree based protocol, and On Demand
Multicast Routing Protocol (ODMRP) a mesh based protocol, are among them. These

two are reactive (on demand) protocols. Tree based protocols are efficient for low mobile
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networks, but they become fragile in highly mobile networks. Mesh-based protocols are
robust for highly mobile networks at the cost of redundancy.
We propose a distributed protocol using discovery packets that can be implemented in

dynamic dense mode wireless networks.

2.3.1 MULTICAST AD HOC ON DEMAND DISTANCE VECTOR PROTOCOL
This is a reactive protocol. Multicast routes are discovered on demand by using a
broadcast route discovery mechanism. The protocol uses a Route Request/Route
Reply/Multicast Activation (RREQ/RREP/MACT) message cycle to add a node to the
multicast group. To distribute the multicast data, the protocol forms a shared tree
composed of group members and connecting nodes (non-members).

The group membership is dynamic; a node can join or leave the group at any time. Group
leaders (first node to request route to the multicast group) are used to maintain and

distribute sequence numbers. These numbers prevent loops and help to refresh routes.

©,
@ O

® O,

RREP
RREQ
O © GO O,
RREQ RREQ RREP REP
(®) O, ©, ©
(a) (b) (c) (d)

Fig. 2.12: Multicast membership request in MAODV
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In the sequence shown in Figure 2.12, (a) shows a shared tree with nodes 1, 2, 3, and 5 as
members of the tree, nodes 4 and 6 are non-members; node 6 is broadcasting a route
request to join the group. In (b), node 5 which is part of the tree is replying to node 6, and
node 4 which is not part of the tree is re-broadcasting the request to nodes 2 and 5. In (c),
node 2 which is a member, is replying to node 4, and (d) shows node 4 sending the reply
to node 6. After waiting a discovery period, node 6 has collected two replies, one from
node 5 and one from node 4; node 6 selects the route with the least number of hops to the
multicast tree, in this case node 5. To complete the cycle node 6 sends a Multicast
Activation (MACT) message to node 5.

Figure 2.13 shows node 6 sending the activation message in (a), and the tree with node 6
as a new member in (b). In the event that a node receives two replies with the same
number of hops to the multicast tree, the requester selects the reply with the highest
sequence number.

Each node running MAODV maintains two routing tables: a routing table used to record
the next hop for routes to other nodes in the network, and a multicast routing table that
contains entries for multicast groups of which the node is a member.

To leave a multicast group, the node that wishes to leave sends a Prune-MACT message
to its next hop in the tree. The node that receives the message deletes all multicast group
information and deletes the leaving node from its next hop table.

Figure 2.14 shows the pruning process; (a) shows node 6 sending the Prune-MACT
message to node 5, and (b) shows the new tree with node 6 as non-member. Only leaf

nodes can actually leave the multicast tree.
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2.4 DISTRIBUTED MULTICASTING WITH DISCOVERY
PACKETS

The components of mobile wireless networks are not known in advance, their
characteristics can change in an unpredictable way, communication capabilities can break
down, and therefore needed services can be become unavailable at any time. Multicasting
in Ad Hoc networks is a complex problem [27], because networks can become very large,
and mobility and battery usage make the components of the network unpredictable. A
system with these types of constraints can be handled by developing a number of modular
components specialized at solving particular aspects of it. Discovery packets are tools
that can be used to make systems either modular or distributed. Discovery packets act on
behalf of their sources; they can meet each other in order to communicate; they can be
assigned destinations to involve mobility; they can collect objects inside a module and
take ownership, and they can be assigned a time to live or maximum distance to travel.
Discovery packets can be transmitted from a source and relayed from place to place; they
can be executed within a secure environment at remote locations to obtain the
information sought, and they can then be transmitted back to their original source.

Discovery packets can encapsulate data packets, control packets, and information
provided by each node they visit. This information can include neighbors, particularly
parents and children, nodes that have been visited, node capabilities in terms of energy
and processing, location if available, data requests, etc.

By applying modularity, and using discovery packets, the congestion caused by
overhead data, and the problem referred to as “acknowledgement implosion,” which

causes performance bottlenecking in multicasting, can be distributed among many nodes
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in the network. The multicast delivery delay can be reduced by distributing the data to all
modules at the same time.

Initially, discovery packets are sent out from the multicast source with a double purpose:
first, they must advertise a multicast session, and second, they must explore the network
in order to find appropriate locations for nodes to be used as module centers. After
modularity has been established, the source distributes the multicast problem among the
modules by using their centers as points for registration to the multicasting session, and
as hubs for data distribution. The multicast algorithm can be recursively implemented at
each module, and the source interacts with its registration centers only.

The general approach of the distributed multicast algorithm is as follows. First, a
graph containing the paths from the source to nodes located on the outskirts of the
network is constructed, and then the source contacts nodes in the middle of the paths.
Then, each path can be recursively broken into two sub paths, each with a multicast
informed node.

When a node in the network has data that needs to be multicast, it does the
following: 1) it designates itself as a multicast source, and multicasts a discovery-
advertisement packet node to its neighbors, 2) it initiates the formation of the distribution
tree by sending registration packets to selected nodes, and 3) it multicasts the data to the

members in the distribution tree.
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3. NETWORK CONTOUR DISCOVERY ALGORITHM

3.1 INTRODUCTION

We consider the problem of finding the shortest distance, in terms of the number of
hops, from a source node to unknown nodes located on the outskirts of a network. At
least one distance is found through each neighbor of the source node to determine the
contour of the network. The algorithm is based on the deployment and return of traveling
discovery packets. The accuracy of the found contour relies on the availability of a
mechanism that propagates discovery packets strictly in an outward direction relative to
the source node.

The contour of the network outlines its shape. The knowledge of the shape allows a
source node to estimate the density of nodes throughout different regions of the network.
By implementing the outward propagation mechanism presented in this work, a source
node can learn the distribution of nodes in the network, allowing it to determine that in
the direction of each of its neighbor nodes, the farthest node is located N hops away and
therefore there are N-1 nodes in between. Source nodes do not learn the actual location of
other nodes; what they learn is how far a node is located in terms of number of hops and
how to reach a node that has been visited by a returning backward packet. The network
distribution unfolded by this mechanism can be effectively used to create dynamic
routing tables at a source node, or to create modules for a distributed multicasting
algorithm.

The mechanism presented here controls the forward and backward propagation of

packets of mobile packet-type deployed from a source node. It should not be expected
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that discovery packets deployed from a source node without a known destination
propagate away in a straight line. In fact, the probability that they take curved trajectories
is higher than the probability that they take a straight trajectory. To increase the
probability of straight paths, discovery packets can embed in them the sender’s neighbors
list. This information is passed from node to node so that new packets will not visit those
neighbors.

The process for outward propagation is illustrated in Figure 3.1. Node A has selected
node B among its neighbors as the new destination. Node A passes a list of its neighbors
to node B. Even though nodes C and D are neighbors of B, node B will not use them to
propagate the packet. It is expected that by providing this neighbor information, the
trajectory of the forward packets follows an outward direction. Even though the
propagation of the sender’s neighbors reduces the probability of inward paths it still does
not guarantee the formation of outward trajectories. In section 3.4.3 we add the following
constrain into the algorithm: if a neighbor of a receiver can be detected as a neighbor of
the sender’s neighbors, this neighbor can not be selected as a new destination. It will be

shown that this process effectively improves the formation of outward trajectories.

Fig 3.1: Outward Propagation
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The mechanism to build paths that grow strictly outward from the source requires the
implementation of two stages prior to the contour discovery stage: 1) neighbor discovery
and 2) neighbor exchange. The first stage allows every node in the network to discover a
set of nodes that are in their transmission range, and the second one allows every node to
exchange their neighbor databases. A node in the contour discovery stage uses the
information from those two stages to select the most appropriate node as the new receiver
for the packet. The selected node can neither be a neighbor of the sender nor a neighbor
of a sender’s neighbor. Following these restrictions in the selection process for a new
destination will send discovery packets from node to node in an outward direction from
the source and inward paths are not expected to be formed. Figure 3.2 shows the stages

implemented in the outward propagation mechanism.

Neighbor Discovery

v

Neighboring Information
Exchange

v

Distance and Contour
Discovery

Fig 3.2: Three stages of the outward propagation mechanism

3.2 THE USE OF DISCOVERY PACKETS

Traveling discovery packets hop from node to node to collect information from them
and then they gift their collected data to the source node from where they were deployed.
These packets act on behalf of their sources; they can be assigned destinations to

involve mobility; they can collect information from inside a node, and they can be
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assigned a time to live or a maximum distance to travel. These packets can be transmitted
from a source and relayed from node to node; they can be transmitted to remote locations
to obtain the information sought, and they can then be transmitted back to their original
source.

Traveling packets can encapsulate data packets, control packets, and any knowledge
provided by each node they visit. This information can include neighbors, parents and
children in a tree, which nodes were visited, node capabilities in terms of energy,

processing and memory capacity, location if available, and data requests.

3.3 RELATED WORK

The work presented in this chapter touches on the following related topics: Topology
Discovery, Routing, Loops, Mobile Agents, Shortest Path, and Ant Colony Algorithms.

There is a number of existing protocols related to network discovery, including
topology discovery and path discovery. Mechanisms to avoid infinite loops and
algorithms to find the shortest path between a source and a terminating point are always
used in any discovery protocol. Mobile agents [37] are currently being used to explore a
network by collecting information from visited nodes and distribute it among other nodes
in the network.

An algorithm that relies on standard SNMP Management Information Basis for
topology discovery in Heterogeneous IP Networks is presented in [3]. Mtrace [4] is a
multicast version of the traceroute utility; it is used to discover the multicast path between

a given receiver and a source in a multicast group.
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A scalable mechanism to discover multicast tree topologies in the internet is
presented in [5]. The basic idea of using mobile agents for topology discovery has been
explored in MIT Media Lab [6]. Mobile agents [1] that hop around the network are a
novel solution to the problem of topology discovery. The agents hop from node to node,
collect information from these nodes and distribute it among other nodes in the network.
In recent work R. RoyChoudhury et al. [7] proposed a distributed mechanism for
topology discovery in ad hoc wireless networks using mobile agents. An Active
Approach to Multicasting in Mobile Networks is presented in [30].

Mobile packet systems have been simulated in close resemblance to an ant colony
[8], [9]. A routing protocol for ad hoc networks using ant algorithms is presented in [2].

Some of the mechanisms used by network discovery protocols include tools to deal
with loops. Split Horizon [10] is a tool used to eliminate loops and speed up convergence
in routing protocols. The rule is that sending information about a route back in the
direction from which the original update came is never useful. Finally, the Shortest Path
Algorithm [11] is an algorithm to determine the shortest distance from a source node to
all other nodes in the network

Our primary concern in this work is to find the shortest distances from a source node
to various unknown nodes located by the outskirts of the network. At least one distance is
found through each neighbor of the source. The mechanism employed to propagate the
discovery packets guarantees that the distance found between the source and any of the
unknown nodes is the shortest. Moreover, we use forward and backward packets of
mobile packet-type, these packets carry information about neighbors and nodes visited

allowing a source to create routing tables to visited nodes. Furthermore, data collected at
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the source provides information about the contour of the network, as well as necessary

information to create and allocate modules for a distributed multicast algorithm.

3.4 OUTWARD PROPAGATION AND CONTOUR DISCOVERY

The goal in this session is to minimize the discovery time, which is the time required

to propagate outward discovery (forward and backward) packets through a high
percentage of nodes in the network. In order to achieve this goal, discovery packets will
be deployed from a source at a periodic rate. The maximum number of hops such packets
have to travel is specified in the packet itself. Initially, this number has a unity value, and
then it is adjusted following one the following three expansions:
a) Unity Expansion: This expansion which is used by many discovery protocols in ad hoc
networks increases the radius of expansion rings by one hop. Even though it provides
updated information at short time intervals, simulations show very high link utilization,
and high redundancy factors. Redundancy is defined as the ratio of the number of nodes
visited once or more than once versus the number of nodes visited only once. This
expansion technique should be used only in very small networks.

The next return is found by executing the following operation:

New Next Return = (Current Next Return) + 1 (3.2)

b) Binary Expansion: This expansion technique starts with a unity value as the number of
hops for the next return. Subsequent values in the expansion are found by increasing the
number of hops by a factor which forces the packet to return when the number of hops

reaches a value in the binary distribution.
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This expansion technique increases the number of hops by a factor of two every time
this number reaches a value which is equal to a power of two. Link utilization and
redundancy factors for this expansion technique are lower than those in the unity
expansion. Even though the link utilization and redundancy factors improve as the
network size increases, this technique should not be used for very large networks since
the spacing between any two powers of two becomes larger. A large value for a next
return in a discovery packet might give place to inward paths defeating the purpose of
this expansion technique.

The next return in this binary technique is found by executing the following

operation:

New Next Return =2*(Current Next Return) (3.2)
¢) Square Expansion: This expansion technique starts with a unity value as the number of
hops for the next return. Subsequent values in the expansion are found by increasing the
number of hops by a factor which forces the packet to return when the number of hops
reaches a value in the quadratic distribution.

The next return is found by executing the following operation:

New Next Return =(( Current Next Return )%+ 1) 33)

Link utilization and redundancy factors for this expansion technique are lower than
those in the unity, and comparable to those found in the binary expansion for small
networks. However, for large networks the quadratic expansion offers less spacing
between any two values in the distribution when we compare it to the binary distribution.

