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Abstract

In reactive routing protocols, nodes follow the flooding based route discovery procedure to

find the route to the destination. During the route discovery process, each node receiving

the route request packet (RReq) will retransmit RReq exactly once. A distant neighbor may

accidentally receive/loose the only RReq and use it to announce a new route, although that

link is inferior/superior for route reply packet (RRep) or actual message routing. Overall,

the constructed route may be far from the optimal. All existing route discovery schemes

(including DSR/AODV) apply retransmission during route discovery exactly once (1R).

Based on a realistic physical layer model, we propose two new route discovery schemes:

n-retransmission (nR, retransmitting exactly n times) and n-retransmission c-reception

(ncRR), retransmitting until either a total of n» own retransmissions or ¢ copies from

neighbors are heard. We compare our two new scheme with traditional one, under

otherwise same conditions (same metric, same packet reception probability on each link)

and same choices about possibly retransmitting again upon discovering better route (R+) or

discarding it (R1), generating route reply packet for every received RRep (B*), or for first

and better discovered route (B+), and retransmitting RRep exactly once (Al), maximum

three times (A3), or optimally u times decided by link quality (Au). Experimental results



also show that the proposed ncRR scheme achieves the best tradeoff between quality of

route, success rate and message overhead in route discovery process, followed by nR

scheme, and both of them are superior to the existing traditional based schemes. Based on

simulation results, the optimal number of retransmissions should be n=2 and the counter

threshold for the received RReq copies should be ¢=3 or c=4.



Chapter 1 Introduction

A mobile ad hoc network (MANET) is an autonomous system of mobile routers (wireless
devices such as portable or handheld computers, PDAs, and cell phones) connected by
wireless links — the union of which forms an arbitrary graph. The routers are free to move
randomly and organize themselves arbitrarily; thus, the network’s wireless topology may
change rapidly and unpredictably. Such a network may operate in a standalone fashion, or
may be connected to the larger Internet [1]. It is composed only of nodes, without Access
Point. Messages are exchanged and relayed between nodes. Figure 1 shows a small ad hoc
wireless network. The circles represent the radio transmission range of the nodes. Node A

can communicate with node D via nodes B and C, and vice versa.

e
e et

Figure 1 A Small Ad Hoc Wireless Network



The routing protocol in the ad hoc network is to find a feasible path from source to

destination based on certain criteria, such as hop counts, power requirements and lifetime

of wireless line etc. Unlike routing in infrastructure-based wireless network, in ad hoc

wireless network, it needs to be handled by ordinary hosts that have neither specialized

equipment nor a fixed, privileged position in the network. Every mobile host participating

in a MANET, needs to serve as a network router to transmit packets for other hosts as well.

The functionalities generally assigned to infrastructure components, such as switches and

routers, need to be accomplished by the regular nodes participating in the network. Due to

the inherent non-uniform propagation characteristics of wireless transmissions and the

possibility that any or all of the hosts involved may move at any time, the routing problem

in a real MANET may be very complicated. Therefore, designing routing for ad hoc

wireless network could be very challenging. The issues, such as the mobility of the nodes,

their limited energy resources and so on, all need to be taken into consideration. The basic

goals while designing solid routing protocols are to minimize control overhead, packet loss

ratio, end-to-end delay and energy usage while maximizing the throughput.



1.1 Motivation and Objective

There are plenty of existing routing protocols for MANET which are designed to
emphasize different implementation scenarios. They are categorized based on their
underlying architectural framework. We discuss here a type of source-initiated routing, also
known as reactive, or on-demand, routing in which a route discovery procedure will be
invoked by the source to find a feasible path to the destination. They do not maintain the
network topology, but obtain the path information by using a connection establishment
process. Hence, periodic update of route information is not required. In on-demand
dynamic routing protocols, hosts follow the flooding based route discovery procedure to
find the route to the destination. In a traditional route discovery process, the source host,
also called the initiator, broadcasts a route request packet (RReq) to search for the
destination host. Each host in the network that receives the route request will rebroadcast
the RReq only once if it is not the destination host. When the intermediate hosts rebroadcast
the RReq, they append their own address on the RReq. When the destination host receives
the first arrival route request, it sends back a route reply using the memorized path (or a

single memorized hop toward source node) recorded in the RReq.