Those lower spacing values reduce the possibility of creating inward paths, since packets
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will be forced to return before loops can be created. Keeping in mind that the essence of
the algorithm presented here is based on outward propagation with direct trajectories, we
have selected the quadratic expansion for most of our theoretical work as well as for our
simulations. Figure 3.3, shows forward packets propagating away from the source and
backward packets returning when there are no more eligible neighbors to receive the
packet or when the number of hops at a node reaches a number in the quadratic
distribution.

When a node using any distribution, receives a forward packet from a source, it
selects one of its neighbors as the destination to propagate it. As the packet is propagated,
all of its neighbors will listen to the information it contains, but only the destined node
will process it and retransmit it. A neighbor node that is visited by a discovery packet
increases the number of hops by one before the packet is relayed. When the number of
hops reaches the maximum, or is equal to the next return number as specified in the
packet, the node being visited generates a new packet called a backward packet, and
sends it to the source following the reverse path of the forward packet. The backward
packet travels back to the source node and provides it with the following information:
visited nodes, the path and number of hops to reach those nodes, and the number of hops
the packet has traveled.

The propagation of a forward discovery packet can be stopped at any node for one of
the following reasons: a node does not have any neighbors, or all neighbors of the node
have already processed a forward packet for the same discovery session. Any one of
these events will trigger the generation of a backward packet to be sent back to the

source.
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Initial number of hops for the

ackets
P K=1

Fig 3.3: Quadratic Distribution Expansion

The number of forward packets emitted from the source depends initially on the
number of neighbors, and later on the information being received from backward packets.
If the number of neighbors is small, more than one packet will be sent through each
neighbor. In the extreme case that the source has only one neighbor, multiple packets
with instructions to follow different paths will be sent through that neighbor.

Each discovery packet will have the following information: source node, time stamp,
sender’s neighbors, maximum hop count, and a log of nodes visited. As the process
progresses, the source keeps sending discovery packets in a sequential order throughout
all of its neighbors and waits for backward packets.

When the source receives a backward packet, it first checks the number of hops that
the packet has traveled. If the number of hops traveled by the packet is less than the
number specified when the packet was released, the source learns that there are no more

nodes to be visited in this direction and determines the length of the network in that
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specific direction. If the number of hops traveled by a forward packet is equal to the
maximum number of hops indicated in the packet, the source learns about the possibility
of more nodes to be visited in that direction and releases another packet with a new next
return value to follow the same path. Figure 3.4 shows a flowchart for the propagation of

forward and backward packets.

Forward
Packet
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to Next Return
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Packet
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»wm<
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v
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Nodes

v

Deploy Forward
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Fig 3.4: Flowchart for Forward and Backward packets
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To increase coverage, the source can release a second round of packets throughout
its neighbors to be propagated through different paths from those of the first round. Even
though all of the source’s neighbors have processed forward packets during a first round
of released packets, they will be forced to re-process them during a second round and
send them to their unvisited neighbor nodes.

Particular situations may require the release of a third round of discovery packets.
This may occur when the number of neighbors is small or the network coverage is not
satisfactory. The source’s neighbors and neighbors of the source’s neighbors are then
instructed to re-process the packet and send it to their unvisited neighbors.

In this way, those packets in the third round will be launched and forced to go away from
the source searching for unvisited nodes. In the simulation section 3.5 we show the
coverage for two and three rounds. Figure 3.5 illustrates a process where nodes 1 and 2
are shown reprocessing forward packets for second and third round of packets

respectively.

THIRD ROUND

FIRST ROUND

SECOND ROUND

Fig 3.5: Node 1 and Node 2 reprocessing forward packets. Even though these nodes
have processed the discovery packet during round one, they reprocess the packet for
round two and three respectively. Forcing these nodes to reprocess those packets
increases the coverage of the network.
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The number of rounds used by the algorithm in the discovery process is determined
by the following factors: a) the number of neighbors at the source, and b) the number of
hops the discovery packets are traveling (this information is provided by backward

packets).

3.4.1 NEIGHBOR DISCOVERY

Nodes will maintain a database of neighbors by performing neighbor discovery. To
initiate the process, a node broadcasts discovery packets with a hop count of one; every
node starts with a null in the neighbors list. When a node hears a discovery packet from
another node, it adds the received address to its neighbors list. This node replies with a
discovery packet including its own address. After those two messages have been
successfully exchanged, an adjacency between the two nodes is established and the two
nodes are considered neighbors of each other. Based upon this procedure, Program 3.1

gives the pseudo-code for this process. The complete code is appended in appendix A.

If (packet is coming from own source)

{

Set node’s id into the packet and send it to all of its neighbors

}
else
if (packet is arriving from another source)
{
if (packet is a neighbor discovery packet)
{set node’s id, change packet type, and send it back}
else
if (packet is a neighbor reply packet)
{ read incoming port
get neighbor’s id
save neighbor and port of arrival }
}
}

Program 3.1: Pseudo-Code for Neighbor Discovery
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Fig. 3.6: Neighbor Discovery Packet

Figure 3.6 shows a neighbor discovery packet. These packets have the following fields:
Type: This field indicates the packet type.

Source_id: This field indicates the identification of a node generating this packet.
Nbr_id: This field indicates the identification of a node replying to a neighbor request.
Rep_flag: A value of zero in this field indicates that a node is requesting neighbor

information, and a value of one indicate that a node is replying to a request.

3.4.2 NEIGHBOR EXCHANGE

The basic assumption in the analysis of the algorithm presented herein is that the
growth of paths or trajectories is considered strictly outward. In practice, exceptions to
this outward growth are possible. In order to minimize the possibility of inward paths, the
mechanism requires the implementation of a stage where every node in the network
receives a request to exchange its neighboring information within its set of neighbors.

This information allows a node to select the appropriate destination for a packet in a way
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that keeps this packet moving in an outward direction from the source. Program 3.2 gives
the pseudo-code for the neighbor exchange stage. The complete code is appended in

appendix B.

if (packet is coming from own source)

{

Set node’s id
Set own neighbors into the packet
Send the packet to all its neighbors

else if (neighbor information is coming from another node)
{
Read port of arrival
Read sender’s id
Read sender’s neighbors
Update database

}

Program 3.2: Pseudo-Code for Neighbor Exchange Information

:—L}]Packet Format: nbr_xchange — O] =]
Fil= Edit Fields Windows Help
=4
=
tppe
[4 bits)
nbr_zchanger
[ bits]
my_nbr_1 my_nbr_2 my_nbr_3 my _nbr_4
[ bits] (& bits] [5 bits] [5 bits]
rep_flag
[ bits]
nbr_zender
[ bits]
ENN _'l_I
|Dpened File: [C:*Alberto'BAK W ARDYRbr_=change. pk.m] I

Fig. 3.7: Neighbor Exchange Packet
Figure 3.7 shows a neighbor exchange packet. These packets are used to exchange

neighborhood information, and they have the following fields:
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Type: This field identifies the packet type.

My_nbr_1 through My_nbr_3 fields contains the neighbors of the sender node.
Rep_flag: A zero in this field indicates a request for neighbor exchange, and a one
indicates a reply.

Nbr_sender: This field carries the identification of the node sending its neighbors

information.

343 PACKET OUTWARD PROPAGATION

The accuracy and reliability in the output of this algorithm are based on the
growth of the path or trajectory for any discovery packet which must be strictly in an
outward direction from the source node. Program 3.3 gives the steps of the algorithm

including the basic variables in use.

Algorithm: Outward Propagation
Given a collection of Nodes 1, 2, 3, ...,M each with a collection of neighbor
nodes 1, 2, 3, ...,N; this algorithm revolves around four variables and two basic arrays in
addition to other arrays per each neighbor up to a maximum of M. These variables and
arrays are identified as follows:
number of nodes (M): integer
number of neighbors (N): integer
sender: integer
my_node_id: integer
Array of Neighbors (my_nbr[i]): integer; where i varies from 0 to N
Array of Sender’s Neighbors (sender_nbrf[i]): integer; where i varies from 0to N
Array of Neighbors’ Neighbors:

my_nbr_nbr_1[i]: integer; where i varies from0to N
my_nbr_nbr_2[i]: integer; where i varies from 0 to N
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my_nbr_nbr_N[i]: Integer; where i varies from0to N

REPEAT
FOR i €1 to N
IF my_nbr_nbr(i)= my_node_Id
my_nbr_nbr(i)=-1
ENDFOR
FOR i € 1to N
FORj €1t N
IF my_nbr_nbr(i)=sender_nbr(j)
Or
my_nbr_nbr(i)=sender
BREAK
ELSE
send packet to i
ENDIF
ENDFOR
ENDFOR

UNTIL ALL my_nbr_nbr_N ARRAYS ARE INCLUDED

Program 3.3: The algorithm for Outward Propagation

It should be noted that a value of -1 is used as a sentinel to eliminate the id of the node

searching for a neighbor from the neighbors’ neighbors vectors.

To illustrate the outward propagation mechanism, let’s refer to the situation in Figure

3.8, where a source node s and a termination node t are shown along with 14 other nodes.

Assuming that the source s has selected node D from among its neighbors as the receiver

for the packet, node D in turn has to select one of its neighbors to send the packet to.

The packet cannot be sent back to the source, and it can be sent neither to A nor to B

because these are neighbors of the source.
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Fig. 3.8: A packet released from node s has to end up at node t passing only through
nodes D and K.

Furthermore, node D should not select nodes C, or G because they are neighbors of A,
and node A is a neighbor of the sender s. Nodes H, and E also cannot be selected because
they are neighbors of B, which is also a neighbor of the sender s. The only node eligible
to receive the packet is node K; so node D proceeds to release the packet destined to node
K.

Now node K has to select one node from among its neighbors as the receiver for the
packet. Nodes G and H are not eligible to receive the packet because they are neighbors
of the sender D. Nodes J and M cannot be selected because they are neighbors of G, and
G is a neighbor of the sender D. Nodes N and L are not eligible to receive the packet
since they are neighbors of node H and this node is a neighbor of the sender D. The only

node eligible to receive the packet from node K is node t, so hode K proceeds to release
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the packet destined to node t. As a result, the packet has propagated in an outward
direction from node s to node t, passing only through nodes D and K.

A similar analysis can be used to show that a packet sent from node s to node A will end
up at node F through the s> A->C—->F outward path, and a packet sent from s to node B
will end up at node | through the s>B->E->1 outward path. This mechanism does not

allow the creation of inward paths.

3.5 SIMULATION OBSERVATIONS AND RESULTS

We have selected OPNET 11.0 as the platform to implement our simulations and to
study the performance and accuracy of the outward propagation algorithm.

String and Star topologies have been used to test the deployment of forward packets
throughout all branches of the network, and the propagation of forward and backward
packets. When using these topologies, the algorithm performs as expected; forward
packets effectively propagate following an outward trajectory from the source, and when
the next return according to the expansion being used or maximum number of hops is
reached, the current node generates a backward packet and sends it back to the source.
The backward packet propagates along the reverse path of the forward packet with the
original source as its destination. The source detects the arrival of backward packets and
logs visited nodes in the direction of that neighbor to determine the distance to the last
visited node.

The grid topology has been used to test the propagation of forward packets with and
without sender’s neighbor information, and the network coverage. Using this topology,

the algorithm performs as expected. Loops are minimized when the neighbor information
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is included in the forward packets. We have also tested the utilization of the links and the
delay time for all three expansion types: Unity, Quadratic, and Binary. The performance
in terms of link utilization and time delay is very poor for the unity expansion, while the
quadratic and the binary expansion perform very close to each other at least for a small
number of hops. When the number of hops is increased, the performance of the binary
expansion improves compared to the quadratic. However we prefer the quadratic
expansion for contour discovery because the decrease in its performance is compensated
by its ability to decrease the possibility for the unwanted inward propagation paths.

In order to test the coverage of a network we have deployed discovery packets on
different topologies. One hundred percent of the network is covered when one round of
packets is deployed in the string topology shown on Figure 3.9. The coverage for this

topology is shown in Figure 3.10.
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Fig. 3.9: String Topology with 14 Nodes
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ﬂNudes_Discuvered

Fig. 3.10: Coverage for a 14 Nodes String Topology with Source at Node7

Shown in Figure 3.11 is a non-symmetric network with 25 nodes. This network has been
used to test the coverage when discovery packets are deployed from nodes at different

locations.

- Project: Z5nonsymmsquare Scenario: scenariol [Subnek: Eopirampusasy [m] B4

Fig. 3.11: 25-Nodes Non-Symmetric Topology
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Fig. 3.12(a): Total Visited Nodes with redundancy by 2 and 3 rounds as a function
of time

Figure 3.12 shows visited nodes and the redundancy factor for two and three rounds
of packets as a function of time in the network with 25 nodes shown in Figure 3.11.
Redundancy is defined as the ratio of the number of nodes visited once or more than once
versus the number of nodes visited only once. Two and three rounds mean sending a
forward discovery packet through the same neighbor node two and three times
respectively. These packets were left to propagate without any expansion control
mechanism until they found no more neighbors, or the maximum number of hops
specified in the packet was reached. Figure 3.12(a) shows the total number of visits
including redundancy by those forward packets, Figure 3.12(b) shows the effective net
number with no redundancy of visited nodes, and Figure 3.12(c) shows the redundancy

factor.
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Fig. 3.12(c): Redundancy Factor from 2 and 3 rounds as a function of time

Figure 3.13 shows the total number of visits and the redundancy factor of the three

expansion distributions (Unity, Binary, and Square) as a function of time for the network
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with 25 nodes shown in Figure 3.11. Figure 3.13(a) shows the total number of visited
nodes including redundancy, and Figure 3.13(b) shows the redundancy factor for the

three expansion techniques simulated.
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Fig. 3.13(a): Total number of visited nodes for Binary, Square, and Unity
expansions as a function of time
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Fig. 3.13(b): Redundancy Factor for Unity, Binary, and Square Expansions as a
function of time
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The same network with 25 nodes network has been used to test the coverage as a function
of time when discovery packets are deployed from nodes at different locations. Figure
3.12 and Figure 3.13 show the coverage when packets are deployed from the middle of
the network at node 3. Figure 3.14 shows the coverage when the discovery packets are
deployed from one side of the network at node 12. In order to obtain full coverage from
this location it would be necessary to deploy three rounds of discovery packets. A similar
situation to that presented in Figure 3.14 is shown in Figure 3.15, when discovery packets

are deployed from the other side of the network at node 9.
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Fig. 3.14: Coverage for the 25 Nodes Non Symmetric with the Source at Nodel?2
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Fig. 3.15: Coverage for the 25 Nodes Non Symmetric with Source at Node 9

A network configured in a grid topology is shown in Figure 3.16. It has 30 nodes with up
to four links at each node. The coverage when discovery packets are deployed from the
middle of the network at node 14 is shown in Figure 3.17, and the coverage when packets

are deployed from one corner at node 1 is shown in Figure 3.18.
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Fig. 3.16: 30-Nodes Grid Topology Network
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It should be noted that the discovery time increases for each round of packets when the

source is moved away from the center of the network as it did from node 1.

ﬂNodes_Discuvered

Fig. 3.17: Coverage for the 30 Nodes Grid Topology with the Source at Node 14

ﬂNodes_Discuvered

Fig. 3.18: Coverage for the 30 Nodes Grid Topology with Source at Node 1
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Fig. 3.19: 49 Nodes Grid Topology Network

Figure 3.19 shows a network of 49 nodes connected in a grid topology, and the coverage
for this network when discovery packets are deployed from the middle at node 18, from
one side at node 22, and from one corner at node 1 are shown in Figure 3.20, Figure 3.21,
and Figure 3.22 respectively. The coverage for a non-symmetric network and two grid

topology networks is shown together in Figure 3.23.
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Fig. 3.20: Coverage for 49 Nodes Grid Topology with Source at Node 18
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Fig. 3.21: Coverage for 49 Nodes Grid Topology with Source at Node 22
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Fig. 3.23: Coverage for three different topologies
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4. MODULAR MULTICASTING ALGORITHM

41 INTRODUCTION

Multicasting is a communication process where a single source transmits user data to
more than one receiver. In a multicast network, sources send data traffic to a group of
hosts represented by a multicast group address [44]. A multicast wireless host cannot
base its forwarding decision on a destination address; a host in a wireless network must
forward multicast data in a broadcasting mode in order to reach all possible receivers.

In order to forward multicast data to appropriate receivers, multicast routing
algorithm protocols have to deal with many of the same issues as a unicast routing
algorithm, such as learning the inter-network topology, detecting changes in the topology,
and computing delivery paths in the topology. Forwarding mechanisms of multicasting
are based on the source address, and to prevent loops, packets are discarded if they do not
arrive from a designated forwarder host.

The goals of a multicast algorithm are to: a) minimize the number of steps needed to
complete the multicast process, and b) minimize the total multicast delivery delay, i.e.,
the time between the beginning of the reception of a packet by the first member and the
end of the reception of the same packet by the last member.

A multicast algorithm may be state based [38]. However, state based algorithms
(either hard or soft) are not suitable for mobile networks [39] [40] because these networks
are characterized by their random mobility. In some multicast algorithms for wireless
networks, states or tables are kept for very short periods of time and therefore, are

considered stateless. In order to deliver the multicast data, some protocols, such as the
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On-Demand Multicast Routing Protocol (ODMRP) [12], construct a multicast mesh.
Others, such as the Multicast Ad-hoc On-Demand Distance Vector protocol (MAODV)
[13], construct a Distributed Shared Tree [31]. The Distributed Algorithm for
Multicasting proposed herein is of the tree based form.

The majority of multicast protocols that have been written and implemented depend
on the ability of a unicast routing protocol to find the best path to a destination. The
Multicast Ad-hoc On-Demand Distance Vector protocol (MAODV) [13] is an extension
of the AODV [14] unicast routing protocol. The Multicast Dynamic Source Routing
Protocol (MDSR) [22] is an extension of the DSR [15] unicast routing protocol. The
Lightweight Adaptive Multicast (LAM) protocol [16] depends on the Temporally
Ordered Routing Algorithm (TORA) unicast protocol [17]. The Distributed Algorithm
for Multicasting proposed herein does not depend on any unicast routing protocol; it is
capable of discovering all nodes interested in the communication process and deliver the
multicast data to them. The algorithm can be implemented in wired and low mobility
wireless networks.

In some algorithms, routers have to compute spanning trees [20] to cover all other
routers in the network; this technique lacks scalability to large networks. Neither
receiver-based mode [34], nor sender-based mode [25] requires considerable storage
capabilities on the routers, but their disadvantage is that sources do not have information
on group membership. Another technique uses core-based trees [21] [32] [33] [42] where

a single spanning tree is computed per group and a root is selected in the center of the

group.
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4.2 DISCOVERY PACKETS AND MODULARITY

Discovery packets are tools that can be used to make systems either modular or
distributed, and their main function in this algorithm is to discover nodes that can be used
as centers of those modular components. In modular systems, this approach allows the
overall problem to be partitioned into a number of smaller and simpler components called
modules, which are easier to develop and maintain, and which are specialized at solving
sub problems. Packets act on behalf of their sources; they can be assigned destinations to
involve mobility; they can collect objects inside a module, and they can be assigned a
time to live or a maximum distance to travel. Discovery packets can be transmitted from
a source and relayed from node to node; they can stop at remote locations to obtain the
information sought, and they can then be transmitted back to their original source.

Discovery packets can encapsulate data packets, control packets, and knowledge
provided by each node they visit. This information can include neighbors, particularly
parents and children, nodes that have been visited, node capabilities in terms of energy
and processing, location if available, data requests, etc.

Using discovery packets, and applying modularity, the congestion caused by
overhead and the problem referred to as “acknowledgement implosion,” which causes
performance bottlenecking at a multicasting source, can be distributed among several
modules in the network. Furthermore, the multicast delivery delay can be reduced by

distributing the data to all modules at the same time.
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Initially, discovery packets are sent out from the multicast source with a double
purpose: first, they must advertise a multicast session and second, they must explore the
network in order to find appropriate locations for nodes to be used as module centers.
After modularity has been established, the source distributes the multicast problem
among the modules by using their centers as points for registration to the multicasting
session, and as hubs for data distribution. The multicast algorithm can be repeatedly
implemented at each module and the source interacts with its centers only.

Multicast communications involve flooding and broadcasting, especially when node
mobility needs to be taken into consideration. These processes create contention and
collision problems, and the redundancy involved leads to poor scalability. The problem of
serious redundancy, creating what is referred to as the Broadcast Storm Problem has been
studied [18], and some approaches to reduce such redundancy are presented in [18] and
[19].

In the Distributed Algorithm for Multicasting presented here, neither flooding nor
broadcasting are used during the discovery, advertisement or registration sessions.
Instead, the information originates at a multicasting source and is passed from node to
node in a sequential manner.

The goal in this session is to minimize the discovery time, which is the time required
to propagate discovery (forward and backward) packets through a high percentage of
nodes in the network. In order to achieve this goal, discovery packets will be deployed
from a source at a periodic rate. The maximum number of hops such packets have to
travel is specified in the packet itself. Initially, this number has a unity value, and then it

is adjusted following one the following three expansions:
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a) Unity Expansion

b) Binary Expansion

¢) Square Expansion

A complete description of these expansion techniques was presented above in section
3.4. A modularity graph as established by the algorithm is presented below in Figure 4.1.
The propagation of a forward discovery packet can be stopped at any node for one of the
following reasons: a node does not have any neighbors, or all neighbors of the node have
already processed a forward packet for the same discovery session. Any one of these

events will trigger the generation of a backward packet to be sent out to the source.

Modularity

X 2’ et

With the information provided by the backward agents, the source selects
nodes in the middle of the paths to be used as regional or module centers.

Fig. 4.1: Nodes in the middle of the paths are selected as Registration Centers
The number of forward packets to be emitted at the source depends initially on the

number of neighbors, and later on the information being received from backward packets.
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The start of the algorithm is determined by the available power at the source. If
power is sufficient, a packet will be sent through each neighbor at least once.
Alternatively, if the number of neighbors is small, more than one packet will be sent
through each neighbor. In the extreme case that the source has only one neighbor,
multiple packets will be sent through it.

To increase coverage, the source releases a second round of packets to be propagated
through a different path from that of the first round. Even though all neighbors of the
source have processed forward packets during a first round of packets, they will be forced
to re-process the packet during a second round of packets and send it to their unvisited
neighbor nodes. In effect, this process sends those packets away from the source.

Four factors determine the number of rounds used by the algorithm in the discovery
process: a) The available power at the source, b) the number of neighbors at the source, c)
the number of hops the discovery packets are traveling (this information is provided by
backward packets), and d) the coverage or transmission range of the source. It is not
expected that discovery packets travel away in a straight line from the source. In fact, the
probability that they take a curved path is higher than the probability that they take a
straight path. To increase the probability of straight paths, forward packets embed in
them the sender’s neighbors list. This information is passed to the next node so that new
discovery packets do not visit those neighbors. It was mentioned earlier that the source
calculates the average number of hops after backward packets return; nodes located at
this number of hops from the source will be used as the centers for the modules in this

distributed algorithm. With the average number of hops calculated from each of the
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backward discovery packets, and the number of nodes in each direction, the source

obtains a good indication of the size and shape of the network.

4.3 DISTRIBUTED MULTICAST DELIVERY DELAY

In a network with N nodes on a branch in a multicasting tree, a Non-Distributed
Algorithm will spend one unit of time to transmit data from a source to the first node, and
N units of time to transmit data to the last node in the branch, therefore the multicast
delivery delay which is the time between the beginning of the reception of a packet by the
first group member and the end of the reception of the same packet by the last member
will be N-1 units of time.

In our Distributed Algorithm, if we select one Registration Center in the middle of the
branch, and data is sent to that center, the first node on both sides of the branch will
receive data in one unit of time measured from the registration center, while the last node
on both sides of the branch will receive data in N/2 units of time, making the multicast
delivery delay equal to N/2 — 1. The delay between the source and the registration center
is being neglected since we are only interested in the multicast delivery delay.

Figure 4.2 shows the comparison of the delivery delay when data is multicast in
sequence from the first to the last node, and when data is sent to a node in the center of
the network.

If we further select two Registration Centers on the branch, located in a way that
each center covers one half of the network (i.e. first registration center at N/4 and the
second one at 3N/4 nodes away from the source) and send data to those centers, the first

node at each side of the first center will receive data in one unit of time measured from
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the center, while the last node on each side of the first center will receive data at N/4
units of time. Furthermore, the first node on each side of the second center will receive
data in N/2 + 1 units of time, while the last node on each side of the second center will

receive data in N/2 + N/4 units of time (N/2 is the delay between the two registration

centers).
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Fig. 4.2: Delay for Non-Distributed and Distributed Multicast Algorithms

The multicast delivery delay with two registration centers which is the difference
between the time the last nodes in the second registration center receive data and the time
when first nodes in the first registration center receive data will be: N/2 + N/4 -1 units of
time.

In general, for a branch with N nodes and R registration centers distributed in a way that
each center covers N/R nodes in the network, the time when the first node receives the
multicast data from the first registration center is one unit of time measured from that
center, while the time when last nodes receive data from the last registration center can be
determined from the equation (4.1) shown below:

N(R-1)/R + N/2R (units of time)  (4.1)
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for R>=1
The first term in equation (4.1) is the delay from the first registration center to the last
registration center, and the second term is the delay from the last registration center to the
last node. The multicast delivery delay in general will be the difference between those
two times and given by equation (4.2) shown below:

N(R-1)/R + N/2R -1 (units of time) 4.2)

for R>=1

Further simplification of this equation will give us a general expression for the multicast

delivery delay on a branch with N nodes and R registration centers equally distributed:

Distributed Multicast Delivery Delay = N - 0.5N/R -1 (units of time) 4.3)
for R>=1
Multicast Delivery Delay for a branch with 100
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Fig. 4.3: Multicast Delivery Delay for a branch with 100 Nodes
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This equation is plotted in Figure 4.3 for a value of N equal to 100 versus the number of
registration centers. It should be noted that compared to the multicast delivery delay for a
Non-Distributed Multicast Algorithm which is 100 — 1 units of time, this delay is
significantly improved in our Distributed Algorithm for small values of registration
centers. As the number of registration centers increases, the multicast delivery delay in
the Distributed Algorithm increases approaching that in the Non-Distributed Algorithms.
This graph shows the performance of the algorithm in only one branch. In large networks
with several branches, the same performance is expected provided that the registration

centers are equally distributed on each branch.

44 THE REGISTRATION SESSION

The nodes to be used as the centers for the modules are selected at the end of the
discovery and advertisement session. The registration process for the multicast session
involves two major steps. First, the source distributes the multicast information to the
registration centers, and second, these centers work as registrations points distributing
registration data to the nodes in their region by using registration packets.