In all existing on-demand routing schemes, during route discovery, each host that receives

the RReq will check if it is the destination. If it is not, after attaching its address to the route

record, the host will rebroadcast the RReq to its immediate neighbors, but only once. We

refer to this scheme as 1R (I-Retransmission RReq). More precisely, this option is

described as follows: when a node decides to retransmit, it does so only once. In 1R, distant

neighbor may accidentally receive the only route discovery message and happily use it to

announce a new route, although in reality it is not able to provide such a good service for

the real traffic. Another issue is that only one communication can miss an important

neighbor and therefore the route may not be found. Overall, the constructed route may be

far from the optimal one. Our main motivation is to address this 1R design and propose

alternatives with better tradeoffs between success rates, overheads in route request process,

and quality of discovered routes. We are not aware of any existing effort to study the

effectiveness of rebroadcasting the RReq more than once.

Detailed protocol description (e.g. for DSR) include some features for repeated RReq.

Sources should occasionally initiate a new Route Discovery for the packet's destination

address. In the case of the near-partitions, protocols have features to “try again”, which

should increase the success probability. These features, however, are orthogonal to the



main novelty introduced here, and can be added to them as well. To keep protocol design,

discussion, and simulations simple, tractable, and explicable, we do not consider these

features in existing or new protocols. We also make some further simplification, by

basically considering the effect of a single routing task rather than moving discussion to the

transport layer. For instance, we do not consider limitations arising from the ‘send buffer’

size and dropping some packets from some flows.

The principle objective of this research is to design an improved route discovery scheme for

reactive routing compared to the traditional (e.g. dynamic source routing) protocol. The

proposed route discovery scheme will be simulated running on a realistic physical layer

model, the shadowing propagation model. Meanwhile, the traditional dynamic source route

discovery scheme will also be simulated on the realistic physical layer model for

comparison purpose. The proposed new route discovery scheme is to rebroadcast the RReq

multiple times, instead of only once. Rebroadcasting more than once is likely to find better

routes, also it may help to find a distant neighbor, thus increase the success rate of route

discovery. To reduce the overhead, the n-retransmission c-reception scheme is proposed. A

home-made simulator is specially designed in MATLAB to suit the comparing purpose of

this research.



1.2 Contribution

In the proposed n-retransmission scheme (nR), once a node decides to retransmit RReq, it

will do so exactly n times. Therefore for n=1 this becomes equivalent to 1R scheme that

corresponds to existing solutions (e.g. DSR). We also propose ncRR based on nR, a

n-retransmission c-reception scheme, where, once a node decides to retransmit, it will do

so until the number of its retransmissions reaches n, or the number of received copies of

same RReq reaches ¢ (¢>=2). In case of 12RR, nodes will either make one retransmission,

or will make no retransmission at all if, while waiting for its own scheduled retransmission

to occur, it does receive yet another, second, copy of the same RReq. This is an appealing

alternative for high-density ad hoc networks. If there are hundreds nodes in a same very

small area, there is no need for all of them to retransmit before a good route has been

constructed. In case of 22RR, nodes will make up to 2 retransmissions. When the second

copy of the same RReq is received, it will stop retransmitting. In n3RR, node will keep

retransmitting, at most n times, until two more copies of the same RReq are received.

The existing 1R (e.g. DSR), its generalization nR, and improvement ncRR (improvement is

expected for dense networks), are three basic options in this article. For each of them, we

discuss additional options based on some route discovery and route reply decisions. It is



commonly agreed that nodes do not send acknowledgments for received RReq packets.

Route discovery options are with respect to making decision on whether or not to retransmit

RReq. We consider two options, R1 and R+.

RI: The sender retransmits only upon receiving the first copy of received RReq. When

route discovery message is received again, it is simply ignored. This is how DSR handles

the same copies of received RReq. Therefore, [1R, R1] is equivalent to DSR in terms of

handling RReq packets.

R+: It a node receives route request with a better cumulative cost upon arrival, it will

retransmit once again.

Note the distinction between 1R and R1. In R1, the same node may decide several times to

send RReq, upon receiving any route with better cost. If R1 is coupled with 1R then one

retransmission is sent each time. If R1 is used in conjunction to nR, then each time when a

better route is found, the node retransmits the corresponding RReq for n times. We note

here that it makes perfect sense to always retransmit only the best available offer. Therefore,

in nR, if the current best route is still not retransmitted » times, and a route with better route

cost arrives, then the counter n restarts with R+, and continues with R1, and only better



routes are advertised afterwards. Similar adjustment is made for the corresponding ncRR

scheme, which is acting like nR, except that each received copy of RReq is counted and it

is checked if the amount of received copies hits the threshold c.

Our proposed nR and ncRR schemes may be combined with both options R1 and R+. Thus

we can define algorithms [#R, R1]=nR1, [nR, R+]=nR+, [ncRR, R1]=ncRR1 and [ncRR,

R+]=ncRR+. In nR+ and ncRR+, whenever a better route is detected, retransmission

counter is reset, as if the RReq came for the very first time. We consider these options as

main ones for our new schemes, although they can be defined also with the alternative R1.