Each registration center creates packets carrying the multicast information, and the
number of hops to travel which has been determined by the source. These registration
packets can be sent in sequence or they can be multicast to all of the center’s neighbors.
When a node receives the packet, it has the option to register for the multicast session;
and if the number of hops is not at the maximum value, and the node has neighbors, the

packet is re-sent to one of those neighbors. Each node records the path to the center of the
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module as the packet passes by. This path information can be used later for data recovery
or tree reconstruction.

The packet carrying the registration information travels until either the number of
hops has reached the maximum, or the packet reaches a node whose neighbors are the
same as those of the sender. When either of these two situations occurs, a backward
registration packet is generated and sent back to the module’s center, following the
reverse path of the forward packet. Nodes in this path are informed of members
immediately down the branch that have registered for the multicast session, establishing a
parent-child relationship. Even if a node is not participating in the session, it will still be
recorded to serve as a forwarder so that it can send registration packets down the branch.
This is precisely how nodes are added to the distribution tree. As the registration process
continues, additional branches are added. It is the arrival of a backward packet to the
center of the module that results in the formation of a new branch for the multicasting
tree. If a node is not interested in participating in the session but one of its children nodes
is @ member or a forwarder, this node is included in the branch and its role becomes that
of a forwarder during the multicast data session. When all neighbors of the registration
center have processed backward packets, the center is provided with information about
members and non-members for the session on all branches.

After the distribution tree has been formed, the registration centers contact the
multicast source to initiate sending the multicast data to be distributed in each module.
Registration packets will still be emitted at each module center, but at a lower rate. Figure
4.4 illustrates the formation of a branch of the multicast tree during a registration session.

Figure 4.5 shows a flow graph of registration packets.
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45 THEDISTRIBUTED MULTICASTING PROCESS

The complete multicast process depicted in Figure 4.6, is as follows: A multicast source
delivers a packet to travel up to the last node in the perimeter of the network; the
propagation of this packet is controlled in the Network Discovery and Multicast
Advertisement Forward Packets (fwd) module.

The last node creates and delivers a backward packet destined to the multicast
source; the propagation of this packet is controlled in the Backward Discovery Process
(bkwd) module. The multicast source creates and delivers a packet destined to a
Registration Center; this packet contains registration information and is controlled in the
Registration Packets from the Multicast Source to a Registration Center (reg_center)
module. The Registration Center creates and delivers registration packets destined to all
nodes around it; the propagation of these packets is controlled in the Registration
Advertisement Packets (reg_center_adv) module. When all nodes around a registration
center are visited by registration packets, backward packets containing registration for the
multicast session are generated and delivered back to the registration center; the
propagation of these packets is controlled in the Backward Registration Packets
(reg_center_bkwd) module. Once a Registration Center obtains registration confirmation
from nodes around it, it creates and delivers a packet destined to the multicast source.
This packet contains information about registered nodes and its propagation is controlled
in the Registration Information from Registration Center to the Multicast Source
(reg_to_mc) module. When the multicast source obtains verification of registration for a

multicast group it creates and delivers data packets destined to the registration center; the
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propagation of these packets is controlled in the Multicast Source to Registration Center

(mc_to_reg) module.
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This graph shows the discovery or advertisement process from a
source to the last node in the contour of the network, and the
communication process between the source and one of the
registration centers. The process is the same for all other registration
centers. Names used in this graph correspond to those used in the
OpNet simulations.

Fig. 4.6: The complete Distributed Multicasting Process

Once data packets arrive at a registration center, this center proceeds to deliver those
packets to all registered nodes around it; the propagation of these packets is controlled in
the Data Distribution (fwd_data) module. Once a data packet has been delivered to the
last node in the neighborhood of a registration center, a backward packet is created and

delivered back to the registration center; the propagation of these packets is controlled in

69



the Backward Data Packets (back data) module. Figure 4.6 shows the flow of all these
packets and the correlation among all modules mentioned above. The following

subsections in this section describe each of these processes.

451 NETWORK DISCOVERY AND PROPAGATION OF MULTICASTING
FORWARD ADVERTISEMENT PACKETS

This module makes network discovery possible and at the same time enables the
advertisement of a multicast session to be advertised as nodes are visited by discovery
packets.

A discovery or discovery-advertisement packet can arrive at this module across two
different places: either from the local packet generator source in the node itself or from
another node. If the packet is emitted from the local source, the node declares itself as the
multicast source and proceeds to set the following parameters in an advertisement or
discovery packet: source id, multicast source id, multicast session number, destination id,
packet number, id of all its neighbors, the maximum number of hops the packet can
travel, as well as the nodes_visited[0] element of the visited nodes array. The visited
nodes count and the log for the number of packets sent are initialized to one. At this
point, the packet is sent to all its neighbors in sequence.

If the discovery or advertisement packet arrives from a different node, the current node
retrieves the following information from the incoming packet: multicast session number,
source id number, number of hops the packet has traveled, the next return for the packet;
it then identifies the neighbors of the sender and stores them in an array (sender_nbr[i],

where i varies from 0 to the number of neighbors), and also identifies the visited nodes
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and stores them in an array (nodes_visited[i], where i varies from 0 to the maximum
number of nodes to be visited).

The current hop count is then tested against the maximum number of hops
specified in the packet. If the hop count is equal to the maximum number of hops, the
node sets the number of traveled hops as the hop count. It then decreases the hop count
by one, updates the back sender (bk_sender[i], where i varies from 0 to the number of
different returning packets) array, and sets the packet type number as the number that
identifies a backward packet, and returns the packet to the stream from which the
discovery packet emanated. The bk _sender array in a node stores the nodes which have
sent backward packets to it.

If the hop count at the current node is not equal to the maximum number of hops, the
current node performs the following operations: it counts the number of neighbors,
counts the number of back senders, and selects a receiver or receivers for the packet. For
a node to be selected as a receiver it cannot be a neighbor of the sender which are stored
in an array called sender_nbr, and it cannot be a neighbor of the sender’s neighbors
which are stored in an array called my_nbr_nbr. The current node sets all elements of the
my_nbr_nbr arrays containing its own id to -1. The sentinel value of -1 is required to
eliminate the current node from those arrays, since obviously this node is a neighbor of
all its neighbors. If this action was not taken, no neighbor would be eligible for
forwarding, since the outward propagation mechanism requires that neighbors of sender’s
neighbors can not be eligible as possible receivers.

Identifications of eligible receivers are stored in an array receivers[i] (with 0<=i<=3) and

the number of receivers is stored in the <receivers_count> variable.
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A receiver_count equal to zero indicates that there are no eligible receivers for the packet
and a backward packet is generated. On the other hand, if the value of receiver_count is
different than zero, the current node sets the source id as its own id, updates its neighbors
into the packet, increases the number of hops by one, and proceeds to select a receiver for
the packet from the list of eligible receivers. In order to select a receiver from the eligible
receivers, the current node checks the back sender and receivers arrays. The back
sender’s array stores nodes sending backward packets towards the multicast source and
the receiver’s array stores nodes that were determined as eligible to receive the forward
packet. A value of zero in the back_sender’s count indicates that the packet is moving
forward for the first time. A value of one indicates that the current node has been visited
by only one backward packet, and a value of two indicates that the node has been visited
by two backward packets coming from different nodes (i.e. two branches).

If the value of back senders is equal to zero, and the receivers’ list is not empty, the
current node selects a receiver from this list to which it forwards the packet. If the back
sender value is one, and there is more than one receiver eligible to receive the packet, the
current node selects as the receiver a node that does not show its id in the back senders’
array. If the value of back senders is higher than one, the current node selects as the
receiver for the packet that node which has not received the packet, (a node that shows its
id in the receiver array and, in turn, is not present in the sender’s array). In other words,
the back sender’s array maintains a list of nodes which have already seen the packet.
Once the receiver has been determined, the forward discovery or advertisement packet is
sent to the stream connecting to that receiver. The pseudo-code for this module is

appended in appendix C.
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Discovery packets are illustrated in Figure 4.7. These packets are used for two purposes:
Firstly they are used to advertise the multicast session, and secondly they are used for
discovering the size and contour of the network. These packets with different packet
types are used for both forward and backward packets. They have the following fields:
Type: This field identifies the packet. Different numbers identify forward and backward
packets.

Packet_no: This field holds the number of packets being used.

Source_id: This field identifies the node generating these packets.

Forwarder: This field identifies the node forwarding these packets.

Dest: This field is used by backward packets to identify the final destination for the
packet.

Mc_session: This field identifies the multicast session taking place.

Mc_source: Identifies the node generating multicast data.

Hops: This field keeps the number of hops traveled by the packet.

Nbr_1 through nbr_4: These fields contain the neighbors of a node forwarding this
packet.

My _nbr_nbr_1 1 through my _nbr_nbr_4_4: These fields contain the sender’s neighbors’
neighbors.

Node_visited 1 through node_visited 10: These fields contain the identification of the
nodes visited by the forward packet.

Reverse_path_hops: This field is used to keep the count of hops traveled by backward

packets.
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Fig. 4.7: The Discovery Packet

45.2 PROPAGATION OF BACKWARD DISCOVERY PACKETS

When a forward discovery packet has traveled the maximum number of hops specified in
the packet, or when the packet reaches a node that has no neighbors, or all its neighbors
have already seen the packet, the current node generates a backward packet to be sent
back to the source.

When a backward packet arrives at a node, the control of the algorithm is transitioned to
this backward discovery process module. Once in this module, the node examines the

final destination for the packet. If the destination is not the current node, the number of
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reverse hops is obtained and decreased by one. The current node then gets the reverse
path and determines the next node in that path to which to relay the backward packet.

If the final destination for the backward packet is the current node, the current
node gets the id of the visited nodes, gets the hop count, gets the next return, and also
gets the number of hops the packet has traveled. The node now proceeds to check the
hops traveled against the next return. The value of the next return parameter depends on
the mechanism used to control the flow of forward packets. Expansion mechanisms used
in this work include unity, binary, and square increments as well as a go up to last node
technique.

If the hops traveled is equal to the next return or to the maximum number of hops, the
packet has been forced to return and the current node acts as follows: it resets the
nodes_visited array, sets itself as the first node visited, sets itself as the multicast source
and source id, and while also setting itself as the destination for the next backward
packet, embeds its neighbors into the packet, and sets the packet type number as the
number that identifies a forward packet. Then, the packet is returned to propagate in the
forward direction.

If the destination id for the backward packet is equal to the current node’s id but the
number of hops traveled is equal neither to the next return nor to the maximum number of
hops, this situation indicates that the last node visited did not have any neighbors to
which to forward the packet. In this case, the current node, which is the multicast source,
gets and counts the number of nodes visited to select a registration center for the
multicast session. This registration center will be located at the mean value of the number

of nodes visited. From the array holding the visited nodes, the source determines the path
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to the registration center, and, before it forwards the packet, includes the path to be used
by other nodes into the packet. The source then proceeds to set the destination for
returning packets as well as the source id. The source also sets the packet type number as
the number that identifies a multicast to registration center packet; the packet is then sent
to the stream connecting the first node in the path to the designated registration center.

The Pseudo-Code for this module is appended in appendix D.

453 PROPAGATION OF REGISTRATION PACKETS FROM THE
MULTICAST SOURCE TO A REGISTRATION CENTER

After a backward discovery packet arrives at the multicast source and this source has
determined the visited nodes and the registration center, a packet is then sent, with the
destination set to that registration center. The mission of this packet is to inform the
registration center about its new designation. This packet has the maximum number of
hops that registration packets will travel, which is the mean value of the number of nodes
visited by the original discovery packet. When a node receives this type of packet, it
examines the destination node. If the destination is different from the node’s id, the
current node retrieves the path to the registration center from the packet to determine the
next node in the path. Once the next node is determined, the packet is forwarded to the
stream connecting that node. Equality between the destination node and the current
node’s id indicates that the packet has arrived at the designated registration center. From
the nodes visited by this packet, the registration center determines the reverse path to the
multicast source and stores it in the path_to_mc[i] array (where i varies from O to one
half of the number of nodes visited). This path will be useful whenever the registration

center needs to contact the multicast source. The control is then passed to the registration
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center advertisement (reg_center_adv) module. This module distributes registration
packets as described in the upcoming section, entitled Registration Advertisement

Packets.

454 PROPAGATION OF REGISTRATION ADVERTISEMENT PACKETS

Registration centers are charged with offering registration for the multicast session to all
branches of nodes connected to its neighbors. When a registration packet deployed at the
multicast source arrives at a node in the path to a registration center, the node examines
the destination node for the packet.

If the destination is, in fact, the current node, this is an indication that the current node is
the registration center and the node proceeds to do the following: sets destination for
returning packets; sets source id; resets the hop count to zero; initializes the packet
number to one; resets the visited nodes array to its initial value; resets the registered
nodes array to its initial value; and sets its neighbors into the packet. The packet type
number is set as the number that identifies a registration advertisement packet. The
packet is then sent to all neighbors of the registration center, to be distributed throughout
all its neighboring branches.