In nR1 and ncRR1 variants, the retransmission counter is not reset. If that counter reaches n,

and better route arrives, it will not be advertised.

We now consider options stemming from route reply process. The destination node might

receive multiple copies of the same RReq. However, they may be bearing different path

information. Correspondingly the costs in those RReq are also different. According to RFC,

“A node originates a Route Reply in order to reply to a received and processed Route

Request, according to the procedures described in Sections 8.2.2 and 8.2.3. The Route

Reply is returned in a Route Reply option (Section6.3).” It implies that a destination node

10



responds to every request packet received. However, this may cause more overhead. An

alternative is to respond to the request which only contains the better cost. Here are the two

options when determining which route reply packets are supposed to be responded.

B*: The destination node reports back all received RReqs; according to above discussion,

this is the main option.

B+: The destination node reports back the first time, and any time measured value of path

metric bearing better path than previously received ones.

While a route reply packet is being transmitted back to the source node, only nodes on the

memorized path will perform the transmission of the reply packet. Because the realistic

physical layer is applied, whether a route reply packet could be successfully sent back to

the source node depends on the reception probabilities between nodes along the discovered

path. Here are three options of how a route reply packet is processed by the nodes on the

path.

AlI: Each node on the discovered path transmits the route reply packet exactly ones. If any

failure happens, process stops;

11



A3: Each node on the discovered path transmits the route reply packet once. If there is no

transmission overheard by a neighbor, it transmits again. If again no transmission overheard,

it transmits the third time. No more attempts made if again no acknowledgment is received;

this is considered the main option in our analysis.

Au: Each node on the discovered path transmits the route reply packet for maximum u

times until first transmission is overheard, where u=round((1/p(x))-0.1), where p(x) is the

packet reception probability on link x. It can be shown that this is the optimal choice for the

number of retransmissions u.

In reactive routing protocols, hosts follow the flooding based route discovery procedure

(such as DSR or AODV) to find the route to the destination. During the route discovery

process, each host, receiving RReq, will find the cumulative cost of the route from the

source to itself (measured as hop count, or power consumption, or any other metric), and

decide whether the cost is lower than the best cost it has received so far for the same task. If

so, it will retransmit the message according to the selected behavior described above. The

destination will report back to the source using the memorized best path. The cost metric

used in this article is the expected hop count (EHC). EHC is based on the probability p(x)

that two nodes at distance x receive packet sent from one to another. Note that EHC cost of

12



a link is not the cost of RReq during route discovery process where it is used, but the cost

of future actual message over the same link (these two differ in packet length and therefore

do not have same costs; however in this article we used same packet lengths for any

message anywhere). For the purpose of calculating this EHC cost, option Au was assumed

for actual message being routed over discovered path. Therefore during the routing process,

all forwarders will try up to u=round((1/p(x))-0.1) times to transmit to their neighbors, and

each time wait for acknowledgment before trying again. So the EHC metric may depend on

the choices that are made above. It is metric applied while discovering route (no

acknowledgments), but using that link as part of a route (with acknowledgments). We

assume that messages and acknowledgments have same probability p(x), and all route

discovery messages are of same packet length as messages later in routing, which means

that probabilities during route discovery processes are same as probabilities used in EHC

metric for route costs. Note also that p(x) depends also on the packet lengths. For some

existing algorithms, e.g. DSR, the whole route is recorded and forwarded in RReq, which

gradually increases packet lengths and decreases p(x). However, here we assumed that all

packets are of same length, thus implicitly using version where only previous and next hops

on a path are recorded (e.g. AODV) therefore preserving packet length and p(x).

13



This thesis is the outcome of joint research of candidate and supervisor Dr. Ivan

Stojmenovic. The external examiner Dr. Thomas Kunz (Carleton University) also gave

technical contribution by expanding our original model to include route reply options in the

algorithm and appropriate costs in the analysis.

1.3 Evaluation

The ultimate goal of this thesis is to prove that the proposed nR and ncRR are superior to

DSR(1R). The methods being compared are 1R, nR for n=2, 3, 4 (that is, 2R, 3R, 4R) and

ncRR for c=2, 3,4,5,6. Since we have 1) R1 and R+, two RReq handling options; 2) B* and

B+, two options that destination nodes handle RReq; 3) A1, A3 and Au, three options that

nodes on the discovered path handle RRep, so in total there are 2*2*3=12 option

combinations that could be considered. But we need to be systematic (to avoid data

overload) and look at desirable outcomes.