When a registration packet arrives at a node in the current module, this node gets the
multicast session number, gets the source id, gets and increases the hop count, gets the
sender’s neighbors, gets and updates visited nodes, and then it checks if the node is
already registered for the multicast session. If the aforementioned check returns a positive
value, the process is sent to a control point in this module called: already registered. On

the other hand, if the check returns a negative value, the node is not registered and a
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decision concerned with registration must be made. A random number generator is used
at this point to decide registration. If the number generated is higher than a threshold
value, the node will be registered; otherwise the node won’t register and the program will
transition to the already registered control point in this module. To register, a node will
include itself in the registered _nodes array. Once the registration process is completed,
the hop count is checked against the maximum number of hops.

If the hop count is equal to the maximum number of hops for registration, the current
node performs the following operations: it sets hops traveled, decreases the hop count,
and sets the reverse path. The packet type number is set as the number that identifies a
backward registration advertisement packet, and the packet is then sent to the stream
connecting the first node in the reverse path.

If the hop count is not equal to the maximum number of hops for registration, the current
node does the following: sets all elements of the my_nbr_nbr arrays containing its own id
to -1. These arrays hold the neighbors of the current node’s neighbors. The sentinel value
of -1 is required to eliminate the current node from those arrays, since obviously this
node is a neighbor of all its neighbors. If this action was not taken, no neighbor would be
eligible for forwarding, since the outward propagation mechanism requires that neighbors
of sender’s neighbors can not be eligible as possible receivers. After an eligible node is
determined for forwarding the packet, the current node sends the packet to the stream
connecting to that node.

In the event that none of the nodes is eligible to receive the packet, or all neighbors of the
current node have received the registration packet, a backward packet is generated and

sent back to the registration center. Figure 4.8 shows the formation of a branch as a result
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of the propagation of forward and backward registration packets. The pseudo-code for the

registration process is appended in appendix E.
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Fig. 4.8: Formation of a Registration Branch

Forward Registration packets are illustrated in Figure 4.9. These packets are used to offer
registration to visited nodes and register those nodes which decide to participate in the
multicast session. These packets with different packet types are used for both forward and
backward packets. They have the following fields:

Type: This field identifies the packet.

Packet_no: This field holds the number of packets being used.

Reg_center_id: Identification of the registration center node offering registration
Reverse_path_hops: This field is used to keep the count of hops traveled by backward
packets.

Source_id: This field identifies the node generating these packets.

Forwarder: This field identifies the node forwarding these packets.
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Fig. 4.9: Forward Registration Packets
Dest: This field is used by backward packets to identify the final destination for the

packet.

Mc_session: This field identifies the multicast session taking place.

Mc_source: Identifies the node generating multicast data.

Hops: This field keeps the number of hops traveled by the packet.

Nbr_1 through nbr_4: These fields contain the neighbors of a node forwarding this

packet.

Members: Number of nodes that have registered for the multicast session.

Max_hops_reg: Maximum number of hops a registration packet can travel.
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Node_visited 0 through node_visited 19: These fields contain the identification of the
visited nodes by the forward registration packet.
Registered_1 through Registered_25: These fields contain the identification of nodes

registered for the multicast session.

455 PROPAGATION OF BACKWARD REGISTRATION PACKETS

When a forward registration advertisement packet has traveled the maximum number of
hops specified in the packet, or when the packet reaches a node that has no neighbors, or
all its neighbors have already seen the registration packet, the current node generates a
backward registration packet to be sent back to the registration center.

When a node receives a registration backward packet destined to a registration
center, it first gets and examines the destination node from the packet. If the destination is
not equal to the current node’s id, this node does the following: it gets the reverse path;
decreases the number of reverse hops; sets the new reverse path; determines the next
node in the reverse path, and sends the packet to the stream connecting that node.

If the final destination is the current node’s id, the current node which is the
registration center gets and stores nodes registered. It then counts and logs new members
(registered nodes) to the multicast group, and also counts the number of neighbors and
the number of deployed packets.

If the number of neighbors is equal to the number of deployed packets, this indicates that
registration data has been sent throughout all branches originating at the registration
center node. This being the case, the current node proceeds to access the path to the

multicast source. This path was recorded when the multicast source first contacted the
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registration center. Once the path is determined, the registration center sets the following:
the reverse path to the multicast source; the number of reverse hops; nodes registered,
source id, and destination; the packet type is set as a number that identifies a registration
center-multicast source packet. The registration center then sends the packet to the first
node in the reverse path to the multicast source.

If the number of neighbors is not equal to the number of deployed packets, this indicates
that not all branches from the registration center have received the registration packets.
Accordingly, the control is sent to the registration center advertisement (reg_center_adv)
module to continue the task of distributing registration packets to other branches. The
pseudo-code for the propagation of the backward registration packets is appended in

appendix F.

45.6 REGISTRATION INFORMATION FROM REGISTRATION
CENTERS TO THE MULTICAST SOURCE

When a registration center has sent registration data through all its neighbors or branches
and acknowledgements have been received, it then prepares a packet to be sent to the
multicast source.

When a packet from a registration center destined for the multicast source arrives at a
node, this node first obtains and examines the destination node from the packet.

If the destination id is not equal to the current node’s id, the number of reverse hops is
obtained and decreased by one. The reverse path is then obtained to determine the next
node in that path. Once the next node is determined, the packet will be relayed to the

stream connecting to that node.
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If the destination in the packet is the current node’s id, this indicates that the current node
is the multicast source. The source first obtains and logs the path to the registration
center. It then collects the number of members for the multicast session, updates the
multicast group, creates a data packet, sets the source id, sets the packet type that
identifies a data packet, and sends the packet to the stream connecting the first node in
the multicast source registration center path. The control of this data packet is described
in the following section. The pseudo-code for the propagation of packets from

registration centers to the multicast source is appended in appendix G.

45.7 DATA FROM THE MULTICAST SOURCE TO REGISTRATION
CENTERS

When the multicast source receives a packet from a registration center, it gets the
destination node id from the packet (reg_center_dest), and then gets the path to the
registration center (path_to_rc[i] where i can range from O to one half the number of
nodes visited). Then it gets the registered nodes from the packet to determine if multicast
data has to be sent to the registration center. If data needs to be sent, the source creates a
data packet, sets the path to the center, sets the destination for the packet, and sends the
packet to the stream connecting the first node in the path to the registration center.

When a node receives the data packet destined to a registration center, it compares the
destination id for the packet against its own id. If the destination id is equal to the node’s
id, meaning that the current node is the actual registration center, the control of the
program is passed to the forward data (fwd_data) module for data distribution. If the

destination id is not equal to the current node’s id, the current node retrieves the path to
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the registration center from the packet to determine the next node in the path. Once this
node is determined, the packet is sent to the stream connected to it.

Packets from the multicast source to a registration center including data are illustrated in
Figure 4.10. These packets will be used by registration centers to distribute user data to
those nodes which are registered for the multicast session. These packets have the
following fields:

Type: This field identifies the packet.

Reg_center_id: Identification of the registration center distributing data

Source_id: This field identifies the node generating these packets.

Dest: This field is used to identify destination for returning packets.

Mc_session: This field identifies the multicast session taking place.

Mc_source: Identifies the node generating multicast data.

Hops: This field keeps the number of hops traveled by the packet.

Nbr_1 through nbr_4: These fields contain the neighbors of a node forwarding this
packet.

Max_hops_reg: Maximum number of hops a registration packet can travel.

p_mc_reg_0 through p_mc_reg_19: These fields contain the identification of nodes in the
path from the multicast source to the registration center.

mc_data_0 through mc_data_3: These fields contain data to be delivered to members.
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Fig. 4.10: Packet including data from the multicast source to Registration Centers

45.8 DATADISTRIBUTION

When a data packet arrives at a registration center from the multicast source, this center
proceeds to distribute that packet to all nodes that registered for the multicast session.
The data distribution process is as follows: the registration center node sets its node_id as
the destination for returning packets. The neighbors of this registration center node are
then included into the packet. The packet type number is set as the number that identifies
a data packet, the number of hops is set to zero and the number of nodes visited is also set
to zero. The maximum number of nodes to be visited by a data packet has been pre-

determined by the multicast source. After setting the aforementioned parameters, the
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packet is multicast to all neighbors of the registration center to be distributed throughout
all branches.

When a data packet arrives at a node, this node checks an array called registered[i]. The
presence of its node id as an element of the array is an indication that this node is
registered for the multicast session and the node proceeds to extract the data from the
packet. For the purpose of relaying the packet, the recipient node logs the neighbors of
the sender, increases the hop count by one and then checks for the maximum number of
hops the data packet has to travel. If the hop count has reached the maximum, the number
of hops traveled is set as the hop count, the hop count is decreased by one, the packet
type number is set as the number that identifies a backward data packet, and the packet is
sent through the same stream from where the packet was received. On the other hand, if
the hop count is not at its maximum, the recipient node has to find a neighbor to which it
can forward the packet. In order to comply with the outward propagation, the selected
node cannot be the sender, and it cannot be a neighbor of the sender. In order to achieve
this task, arrays that contain the neighbors of the sender (sender_nbr[i] where i varies
from O up to the maximum number of neighbors) are compared against arrays that
contain the neighbors of the current node neighbors (my_nbr_nbr_i[j] where i and j vary
from 0 up to the maximum number of neighbors). For a neighbor node to be selected as a
receiver for the data packet, none of its neighbors can be neighbors of the sender. Once
the arrays are compared and a node is found as an eligible recipient for the packet, the
current node sets its neighbors, sets the hop count, and sets the packet type number that
identifies a data packet. The packet is then sent to the stream connecting the selected

node.
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A modification to this module has also been implemented as follows: the registration
center has determined previously in the Registration Advertisement Packets section the
last node in a branch which registered for the multicast session. When a node receives the
data packet from the registration center, the node checks the last node’s id against its own
id. If the ids are different, the node retrieves the multicast session number from the packet
and then accesses the node’s registered array to determine if it is registered for the
session. If the node is registered, it retrieves the data from the packet, and then from the
nodes visited array determines the next node in the path to the last node. The packet is
then sent to the stream connecting the next node in the path.

If the id of the current node’s id is the id of the last node, the node then determines if it is
registered for the multicast session. If it is registered, it proceeds to retrieve the data from
the packet and the data packet is then sent to the sink.

This variation of the present module does not provide the return of any confirmation for
packet reception (acknowledgement) to the registration center as the first part described
above in this module does, therefore there is no source registration. The propagation of
acknowledgement messages is described in the next section. The pseudo-code to control
the propagation of data distribution packets is appended in appendix H.

Data packets are illustrated in Figure 4.11. These packets are used to distribute data to
registered nodes which have decided to participate in the multicast session. They have the
following fields:

Type: This field identifies the packet.

Reg_center_id: Identification of the registration center offering registration
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iﬁ-]Packet Format: fwd_data -10] x|
File Edit Fields Interfaces ‘Windows Help
=8
type req_center_id 1everse_path_hops ME_$ession MC_30UICE J
(4 bitz) [ bitz] [16 bitz) (3 bitz) [ bitz]
source_id dest nbr_1 nbr_2 nbr_3 nbr_4 ma_req_hops hops
[ bitz] [ bit) 3 bitz) [5 bitz) [ bitz] [ bit) 3 bitz) [5 bitz)
me_data_0
(54 bitz)
me_data_1
(R4 bitz)
mc_data_2
(54 bitz)
mc_data_3
(54 bitz)
node_visited 0| node_visited 1| node_visited_2 | node_visited_3 | node_visited_4 | node_visited_5 | node_wisited_E | node_vizited_7
(3 bits] [ hitz) 3 hitz) [3 hitz) (3 bits] [ hitz) 3 hitz) [3 hitz)
node_visited 8| node_visited 3 |node_wisited_10lnode_visited_11|node_visited_14node_rvisited 13 node_visited_14Jnode_visited_15
(3 bits] [ hitz) 3 hitz) [3 hitz) (3 bits] [ hitz) 3 hitz) [3 hitz)
node_visited_1E{node_wisted 17|node_visted_18node_visited 19 registered_1 | registered_2 | registered_3 | registered 4
3 bits] [ bits) (3 bitg) 3 bits) 3 bits] [ bits) (3 bitg) 3 bits)
registered B | registered 6 | registered 7 | registered 8 | registered 9 | registered 10 | registered 11 | registered 12
3 bits] [ bits) (3 bitg) 3 bits) 3 bits] [ bits) (3 bitg) 3 bits)
registered_13 | registered_14 | registered_15 | reqistered 16 | registered 17 | registered 18 | reqgistered 19 | registered 20
3 bits] [ bits) (3 bitg) 3 bits) 3 bits] [ bits) (3 bitg) 3 bits)
Y _'|J
|

Fig. 4.11: Data Packet

Reverse_path_hops: This field is used to keep the count of hops traveled by backward
packets.

Mc_session: This field identifies the multicast session taking place.

Mc_source: ldentifies the node generating multicast data.

Source_id: This field identifies the node generating these packets.

Dest: This field is used by backward packets to identify the final destination for the
packet.

Nbr_1 through nbr_4: These fields contain the neighbors of a node forwarding this
packet.

Mc_data_0 through mc_data_3: user data

Node_visited_0 through node_visited_19: These fields contain the identification of
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nodes visited by forward registration packets.

Registered_1 through Registered_20: These fields contain the identification of nodes

registered for the multicast session.

The process to distribute data around a Registration Center shown below in Figure 4.12 is

the same for all branches.