In the first round, RReq and RRep handling options R1, B* and A3 are selected as the main

ones to test 1R and nR. Then, we run these options for selected nR and ncRR methods in

the second round. Measured values are EHC, success rates, and message overhead during

route discovery. After these two rounds, we will make some conclusions about the best

14



value of n in nR and ncRR, and the best value of ¢ in ncRR. Next, it is interesting to
consider alternatives as competing to each other, while fixing best values of n. For example,
combinations [Au, B*, R1] vs [A3, B*, R1] with some best new method. Similarly, [B*, A3,

R1] vs [B+, A3, R1]. Finally, [R1, A3, B*] vs [R+, A3, B*] also on few best methods.

The simulation results in the first round show retransmitting route discovery message more
than once will improve quality of the discovered routes by up to 31% and route discovery
success rate by up to 58%. The best amount of RReq retransmission » is 2. However, the
overhead rises tremendously as n increases. The simulation results in the second round
show that the 2cRR scheme reduces message overhead by about 19.6% ~ 79.2%, depending
on the network density. Overall, the ncRR scheme has the best tradeoff between quality of
route, success rate and message overhead in route discovery process when the counter
threshold ¢ is 3 or 4. Finally, we compared option combinations while best n and ¢ are
chosen, namely n=2 and c¢=3. The results show that option R+, B* and A3 perform

relatively better than others.

1.4 Thesis Organization

The rest of the thesis is organized as follow:

15



® Chapter 2 presents the background literature and related work for the stated problem,

and gives a brief introduction on the log-normal shadowing model as the realistic

physical layer model. Packet reception probability P(x) and expected hop count (EHC)

are defined.

® Chapter 3 first proposes a new route discovery scheme, n-retransmission scheme. Then

its performance in near-partitioned networks is analyzed. To handle the overhead issue

cause by multiple retransmissions, another new scheme, ncRR scheme is proposed.

® Chapter 4 introduces how the simulation is implemented, and presents the simulation

results from both the proposed route discovery schemes and the traditional one (DSR),

while coupling with a few of combinations of Rz (R1 and R+), By (B* and B+) and Ax

(A1, A3 and Au), followed by some analysis regarding the simulation results.

® Chapter 5 draws the conclusions of this research and suggests some future work to

further this research.

16



Chapter 2 Background

In MANET, the main goal of routing algorithm is to correctly and efficiently establish a
route between a pair of nodes in the network so that a message can be delivered according
to the expected QoS parameters. Ideally, a routing algorithm for MANET should not only
have the general characteristics of any routing protocol but also consider the specific
characteristics of a mobile environment—in particular, bandwidth and energy limitations
and mobility. Some of the characteristics are: fast route convergence; scalability; QoS
support; power, bandwidth, and computing efficient with minimum overhead; reliability;
and security. All these challenges signaled the rising interest in routing algorithm designing

for MANET.

2.1 Routing Protocols for Ad hoc Wireless Networks

So far, there have been many existing routing protocols for ad hoc networks emphasizing
different implementation scenarios. Based on their underlying architectural framework,
there are mainly the following three categories.

®  Source-initiated (reactive or on-demand) protocols

o Table-driven (pro-active) protocols

17



®  Hybrid protocols

2.1.1 Source-initiated (reactive or on-demand) protocols

Source-initiated routing is also known as source routing, in which the route is created only

when the source node requests a route to a destination node. The source node invokes a

route discovery procedure by broadcasting a RReq when the route is requested. The RReqs

are flooded to the network. When the source node receives one or multiple discovered

routes to the destination, the route discovery process is over. The active routes are

maintained in route maintenance procedure until it is not needed.

2.1.1.1 Dynamic Source Routing

Dynamic Source Routing (DSR) [4] is one of the most widely referred reactive routing

protocols, which is also the one that this research is trying to improve. Dynamic source

routing (DSR) is a reactive routing protocol, which establishes a route from a source node

to a destination node only on demand. One feature DSR different from conventional routing

protocols is DSR doesn’t use periodic routing advertisement messages. Unlike another

typical reactive routing protocol, Ad hoc On-Demand Distance Vector routing (AODV) [5],

in which the source node and the intermediate nodes store the next-hop information

18



corresponding to each flow for data packet transmission, DSR uses source routing in which

a data packet carries the complete path to be traversed. Source routing is a routing

technique in which the sender of a packet determines the complete sequence of nodes

through which to forward the packet. A route is explicitly listed in the packet’s header by

the sender, identifying each forwarding hop by the address of the next node to which to

transmit the packet on its way to the destination node.

DSR has two major phases, Route Discovery and Route Maintenance. In Route Discovery

phase, the source node initiates a route discovery process by generating and broadcasting a

RReq. The RReq contains the address of the original initiator of the request and the target

of the request, a route record which accumulates a record of the sequence of hops taken by

the RReq as it is propagated through the ad hoc network during this route discovery, and

also a unique request id which set by the initiator. In order to detect duplicate route requests

received, each node maintains a list of the <initiator address, request id> pairs that it has

recently received on any route request. When any host receives a RReq, it will check if the

pair <initiator address, request id> is in this host’s list of recently received requests. If it is,

discard the request packet and process no further. Otherwise, it will check if this host’s

address is listed in the route record in the request already. If it is, discard the request packet

and process no further. Otherwise, it will check if this host is the target. If it is, return a
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copy of this route in a route reply packet to the initiator. Otherwise, append this host’s own

address to the route record in the request packet and rebroadcast it. Since each host also

maintains a route cache, when the RReq reaches a host that has a recent route to the

destination, the host will return a route reply message to the source host rather than

forwarding the route request message further. A route reply packet that is sent back to the

source node contains the complete route from the source to the destination. Thus, the source

node can initiate the routing of the data packets and meanwhile caches this route in its route

cache. The Figure 2 is a flowchart of how a RReq is processed when received by any node

in the wireless network.

RReg=Route Request Packet Host X received
a RReq

Received
first time?

Yes

Discard the RReq

Return a copy of the
route in a route reply
packet

Append X in the route
record and rebroadcast

Figure 2 Flowchart of RReq Processing in DSR
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The following Figure 3 is an example of the creation of a route record in DSR [23].

Source

(a) Building of the route record during route discovery (b) Propagation of the route reply with the route record

Destination

Destination

Figure 3 Creation of a Route Record in DSR

The route maintenance procedure is to monitor the operation of the route and informs the

sender of any routing errors while a route is in use. To provide early detection and

retransmission of lost or corrupted packets, a lot of wireless networks utilize a hop-by-hop

acknowledgement at the data link level, such as IEEE 802.11. If such a lower-level

acknowledgement mechanism is not supported, there are some other alternatives: a) passive

acknowledgements; b) existing transport or application level replies or acknowledgements;

c) adding a bit in the packet header to request an explicit acknowledgement from the

next-hop receiver. Route maintenance can also be conducted by using end-to-end

acknowledgements rather than hop-by-hop acknowledgements.
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2.1.1.2 Ad hoc On-Demand Distance Vector

Ad hoc On-Demand Distance Vector (AODV) [5] is an improvement on the

Destination-Sequenced Distance-Vector (DSDV) routing protocol [2]. It is essentially a

combination of DSR and DSDV because it had the sequence numbers from DSDV and the

on-demand route discovery and route maintenance from DSR. AODV tries to minimize the

amount of broadcasting by creating route on-demand as opposed to DSDV which keeps the

list of all routes. To discover a route to the target node, the source node invokes a route

discovery procedure by broadcasting the RREQ. Its immediate neighbors then retransmit

the packet to their neighbors till it hits either the destination node or some node which holds

an up-to-date route to the destination node. If any intermediate node receives the same

RREQ, simply discards it. Sequence numbers are used by RREQ to 1) ensure that the

routes are loop free and 2) make sure that the latest information are replied if the

intermediate nodes reply to RREQ. A node also records in its tables the node from which

the first copy of the RREQ came when it forwards a RREQ to its neighbors. This

information is used to construct the reverse path for the route reply packet (RREP).

Because the RREP follows the reverse path of the RREQ, AODV uses only symmetric

links. The nodes on the discovered route record the forward route info into their tables as

the RREP traverses back to the source node. A new route discovery procedure will be
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invoked if the source moves. When one of the intermediate node moves, it will send a link

failure notification message to each of its upstream neighbors and so on till it reaches the

source so that the source can revoke another route discovery if required. What makes

AODV different from other routing protocols is its integration of multicast routing. It

combines unicast, multicast and broadcast communication; use only symmetric links

between neighboring nodes. To ensure loop free and route information up-to-date,

destination sequence numbers are used whenever route discovery is executed. AODV

deletes invalid route information by using a route error message called Route Error

(RERR).

2.1.1.3 Temporally Ordered Routing Algorithm

Temporally Ordered Routing Algorithm (TORA) [6] is a highly adaptive, efficient and

scalable routing protocol based on the concept of link reversal. It is designed for highly

dynamic mobile, multihop wireless networks. TORA is a source-initiated on-demand

routing protocol which finds multiple routes from a source node to a destination node. The

main feature of this protocol is that the control messages are localized to a very small set of

nodes near the occurrence of a topological change. In order to achieve this, the nodes

maintain routing information about adjacent nodes. TORA has three major functions: route
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creation, route maintenance and route erasure. The metric this protocol uses contains the

following five elements: 1) logical time of a link failure; 2) the unique ID of the node that

defined the new reference level; 3) a reflection indicator bit; 4) a propagation ordering

parameter; 5) the unique ID of the node. A directed acyclic graph (DAG) rooted at the

destination node will be established during the route creation and route maintenance phases.