Source Registration Intermediate Intermediate Last
center member non-member member
node node (forwarder)
Multicast Data packet Data Data Data
data received packet packet packet
packet-> | received received received
| | | |
| | | |
Multicast Copy Check if Copy
packet to data members still data
first node on | on the branch |
all branches> | | |
Check if Forward Destroy
this is the data data
last member packet > packet
|
|
Forward
data
packet->

Fig. 4.12: Multicasting Data on a Tree Branch

459 DATA RECEPTION ACKNOWLEDGEMENT

When a forward data distribution packet arrives at the last node registered for the
multicast session, this node generates a backward packet to be sent back to the
registration center. This packet follows the path to the registration center.

When a node receives a back_data packet, it gets the destination (registration center)

node from the packet. If the node’s id and the destination id are different, the current
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node retrieves the path to the destination from the packet and proceeds to identify the

next node in the path. Once this node is determined, the packet is relayed to the stream

connecting that node. On the other hand, if the destination node id and current node’s id

are equal, the current node is the registration center, and the number of neighbors is

calculated and compared to the number of packets that has been delivered. The equality

of these two numbers indicates that the packet has been sent to all branches and the

packet can be sent to the sink. An inequality in the number of neighbors and the number

of packets (forward data packets) indicates that some branches still need to receive the

data, and therefore the control has to be sent to the fwd_data module. This module

distributes the data to the registered nodes as delineated in the Data Distribution (fwd

data) section above. Figure 4.13 shows a data acknowledgement packet.

i—]Packet Format: data_ack -10| x|
File Edit Fields Inkerfaces ‘Windows Help
==
hupe req_center_id reverse_path_hops Mic_SE52i00 mc_sounce o~
[4 bitz) [8 bitz] [16 hitz] [ bitz) [8 bitz]
path_to_last lazt_hop dest max_req_hops | zource_id
2 bitz] [8 bitz) [2 bitz) [2 bitz) 2 bitz]
nbr_1 hbr_2 nbr_3 nbr_4 hops
(3 hitz] [2 bitz) (2 bitz) [8 bitz) (3 hitz]
node_vizsited 0| node_visited_1 | node_wizited_2 | node_wvisited_3 | node_wvisited_4 | node_wizited 5
[3 bitz] [8 bitz) [8 bitz) [8 bitz) [3 bitz] [8 bitz)
hode_vizited B | hode_visited_7 | node_vizsited 8| node_vizsited 9 |node_wisited_10lnode_wisited_11
[8 bitz] [8 bitz) [ bitz) [ bitz) [8 bitz] [8 bitz)
node_vizited_1Anode_vizsited _13node_visited_18node_vizsited_153node_vizited 1Enode_visited 17
2 bitz] [8 bitz) [2 bitz) [2 bitz) 2 bitz] [8 bitz)
node_visited_18hode_visited 19
(3 hitz] [2 bitz)
I ;IJ

|Wmte File: [C:halbertowithatuctydamdhdata_ack. pk.m]

Fig. 4.13: Data acknowledgement packet
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4.6 SIMULATION OBSERVATIONS AND RESULTS

We have selected OPNET 11.0 as the platform to implement our simulations and to
study the performance and accuracy of the algorithm. The following metrics have been
evaluated: End to End Delay, Throughput, and Multicast Delivery Delay.

The maximum size of a network that can be simulated in our projects has a diameter of
40 hops provided that the multicast source is located in the middle of the network,
otherwise the diameter must be decreased down to a value of 20 hops depending on the
location of the source. Since the Multicast Delivery Delay is our primary concern, we
have compared this delay by running both the non-distributed and distributed algorithms

on symmetric and non-symmetric networks.

46.1 SYMMETRIC PROJECTS

On a symmetric network, the multicast source is located right in the middle and the
topology as well as the number of nodes is identical on each side of the source. Figure
4.14 shows a symmetrical network with 39 nodes using node 20 as the multicasting
source. This network has been used to study the multicast delivery delay on typical non-
distributed and on our distributed multicast algorithm. Typical multicast algorithms
distribute data from node 20 to nodes 19 and 21; these nodes relay the data which goes
hoping from node to node until it reaches the last nodes 1, and 39. Our distributed
algorithm, using discovery and registration packets creates a multicast distribution tree

which is shown in Figure 4.15. In the middle of each branch of the distribution tree a
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node has been selected as a registration and data distribution center and data is distributed

on each branch from these centers.

node_ 17

| 4node_ 15

node_2 node_ 1

Fig. 4.14: Symmetric network of 39 nodes with the source located at node 20

Clearly, if data distribution centers are located exactly in the middle of each branch, and
the network is symmetric with respect to the multicast source, the multicast delivery
delay time in a non-distributed algorithm will be double compared to that in the

distributed multicast algorithm as shown in Figure 4.16.
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Fig. 4.15: Formed tree of 22 nodes from a symmetric network with 39 nodes

39 Nodes Network-22 Multicast Group

(100% Difference)

38.2 1

37.6 4

—8—Distributed

878 1 —e—Non_Distributed

Pad

37.4 4
37.2 4
|
36.8

36.6

36.4

36.2

36

36 36.5

37 37.5 38 38.5

Simulation Time

Fig. 4.16: Multicast Delivery Delay for Distributed and Non-Distributed Algorithms

in Symmetrical Networks.
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4.6.2 NON-SYMMETRIC PROJECTS

On a non-symmetric network, the multicast source is located anywhere in the network
and the branches around the source are all different in topology as well as in the number
of nodes. Figure 4.17 shows a non-symmetric network of 25 nodes with the multicast
source located at node 3.

This network has been used to study the multicast delivery delay on typical non-
distributed and on our distributed multicast algorithm. Typical multicast algorithms
distribute data from node 3 to nodes 13 and 6; node 13 relays the data to node 7 and node
6 multicasts data to nodes 4, 8, and 9. This process of relaying and multicasting go on

until nodes 18, 11, 25, 23, 19, 17, 21, and 14 obtained the data.

rnode_25 node 232

Fig. 4.17: Non-Symmetric network of 25 nodes with the source located at node 3

Our distributed algorithm, using discovery and registration packets creates a multicast

distribution tree of 11 nodes which is shown in Figure 4.18. In the middle of each branch
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of the distribution tree a node has been selected as a registration and data distribution

center and data is distributed on each branch from these centers.

o ()
ol oYl
olRe

= o

Fig. 4.18: Formed tree of 11 nodes from a non-symmetric network with 25 nodes

25 Nodes Network-10 Nodes Multicast Group
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Fig. 4.19: Multicast Delivery Delay for Distributed and Non-Distributed Algorithms
in Non-Symmetrical Networks.

Figure 4.19 shows the multicast delivery delay for both algorithms when run on a non-

symmetric network of 25 nodes with the multicast source located at node 3. As expected,
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the delay in non-distributed is no longer 100% higher than that in the distributed network,
but still is considerably higher at 71.4%.

We have tested the distributed multicast delivery delay in a non-symmetric network with
multiple branches and multicast source at different locations. The obtained results are
presented in the sequence of graphs from Figure 4.20 to Figure 4.23, and a
comprehensive graph to compare the distributed multicast delivery delay against that in
the non-distributed in that type of networks is presented in Figure 4.24. Results in Figure
4.21 are slightly different from those presented in Figure 4.3. The difference is due to the
fact that these registration centers are not in locations equally distributed in the network,
and as a result delays among registrations centers are not equal as we claim in the

development of equation (4.3).

25 Nodes Non-Symmetric Network.
Multicast Source at Node 18.
Multicast Delivery Delay
Difference 89.3%
—a— Distributed Multicasting

—s— Non-Distributed Multicasting

35
30 -
25
> 20
2E 15 -
@7 10
@ 5
3 0 ‘ ‘ ‘
0 10 20 30 40

Simulation Time (Sec)

Fig. 4.20: Multicast Delivery Delay comparison with source at Node 18.
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Fig. 4.21: Multicast Delivery Delay comparison with source at Node 7.
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Fig. 4.22: Multicast Delivery Delay comparison with source at Node 19.
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Fig. 4.23: Multicast Delivery Delay comparison with source at Node 12.
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Fig. 4.24: Multicast Delivery Delay for a Non-Symmetric Multi-branch Network
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A model has been implemented for testing the reliability of the distributed multicasting
algorithm and the non-symmetric network shown in Figure 4.16 has been used to test its
functionality. Simulations on that network have been run for 20 seconds and the obtained
results are presented in Figure 4.25 through Figure 4.29. The sequence of graphs have
been obtained from running simulations as a random number that generates group
members is changed from 10 to 1. These graphs display the number of visited nodes, the
number of multicast members, the time when data packets are received, and the numbers
of registration centers. This model also calculates the number of data packets that should
be received based on the number of registration centers and the number of nodes
registered for the multicast session at each registration center. It then calculates the
Packet Delivery Ratio which is the ratio of the number of data packets actually delivered
to the group members versus the number of data packets supposed to be received. Even
though we are presenting the results from a non-symmetric network with only 25 nodes
to test the algorithm, it has also been tested on non-symmetric networks of 45 nodes, and
grid networks with 96 nodes. The sequence from Figure 4.25 through Figure 4.29 shows
the Packet Delivery Ratio as the “thruput”. It should be noted that this ratio remains
constant for all values of multicast members.

The number of bits per second to be delivered to all multicast members has been varied
with the objective of obtaining a maximum packet size. Simulations show that a good

packet size is around 512 bits for all members of the multicast session to receive data
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packets. This packet delivery ratio has been tested in a network with 30 nodes and up to

20 multicast members. Experimental results are shown in Figure 4.30.

+|modeler

Fig. 4.26: 30 Nodes Non-Symmetric with seven multicast members
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+|modeler

Fig. 4.28: 30 Nodes Non-Symmetric with 14 multicast members
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Fig. 4.29: 30 Nodes Non-Symmetric with 19 multicast members
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Fig. 4.30: Packet Delivery Ratio as a function of bits per member per second
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5.  MAINTENANCE MECHANISMS

In order to maintain the performance of the algorithm throughout the multicast
session, some control and performance mechanisms are implemented at different stages
of the process. In general, these mechanisms do the following: avoid loops, improve
network coverage, maintain connectivity, recover from lost connections, and recover
missing data packets. The remainder of this section discusses such mechanisms in further
detail.

5.1 OUTWARD PROPAGATION

Outward propagation is another important maintenance mechanism. It is utilized
in order to minimize looping. In the current algorithm, outward propagation will occur as
all nodes update all discovery packets with information about their neighbors. This
information will be used by the visited node in the following manner: if a sender’s
neighbor is also a receiver’s neighbor, it is assumed that that node also received the
packet; therefore, that node will be discarded from the list of nodes to be used as
prospective destinations. By providing neighbor information to the receivers, discovery
packets will move away from the source until they travel for the specified number of
hops, or until they reach a node with no neighbors. Furthermore, neighbor nodes
exchange information about their neighbors. If this information (i.e., neighbors of
neighbors) is included in the discovery packets, their trajectory will be more directive
since no packet can be forwarded to a neighbor of the sender’s neighbors. Under this
technique, it is expected that loops may not occur.

The process for outward propagation has been completely explained in section 5.
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5.2 DISTRIBUTION TREE RECOVERY

The distribution tree is maintained by message exchange between parent and child
on each branch. If those nodes are communicating through registration packets or data
packets there will be no need for tree maintenance messages. The algorithm is provided
with a timer to monitor the connection time. If a Parent or Child node disconnects from a
branch, the timer will expire and seeking packets will be released from the child node to

reconnect the tree.

Fig. 5.1: N1 moves away leaving N2 and its neighbors N5,
and N6 off the tree. N2 emits seeking packets searching for
an RC. Neighbors of N1 are used to start the search up the tree.
N3 has registration information and responds forming a new
branch. N1 emits seeking agents too searching for a
reconnection.

Figure 5.1 shows the process that takes place when a node is disconnected from
the tree. Node 1 has moved away from the original location, causing Node 2 to release
seeking packets through the neighbors of Node 1. The proximity between Node 5 on the
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broken branch and Node 4 on the well connected branch allows the reconnection of the
tree shown in Figure 5.2.

j Fig. 5.2: Tree after reconnection of

N1 and its neighbors

5.3 DATA RECOVERY

All nodes in a branch of the tree need to know if the node above them is a member of the
multicast session or if it is a forwarder. This information is provided by the forward
packets as they travel down from registration centers. The importance of this information
lies in the fact that data can only be recovered from members of the session since they
process and store data packets while forwarders do not.

A node will detect missing data from sequence numbers specified in the data
packets. When a node detects a missing packet, a seeking packet will be released. The
immediate destination for this new packet will be any of the parent’s neighbors, and the
final destination will be the registration center of that particular branch. The first
contacted member that has the missing data will respond. In the event that a registration
center disconnects, the immediate child will seek another center to reconnect to. From
information provided by the source, registration centers are able to maintain current

information about each other. In this way, they can share that information with the
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immediate child on each branch. Registration centers’ information is also exchanged with
the neighbor exchange packets. Figure 5.3 shows a node starting the process to recover a

packet.

Data Recovery A node will detect missing data from
sequence numbers in data packets.

A seeking agent will be released having as
immediate destination one of the parent’'s
neighbors, and final destination the RC of
the branch.

v In the event that an RC disconnects, the
child seeks for another RC in the proximity
’ Q of the lost one.