Based on the relative height metric of the adjacent nodes, the link can be either an upstream

or downstream. The first three elements collectively represent the reference level. Each

time a node loses its last downstream link due to a link failure, a new reference level is

defined. The last two elements define a delta regarding the reference level. There might be

oscillations occurring in TORA, especially when multiple sets of coordinating nodes are

concurrently detecting partitions, erasing routes, and building new routes based on each

other. Similar to the ‘“count-to-infinity” problem in distance-vector routing protocols,

TORA has instability problem because it uses intermodal coordination. However, such

oscillations are temporary and route convergence will ultimately occur.

2.1.1.4 Associativity-Based Routing

Associativity-Based Routing (ABR) protocol [7] is defines a new metric for routing known

as the degree of association stability, “associativity”, which means, in ABR, a route is
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selected based on associativity stats of nodes, in which way the routes are likely to be

long-lived. It is free from loops, deadlock, and packet duplicates. There are also three

phases in ABR which are Route discovery, route reconstruction and route deletion.

Associativity ticks are used to maintain a “degree of associativity” in ABR. All nodes in the

network periodically generate beacons to signify their existence. A neighbor node updates

its associativity tables when a beacon is received. For every received beacon, a node

increments the associativity tick with respect to the node from which it received the beacon.

High association stability means high connection stability. A low value of associativity tick

may indicate a high stat of node mobility. When the neighbors of a node or the node itself

move out of proximity, the associativity ticks are reset. The fundamental goal of ABR is to

discover longer-lived routes. However, there are some inherent shortcomings about ABR

which includes memory requirements for the routing tables, excessive storage needs for

storing the associativity ticks, and additional computation to maintain the tick count along

with great power requirements.

2.1.1.5 Signal Stability-Based Adaptive Routing

Signal Stability-Based Adaptive Routing (SSA) protocol [8] selects routes based on the

signal strength between nodes and a nodes’ location stability, among which the signal
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strength (link quality) plays a more important role in the route selection process in this

protocol. Functionally, the SSA protocol comprises of two cooperative protocols: the

Forwarding Protocol (FP) and the Dynamic Routing Protocol (DRP), which utilize the

extended device driver interface. This interface is responsible for making available to

routing protocols the signal strength information from the device. DRP maintains the

routing table by interacting with the DRP on other hosts. FP performs the actual routing

table lookup to forward a packet onto the next hop. Two tables are maintained in the SSA

protocol: the Signal Stability Table (SST) and Routing Table (RT). The SST stores the

signal strength of neighbor nodes obtained by periodic beacons from the link layer of each

neighbor node. Signal strength is either recorded as a strong or weak channel. DRP receives

all transmissions and process them. And then it passes the packet to the SRP after updating

the corresponding table entries. The packet is passed up the stack by the SRP if it is the

intended receiver. If not, it looks up the destination in the RT and forwards the packet. A

route-search process will be invoked if there is no entry for the destination in the RT. RReq

are forwarded to the next hop only if they are received over strong channels and have not

been previously processed (to avoid looping). The destination chooses the first arriving

route-search packet to send back as it is very likely that the packet arrived over the shortest

and/or least congested path. The DRP reverses the selected route and sends a route-reply
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message back to the initiator of route request. All nodes on the discovered path update their

RTs accordingly. When a host moves out of range of its neighbors or shuts down, the

neighbors will recognize that the node is not reachable because they no longer receive

beacons from that node. The DRP will modify the SST and RT to reflect the changes. The

node detecting the failure sends an error packet to the source. The source FP will send a

message to erase the invalid route, and will also initiate a new route discovery to find an

available route.