O.
PARENT

L
SEEKING Q CHILD

AGENT

Fig. 5.3: Nodes can recover missing packets from nodes in the path to a

registration center

5.4 THE PRUNNING PROCESS

The pruning process, i.e., removing a node from the distribution tree when the
node is no longer interested in receiving data from a multicast session, is implemented in
the following manner. A node wishing to leave the multicast session sends a pruning
packet to its forwarder in the distribution tree. If the node receiving the pruning packet is
in the distribution tree, but is not a member of the multicast session, it will send the
pruning packet to its parent node in the tree. This process continues until a member of the
session is reached. When that happens, all nodes in the path from the node leaving are
removed from the distribution tree. If the node receiving the pruning packet is a member
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of the multicast session, it will stop sending data to the leaving node, and a message will
be sent to the registration center of the module. The center, in turn, will inform the

multicasting source. Figure 5.4 shows node I leaving the multicast group.

Pruning

* The Process of leaving the Multicast Group

CROSONNGENG

K N ¢
Pruning

O

Node | creates a Prune Message and unicasts it to its parent (Node G)

Node | wishes to leave the multicast session.

Node G stops sending multicast data to Node |

Node G unicasts a message to its Registration Center

Only Leaf Nodes can actually leave the multicast group

Fig. 5.4: Nodes can leave the multicast session at any time

107



6. PROCESSES AND PROJECTS DESCRIPTION

We have implemented our simulations to study the performance and accuracy of the
algorithms in OPNET version 11.0. The nodes, links, processes, projects, and simulations

will be described in this section.
6.1 THE NODE

The node presented in Figure 6.1 has the following components: a router with the process
embedded into it, four transmitters to send packets up to four neighbors connected to it,
four receivers to receive packets from up to four neighbors connected to it, a source to
generate packets for neighbors’ discovery, a source to generate packets for neighbors’
exchange, a source to generate discovery and advertising packets, a source to generate

data packets, and a sink to destroy unnecessary packets.

g

data_source nbr_xchange_source

E

Adv_source

=

nbr_disc_source

Fig. 6.1: Node model used in the projects
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Every node used in the simulations has the following components:

Four Transmitters (RX_0, RX_1, RX_2, RX_3)

Four Receivers (TX 0, TX 1, TX 2, TX 3)

A Processor (router)

A source to generate packets used for neighbor discovery (nbr_disc_source)

A source to generate packets for neighbor exchange information (nbr_xchange_source)

A source to generate advertisement packets (Adv_source)

A source to generate packets that communicate the source with the center’s modules
(mcast_source)

A source to generate registration packets (reg_source)

A source to generate seeking packets

A source to generate data packets

A sink to collect destroyed packets

6.2 PROCESSES

We have implemented several processes for testing several stages of the algorithms. We
present here only three of those processes: 1) neighbor discovery and exchange, and
network contour discovery (advertisement), 2) neighbor discovery and exchange, and
network contour discovery plus the registration process, and 3) neighbor discovery and

exchange, network contour discovery, registration, plus the data distribution process.
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6.2.1 NEIGHBOR DISCOVERY, NEIGHBOR EXCHANGE, AND NETWORK
CONTOUR DISCOVERY PROCESSES

As its name indicates, this process is used by every node to discover nodes in its
neighborhood. After a convergence time when all nodes have created a list of neighbors,
they proceed to exchange that list among all neighbors. Neighbor discovery and exchange
are necessary to maintain packets propagating in an outward direction during the network

contour discovery process.
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Fig. 6.2: Neighbor Discovery, Neighbor Exchange, and Network Contour Discovery
Process
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The Process attached to a node as shown in Figure 6.2 contains the following states:

Pk_ck_type: This state checks the packet type of all arriving packets and determines the
next transition for the system.

Nbr_disc: This state has the instructions to request and collect neighborhood information.

Nbr_xchange: This state has the instructions to exchange and collect neighborhood
information.

Adv: This state has the instructions to control the flow of forward advertisements packets.

Bkwd: This state has the instructions to control the flow of backward advertisements
packets.

Mocast: This state has the instructions to control the communication between the multicast
source and the centers of the modules.

Reg: This state has the instructions to control the flow of registration packets on each

branch of the tree

Once the exchange process have converged (all nodes have exchanged their neighbors),

the discovery of the contour of the network can be initialized by transferring control of

the process to the adv (discovery packets propagation) module. When discovery packets

have traveled the maximum number of hops specified in the packet, or when they are

instructed to return by the control mechanism being used (unity, binary, or square), or

when there are no neighbors to forward the discover packet to, the control of the process

is transferred to the bkwd (backward discovery packets propagation) module. Four

different packet types are used in this part of the process: neighbor discovery packets

(type 1), neighbor exchange packets (type 2), network contour forward discovery packets

(type 3), and network contour discovery backward packets (type 4). The module
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chk_pk_type (check packet type) checks the packet type and transfers control of the
process to the appropriate module. Once a module reaches the end (last instruction in the
embedded code), the control is transferred to the idle module to wait for the transition
from the chk_pk_type module. A complete description of neighbor discovery appears in
section 5.4.1, a complete description of neighbor exchange is presented in section 5.4.2, a
complete description of the forward network contour discovery module is presented in
section 6.4.1, and a complete description of the backward network contour discovery

module is presented in section 6.4.2.

6.2.2 NEIGHBOR DISCOVERY, NEIGHBOR EXCHANGE, NETWORK
CONTOUR DISCOVERY, AND REGISTRATION PROCESSES

The Neighbor Discovery, Neighbor Exchange, and Network Contour Discovery
processes appear in the previous section. This section adds the registration process as
shown in Figure 6.3. When a backward discovery packet returns to the source, this source
calculates the location of a well-located node to be used as a registration center. Once this
node is selected, the control of the process is transferred to the reg_center (registration
center) module. This module controls the propagation of the packets until they reach the
reg center. When the registration center is reached, the control of the process is

transferred to the reg_center_adv (registration center advertisement).
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Fig. 6.3: Neighbor Discovery, Neighbor Exchange, Network Contour Discovery, and

Registration Process

This module controls the forward propagation of registration packets until these packets
reach a node with no neighbors, or until a packet travels the maximum number of hops
specified in the packet. When either of these two situations check positive, the control of
the process is transferred to the reg_center_bkwd (registration center backward) module.
This module controls the propagation of the backward registration packets until they
reach the registration center. When these backward registration packets reach the
registration center, this node collects registration information from them, and then creates
a packet to be sent to the multicast source. The control of the process is then transferred

to the reg_mc (registration center to multicast source) module. This module controls the
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propagation of the packets containing registration for the multicast session until they
reach the multicasting source. A complete description of the reg_center (registration
center) module appears in section 6.4.3, a complete description of the propagation of
registration advertisement packets module is presented in section 6.4.4, a complete
description of the propagation of backward registration packets module appears in section
6.4.5, and a complete description of the registration center to multicast source module is
presented in section 6.4.6. Four different packet types are added in this part of the
process: reg center packets (type 5), forward registration advertisement (type 6),
backward registration advertisement packets (type 7), and registration to multicast source
packets (type 8).

As described in the previous section, the module chk_pk_type (check packet type) checks
the packet type and transfers control of the process to the appropriate module according

to the packet type arriving into the process.

6.2.3 NEIGHBOR DISCOVERY, NEIGHBOR EXCHANGE, NETWORK
CONTOUR DISCOVERY, REGISTRATION, AND DATA
DISTRIBUTION PROCESSES
The Neighbor Discovery, Neighbor Exchange, and Network Contour Discovery
processes appear in section 8.2.1, and the Registration process is presented in the
previous section. This section adds the data distribution process as shown in Figure 6.4.
When a packet from a registration center arrives at the multicast source, this source reads
the information about nodes registered for the multicast session. If there are nodes

registered, the source inserts user data into a packet and the control of the process is

transferred to the mc_reg (multicast to registration center) module.
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Fig. 6.4: Neighbor Discovery, Neighbor Exchange, Network Contour Discovery,

Registration, and Data Distribution Process

This module controls the propagation of this packet until it reaches the registration center.
When the packet reaches the registration center, the control of the process is transferred
to the fwd_data (forward data) module. This module controls the distribution of the user
data to all nodes that have registered for the multicast session. When the packet reaches
the last registered node in any direction, the control of the process is transferred to the
bkwd_data (backward data) module. This module controls the propagation of a backward
packet until it reaches the registration center which originated the propagation of the data
packet. The process is complete when all branches connected to the registration center
acknowledge receipt of all data user packets. Detailed descriptions of various processes
appear as follows: the mc_reg (multicast source to reg center) module is described in
section 6.4.7; the fwd_data (forward data) module is presented in section 6.4.8, and the
bkwd_data (backward data) module is described in section 6.4.9. Three different packet
types are added in this part of the process: multicast to reg center packets (type 9),

forward data distribution (type 10), and backward data distribution packets (type 11).
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Once more, as cited in the previous two sections, the module chk_pk_type (check packet
type) checks the packet type and transfers control of the process to the appropriate

module according to the packet type arriving into the process.

6.3 PROJECTS

6.3.1 STRING TOPOLOGY PROJECTS

Using string topology, the algorithm performs as expected, forward packets effectively
propagate outward from the source. Then, when the maximum number of hops is
reached, the current node generates a backward packet and sends it back to the source.
The backward packet propagates along the reverse path of the forward packet, with its
destination set as the original source. The source detects the arrival of a backward packet
and selects a node in the middle of the path as the new center for a module. Figure 6.5
shows a network with 10 nodes connected in a string topology, and Figure 6.6 shows a
network with 19 nodes. The maximum number of nodes used in our simulations was 100

nodes for this topology type.

node__10

Fig. 6.5: Network with 10 nodes connected in string topology
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ﬂProiect: project2 Scenario: scenariol [Subnet: Logical Network]

Fig. 6.6: Network with 19 nodes connected in string topology

These topologies have been used to observe the following:

1.

2.

Neighbor Discovery

Neighbor Information Exchange

Creation and Propagation of Forward Advertisement Packets
Creation and Propagation of Backward Advertisement Packets.

Time and number of packets to advertise all nodes in the network.
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6.3.2 STAR TOPOLOGY PROJECTS

iﬁ-]Proiect: projectd Scenario: scenario2 [Subnet: Logical Network] - |Elli|
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Fig. 6.7: Network with 30 nodes connected in a star topology

Using the star topology, the algorithm performs as expected. Forward packets are

deployed sequentially through every source’s neighbor, and these packets travel outward

from the source. When the number of hops reaches its maximum or when the current

node’s neighbors are the same as the sender’s neighbor, a backward packet is generated

and sent back to the source. When the backward packet reaches the source, an indication
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of the length in terms of number of nodes of that branch has been obtained. When all

backward packets return to the source, the source obtains an indication about the size and

shape of the network. Figure 6.7 shows a network with 30 nodes connected in a

symmetric star topology, and Figure 6.8 shows a network with 25 nodes connected in a

non-symmetric star topology. The maximum number of nodes used in our simulations

was 45 nodes for this topology type.

Fig. 6.8: Node with 25 nodes connected in a star topology

These topologies have been used to observe the following:

1.

2.

Time required by all nodes to discover their neighbors.

Time required by all nodes to exchange neighbor information.
Propagation of forward and backward packets.

Number of nodes visited by each forward packet.

Redundancy of nodes visited.
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6. Number of forward packets required to visit all nodes in the network.

7. Multicast delivery delay.

6.3.3 GRID TOPOLOGY PROJECTS

Fig. 6.9: Network with 96 nodes connected in a grid topology

Using the grid topology, the algorithm performs as expected. Loops are reduced when the
sender’s neighbors are provided to the forward packets; loops are minimized when the
sender’s neighbors’ neighbors are provided to the forward packets.

The coverage of this network shows no linearity with time. This is caused by

redundancy as some nodes are visited more than once by forward packets. This
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redundancy is necessary so that nodes that are located far away from the source are

visited.

This topology as shown in Figure 6.9 has been used to observe the following:
1.

2.

Time required by all nodes to discover their neighbors.

Time required by all nodes to exchange neighbor information.
Outward Propagation of forward packets.

Creation and propagation of backward packets.

Number of visited nodes by each forward packet.

Number of forward packets required to visit all nodes in the network.
Redundancy of visited nodes

Multicast delivery delay
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7.  SUMMARY AND FUTURE WORK

We have created an algorithm that guarantees outward propagation of packets when
discovering the contour of a network. This type of propagation is required to minimize
the possibility of creating inward paths or even worse, the creation of loops.

The size and contour of the network is discovered by a very well controlled deployment
of forward and backward packets. The connectivity between any two nodes is maintained
by a periodic exchange of neighbor messages.

Complete neighbor information is exchanged periodically. This information helps to
keep the path of those packets in an outward direction from their sources; neither sender’s
neighbors nor neighbors of the sender’s neighbors are selected as destinations at
forwarder nodes.

The network distribution discovered by our algorithm can be effectively used to
create modularity for the distributed multicasting algorithm.

We are also proposing an algorithm that has all the components required for
multicasting. These components are: Network Topology Discovery and Advertisement,
Registration, Data Distribution, as well as required maintenance mechanisms.

The network is divided into regions to apply modularity mainly for the following
two reasons: first to avoid the acknowledgement implosion at the source, and second to
minimize the multicast delivery delay, that is, the time between the beginning of the
reception of a packet by the first group member and the end of the reception of the same

packet by the last member.
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Fig. 7.1: A source and several registration centers showing the modularity in the
network

Figure 7.1 shows a network where modularity has been implemented. A multicast

source (S) and several registration centers (RC) are shown.