2.1.2 Table-Driven (Proactive)

Table-driven routing protocols let each node in the network maintain one or more tables

holding routing information to every other node, and they respond to changes in network

topology by propagating updates throughout the network in order to maintain a consistent,

up-to-date view of the network. These table-driver routing protocols differ in the method by

which the topology change information is distributed across the network and the amount of

necessary routing-related tables. Basically, they all have the same goal of reducing route

maintenance overhead as much as possible. This type of protocols are not suitable for

highly dynamic networks due to the extra control overhead generated to keep the routing

tables consistent and fresh for each node in the network.
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2.1.2.1 Destination-Sequenced Distance-Vector

Destination-Sequenced Distance-Vector (DSDV) [2] is based on the classical

Belman-Ford routing algorithm [3]. The major improvement made by DSDV is the

avoidance of loops in routing tables. Each node in the network maintains a routing table

that lists all available destinations, the amount of hops to reach the destination and the

sequence number assigned by the destination node. The sequence number is to make sure

the mobile nodes to distinguish old routes from new ones, thereby avoiding the formation

of routing loops. To maintain the table consistency, DSDV adopts both periodic and

triggered routing updates. Triggered routing updates are used when network topology

changes are detected in order to propagate the routing information as fast as possible. Route

updates have two possible types of packets to help reduce the potentially large amount of

network traffic that such updates generate. The first is known as a “full dump”. This type of

packet carries all available routing information and can require multiple network protocol

data units (NPDUs). Another type of packet, called “incremental”, will only carry the

information changed since the last full dump and should fit in one NPDU in order to reduce

the traffic amount generated. If there is space in the incremental update packet, then those

entries may be included whose sequence number has changed. When the network is
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relatively stable, incremental updates are sent to avoid extra traffic and full dump are

relatively infrequent. In a network with high mobility, incremental packets can grow big, so

full dumps will be more frequent. Each route update packet, in addition to the routing table

information, also contains a unique sequence number assigned by the transmitter. The route

labeled with the highest (i.e. most recent) sequence number is used. If two routes have the

same sequence number then the route with the best metric (i.e. shortest route) is used. In an

environment where many independent nodes transmit routing tables asynchronously, some

fluctuations could develop. DSDV also uses settling time to prevent fluctuations of routing

table updates. The settling time is used to decide how long to wait before advertising new

routes.

2.1.2.2 Clusterhead Gateway Switch Routing

Clusterhead Gateway Switch Routing (CGSR) [9] is a clustering scheme using a

distributed algorithm called Least Cluster Change (LCC). Mobile nodes in a wireless

network are aggregated into clusters and a cluster-head is selected. All nodes that are in the

communication range of a cluster-head belong to its cluster. A gateway node is a node in

the communication rage of two or more cluster-heads. In a dynamic network, cluster head

scheme can cause performance degradation due to frequent cluster-head selections. LCC
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algorithm is introduced to prevent frequent cluster head changes. According to the

algorithm, only two situations cause the cluster head to change. One is when a node

becomes disconnected from any cluster, and the other is when two cluster heads come

within range of each other. Each node has two tables for route packets. One is the cluster

member table which is used to map a destination address to the destination cluster head

address, and the other one is the routing table which is used to select the next node to reach

the destination cluster. The source node transmits the packet to its cluster-head first. From

the cluster-head, the packet is sent to the gateway node that connects this cluster-head with

the next cluster-head along the route to the destination. Then the packet is transmitted

through gateways and cluster-head one after another till it reaches the cluster-head that has

the destination information. Finally the destination cluster-head transmits the packet to the

destination node. On receiving a packet, a node tries to discover the nearest cluster-head

along the route to the destination according to the cluster member table and the routing

table. Then through the routing table, it finds the next hop in order to reach the cluster-head

selected earlier and then transmits the packet to that node.
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2.1.2.3 Wireless Routing Protocol

Wireless Routing Protocol (WRP) [10] is one of the earliest works on routing algorithms.

It is similar to the distributed Bellman-Ford algorithm. Each node in the network maintains

a Distance table, a Routing table, a Link-Cost table and a Message Retransmission list. The

Distance table of a node x contains the distance of each destination node y via each

neighbor z of x. It also contains the downstream neighbor of z through which this path is

realized. The Routing table of node x contains the distance of each destination node y from

node x, the predecessor and the successor of node x on this path. It also contains a tag to

identify if the entry is a simple path, a loop or invalid. Storing predecessor and successor in

the table is beneficial in detecting loops and avoiding counting-to-infinity problems. The

Link-Cost table contains cost of link to each neighbor of the node and the number of

timeouts since an error-free message was received from that neighbor. The Message

Retransmission list (MRL) contains information to let a node know which of its neighbor

has not acknowledged its update message and to retransmit update message to that neighbor.

Nodes exchange routing tables with their neighbors using update messages periodically as

well as on link changes. The nodes present on the response list of update message (formed

using MRL) are required to acknowledge the receipt of update message. If there is no

change in routing table since last update, the node is required to send an idle “Hello”

31



message to ensure connectivity. On receiving an update message, the node modifies its

distance table and looks for better paths using new information. Any new path so found is

relayed back to the original nodes so that they can update their tables. The node also

updates its routing table if the new path is better than the existing path. On receiving an

ACK, the mode updates its MRL. A unique feature of this algorithm is that it checks the

consistency of all its neighbors every time it detects a change in link of any of its neighbors.