Future work will include the research to improve the following: (1) data

rate

while maintaining the high performance on the packet delivery ratio, (2) size of the

multicasting group without compromising the packet delivery ratio. The algorithms

proposed in this work have most of the require elements for wireless mobile networks,

therefore we will study its applicability in these type of networks.
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9. APPENDIXES

APPENDIX A: NEIGHBOR DISCOVERY MODULE

op_sim_message("enter_nbr_disc","");
op_pk_nfd_get(pk_ptr,"rep_flag",&pk_f);
if (op_intrpt_strm()==nbr_source)
{
if(pk_f==0)

{
op_pk_nfd_set(pk_ptr,"source_id",node_id);

op_pk_nfd_get(pk_ptr,"source_id",&pk_source_id);
for (i=0;i<=3;i++)
{
pk_ptr_cp=0p_pk_copy(pk_ptr);
op_pk_send(pk_ptr_cp,i);

}
op_pk_destroy(pk_ptr);
else

op_sim_end("error","neighbor disc from the same source ","and flag not zero","");
}
}

switch (pk_f)

{

case 0:
op_pk_nfd_get(pk_ptr,"source_id",&pk_source_id);
op_pk_nfd_set(pk_ptr,"source_id",node_id);
op_pk_nfd_set(pk_ptr,"nbr_id",node_id);
op_pk_nfd_get(pk_ptr,"nbr_id",&pk_node_id);
op_pk_nfd_set(pk_ptr,"rep_flag",1);
op_pk_send(pk_ptr,op_intrpt_strm());

else

break;
case 1:
switch (op_intrpt_strm())
{
case 0:
op_pk_nfd_get(pk_ptr,"nbr_id",&my_nbr_id[0]);
nbr_strm[0]=op_intrpt_strm();
break;
case 1:

op_pk_nfd_get(pk_ptr,"nbr_id",&my_nbr_id[1]);
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nbr_strm[1]=op_intrpt_strm();

break;

case 2:
op_pk_nfd_get(pk_ptr,"nbr_id",&my_nbr_id[2]);
nbr_strm[2]=op_intrpt_strm();

break;

case 3:
op_pk_nfd_get(pk_ptr,"nbr_id",&my_nbr_id[3]);
nbr_strm[3]=op_intrpt_strm();

break;
default:op_sim_end("error"”,"" "™ ,"™");

}

}

op_sim_message("'exit_nbr_disc","");
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APPENDIX B: NEIGHBORING EXCHANGE MODULE

op_sim_message(“entering nbr_exchange", ");
op_pk_nfd_get(pk_ptr,"rep_flag",&pk_f);

if (op_intrpt_strm()==nbr_xchange_source)

{
if(pk_f==0)
{

op_pk_nfd_set(pk_ptr,"nbr_sender"”,node_id);
op_pk_nfd_set(pk_ptr,"my_nbr_1",my_nbr_id[0]);
op_pk_nfd_set(pk_ptr,"my_nbr_2",my _nbr_id[1]);
op_pk_nfd_set(pk_ptr,"my_nbr_3",my_nbr_id[2]);
op_pk_nfd_set(pk_ptr,"my_nbr_4",my_nbr_id[3]);
for (i=0;i<=3;i++)
{
pk_ptr_cp=op_pk_copy(pk_ptr);
op_pk_send(pk_ptr_cp,i);

}
op_pk_destroy(pk_ptr);
}

else

{

op_sim_end("error","nbr_xchange_packet from the same source ","and flag not
zero","");

}
}
else switch (op_intrpt_strm())
{
case O:

nbr_strm[0]=op_intrpt_strm();
op_pk_nfd_get(pk_ptr,"nbr_sender"”, &pk_nbr_sender_0);

op_pk_nfd_get(pk_ptr,"my_nbr_1",&my _nbr_nbr_id_1[0]);
op_pk_nfd_get(pk_ptr,"my_nbr_2",&my_nbr_nbr_id_1[1]);
op_pk_nfd_get(pk_ptr,"my_nbr_3",&my _nbr_nbr_id_1[2]);
op_pk_nfd_get(pk_ptr,"my_nbr_4",&my_nbr_nbr_id_1[3]);
break;
case 1:

nbr_strm[1]=op_intrpt_strm();
op_pk_nfd_get(pk_ptr,"nbr_sender”, &pk_nbr_sender_1);

op_pk_nfd_get(pk_ptr,"my_nbr_1",&my_nbr_nbr_id_2[0]);
op_pk_nfd_get(pk_ptr,"my_nbr_2",&my nbr_nbr_id_2[1]);
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op_pk_nfd_get(pk_ptr,"my_nbr_3",&my_nbr_nbr_id_2[2]);
op_pk_nfd_get(pk_ptr,"my_nbr_4",&my _nbr_nbr_id_2[3]);

break;
case 2:
nbr_strm[2]=op_intrpt_strm();
op_pk_nfd_get(pk_ptr,"nbr_sender"”, &pk_nbr_sender_2);
op_pk_nfd_get(pk_ptr,"my_nbr_1",&my _nbr_nbr_id_3[0]);
op_pk_nfd_get(pk_ptr,"my_nbr_2",&my_nbr_nbr_id_3[1]);
op_pk_nfd_get(pk_ptr,"my_nbr_3",&my_nbr_nbr_id_3[2]);
op_pk_nfd_get(pk_ptr,"my_nbr_4",&my_nbr_nbr_id_3[3]);
break;
case 3:
nbr_strm[3]=op_intrpt_strm();
op_pk_nfd_get(pk_ptr,"nbr_sender", &pk_nbr_sender_3);
op_pk_nfd_get(pk_ptr,"my_nbr_1",&my _nbr_nbr_id_4[0]);
op_pk_nfd_get(pk_ptr,"my_nbr_2",&my_nbr_nbr_id_4[1]);
op_pk_nfd_get(pk_ptr,"my_nbr_3",&my_nbr_nbr_id_4[2]);
op_pk_nfd_get(pk_ptr,"my_nbr_4",&my_nbr_nbr_id_4[3]);
break;

default:op_sim_end("error","","" "
op_sim_message("exiting nbr_exchange", "™);
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APPENDIX C: FORWARD DISCOVERY MODULE

sprintf(strl, "entering the advertisement state for node: %d",node_id);
If( packet is coming from its own source)

set source id into packet

set node id as multicast source

set multicast session number

set own id in destination for returning packets

set number of hops into the packet

set the next return as one

copy your neighbors into the advertisement packet
set own id as node_visited_0 in the node visited array
send packet to next stream available

}
{

if (discovery packet is coming from another node)

else

get multicast information(source, and session)
get sender’s id

get number of hops from the packet

get the next return

increment the hop count

get sender neighbors' id

get nodes visited from the packet

insert own id into node_visited[i] array

if (number of hops is equal to maximum number of hops as specified in the packet)

{

set number of hops traveled as the hop count

decrease the hop count

set the number of hops for reverse path

change the packet type to the number that identifies a backward packet

wherever the current node’s id appears in the list of neighbors of neighbor one, replace it
by -1

wherever the current node’s id appears in the list of neighbors of neighbor two, replace it
by -1

wherever the current node’s id appears in the list of neighbors of neighbor three, replace
it by -1

wherever the current node’s id appears in the list of neighbors of neighbor four, replace
it by -1

select a receiver for the packet. /*This receiver cannot be a neighbor of the sender and it

cannot be a neighbor of the sender’s neighbor*/
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}

if (anyone of the neighbors of my neighbor one does not have a value of -1)

{

select neighbor one as a possible receiver for the packet

go and check neighbor two as a possible receiver

set the count of neighbors to zero

}

/* 1f my_nbr_nbr list has a sender's neighbor in the list is because my nbr is an nbr of the
sender's nbr*/

/*if any neighbor of my neighbor one is in the list of the sender’s neighbors is because my
neighbor one is a neighbor of one of the sender’s neighbors, and therefore node one is
not eligible to receive the packet */

go and check neighbor two as a possible receiver

/* if any neighbor of my neighbor one is the sender of the packet, node one is not eligible
to receive the packet */

go and check neighbor two as a possible receiver

set the source id

copy your neighbors into the packet

set the hop count

send the packet to the stream connected to the selected node

go to the end of the module

[* start the process to check the second neighbor */

increment the count of neighbors

if(the count of neighbors is equal to the maximum number of neighbors) /*generate a
backward packet*/

goto gen_back

/* the process repeats for the rest of the neighbors until a neighbor is selected or a

backward packet is generated */

sprintf(strl, "exiting the adv state for node: %d",node_id);
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APPENDIX D: BACKWARD DISCOVERY MODULE

sprintf(strl, "entering the bkwd state for node: %d",node_id);

if (a backward packet has arrived to the multicast node)

if(the forward packet traveled the number of hops specified in the packet as next
return)

{

get and store the next return
calculate the next return
set the next return into the packet

}

else

{

count the number of visited nodes
set the registration center in the middle of the number of visited nodes

find and set the location of the registration center
send the packet back through the arrival stream

}

sprintf(strl, "Exiting the bkwd state for node: %d",node_id);
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APPENDIX E: REGISTRATION CENTER ADVERTISEMENT

sprintf(strl, "entering the reg_center_adv state for node: %d",node_id);

get destination for the packet

if (destination is equal to the node’s id)
{
[*this is the registration center*/
set destination for the returning packets
set source’s id
reset the number of hops to zero
initialize the number of packets to zero
reset number of visited nodes to zero
set neighbors into the packet
reset elements of the registered nodes array
set packet type
multicast the packet to neighbors

}

if (destination is not equal to node’s id)
{
get multicast session number
get source’s id
get hop count
increase hop count
get sender’s neighbors
get visited nodes
update visited nodes

if (node is already registered)
switch control to already registered check point
if (node is not registered)
generate a random number
if (random number is above a threshold number)
{
register the node for the multicast session
get the multicast session
update registered node array
check hop count

}

if (hop count is equal to max_hop_reg specified in the packet)
set number of hops traveled

decrease the hop count
set the reverse path
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set packet type
send the packet back
}

if (hop count is not equal to max_hop_reg specified in the packet)
{
set all elements with own id in the neighbors of neighbors array to
-1
check all eligible neighbors
}
if (there are no eligible neighbors or all neighbors received the
packet)
send the packet back
if( there are eligible neighbors)
select a neighbor and send the packet to it

if( the node is already registered for the mc session)

{

goto alreadyregistered;

}

initialize the random variable used to decide registration in the multicast session
generate a random number
if (the random number is less than a threshold number)
don't register
else if (random number is greater than or equal to a threshold number)
{
register for the multicast session
include node id into the node_registered array
get nodes registered from the packet and store them in the node_registered[i] array
set new node registered into the packet

}

alreadyregistered: /*nodes already registered or nodes which do not register jump to this
point where the process continues to select a neighbor as a receiver for the packet, as
presented in section 6.4.1*/

sprintf(strl, "exiting the reg_center_adv state for node: %d",node_id);
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APPENDIX F: REGISTRATION CENTER BACKWARD
ADVERTISEMENT

sprintf(strl, "entering the reg_center_back state for node: %d",node_id);

if(final destination is not equal to node’s id)
{

get reverse path

decrease number of reverse hops

set new reverse path

find the next node in reverse path

send the packet to first node in reverse path

else if(final destination is equal to node’s id)

{

get nodes registered for the multicast session

count and add new registered nodes

count number of neighbors

count number of packets delivered

if (number of neighbors is equal to number of packets)
{
/*all branches have received the data*/
get the path to the multicast source

[*this path was found when the multicast source first contacted the

registration center*/

set reverse path to the multicast source

set initial reverse number of hops

set number of nodes registered

set source’s id

set destination for the packet

set the packet’s type

send the packet to the first node in the reverse path

}

else if (number of neighbors is not equal to number of packets)

send control to the reg_center_adv module

sprintf(strl, "Exiting the reg_center_back state for node: %d",node_id);
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APPENDIX G: REGISTRATION CENTER TO MULTICAST
SOURCE MODULE

sprintf(strl, "entering the reg_to_mc state for node: %d",node_id);

get destination from the packet

if (destination is not equal to node’s id)
{
get and decrease reverse number of hops
get reverse path
determine and send to next node in the reverse path

}

if(destination is equal to node’s id)
{
get path to registration center
get members for the multicast session
log members for the multicast session
set the path to the registration center
set the packet type
embed data into packet
send packet to first node in the multicast to registration center path

}
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APPENDIX H: FORWARD DATA MODULE

sprintf(strl, "entering the fwd_data state for node: %d",node_id);
if ( the current node is the registration center)
{
set node id as source id
set node id as destination for returning packets
set initial number of hops into the packet
insert neighbors of current node into the packet
set current node as node_visited 0
initialize node_visited i array to 0
set the packet type as a number that identifies a forward data packet
copy data into packet
send the packet to a stream connected to an available receiver
increment the number of packets
count the number of streams with nodes connected to them
increment the receiver number
if ( the number of receivers equals the number of stream)
reset the receiver to zero
else if ( the current node is not the registration center)
{
Read multicast information
if (current node is registered for the multicast session)
get data and store it in the data_user variable
Read sender's id
Read the number of hops from the packet
increment the hop count
read neighbors of the sender
read nodes visited by the forward data packet
include current node’s id as node visited i
update nodes visited into the packet
if (hop count equals maximum number of hops from the registration center)
{
set hops traveled equal to hop count
decrease the hop count
set the reverse path number of hops as the hop count
set the packet type as a number that identifies a backward data packet

send the packet to stream that carried the incoming packet

}

else

{

Execute the process of selecting an eligible node to receive the
packet as described in section 6.4.1

sprintf(strl, "exiting the fwd_data state for node: %d",node_id);
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