Consistency check in this manner helps eliminate looping situations in a better way and

also has fast convergence.

2.1.3 Hybrid Protocols

Hybrid routing protocols combine the power of both reactive and proactive routing

protocols. Static routing is generally used at the fringes of the network where route changes

are not frequent while in the core of the network on-demand routing has more significance.

These schemes create a bridge between the two major types of routing protocols and the

overall performance obtained can be further improved.
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2.1.3.1 Zone Routing Protocol

Zone Routing Protocol (ZRP) [11] is a well-known hybrid routing protocol and most

suitable for large scale networks. Its name is derived from the use of “zones” which define

the transmission radius for every participating node. This protocol uses a pro-active

mechanism of node discovery within a node's immediate neighborhood while inter-zone

communication is carried out by using reactive approaches. ZRP utilizes the fact that node

communication in ad hoc networks is mostly localized, thus the changes in the node

topology within the vicinity of a node are of primary importance. ZRP makes use of this

characteristic to define a framework for node communication with other existing protocols.

Local neighborhoods, called “zones”, are defined for nodes. Neighbor discovery is

accomplished by either Intra-zone Routing Protocol (IARP) or simple “Hello” packets.

IARP is pro-active approach and always maintains up-to-date routing tables. Since the

scope of IARP is restricted within a zone, it is also referred to as “limited scope pro-active

routing protocol”. Route queries outside the zone are propagated by the route requests

based on the perimeter of the zone, instead of flooding the network. The Inter-zone Routing

Protocol (IERP) uses a reactive approach for communicating with nodes in different zones.

Route queries are sent to peripheral nodes using the Bordercast Resolution Protocol (BRP).

Since a node does not resend the query to the node in which it received the query originally,
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the control overhead is significantly reduced and redundant queries are also minimized.

ZRP provides a hybrid framework of protocols, which enables a use of any routing strategy

according to various situations. It can be optimized to take full advantage of the strengths of

any current protocols.

2.1.3.2 Fisheye State Routing

Fisheye State Routing (FSR) [12] is a hierarchical routing protocol that aims at reducing

control packet overhead by introducing the multilevel scopes. It is very effective to

decrease the size of information required to represent graphical data. The concept it uses is

that the eye of a fish captures with greater details the view nearer to the focal point while

detail decreases as the distance from the focal point increases. FSR introduces the scopes

concept, which depends on the number of hops a packet traveled from its source. A higher

frequency of update packets are generated for nodes within smaller scope whereas for

farther-away nodes, updates are fewer in general. Each node maintains a local topology

map of the shortest paths which is exchanged periodically between the nodes. The protocol

scales well to large size of networks while keeping the control overhead low without

compromising on the accuracy of route calculations. Routes to farther destinations may
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seem stale. However, they become increasingly accurate as a packet approaches its

destination.

2.2 Realistic Physical Layer Model
2.2.1 Propagation Models

In a wireless channel, factors such as path loss, interference, and blockage affect the range,
data rate, and reliability of the wireless transmission. Expect the direct path between the
transmitter and receiver, other components known as multipath components caused by
reflection, diffraction and scattering also add to the receiver.
Free space propagation model assumes there is only direct-path signal between the
transmitter and the receiver, so the received signal strength depends only on the distance.
The relationship between the transmitted power P; and the received power is P, is given by

P =PG,G (i)2 (2.1)

r ttr 47&1 °

G; and G, are the transmitter and receiver antenna gains, respectively; d is the distance
between the transmitter and receiver. 4 is the wavelength of radio signal.
In reality, the signal reaches the receiver through multipath. The two-ray model or the

two-path model is more accurate, since it includes both the direct-path and another path
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cause by reflection (or refraction, or scattering). In the two-ray model, the received power

is given by
hh
P =PG,G, (#)2 (2.2)

Most published results in ad hoc network use these simplistic and idealistic propagation
models as the physical layer model. However in reality, the received signal strength is not
only dependent on the distance between the transmitter and the receiver but also on the
environment.

A more realistic physical layer model is used here, using the Log-Normal Shadowing Model
[16]. The noise element is modeled by a Gaussian distribution. The Log-Normal Shadowing
model, also called the shadowing model is a statistical model. The mean received power at

a distance d is calculated related to P;(dy) as

P&, d
[P(d )}db— 1081og( 0)+X (2.3)

where dj is the reference distance, £ is the loss exponent. X, is a Gaussian random variable
with zero mean and standard deviation o.
The average path loss can be expressed as a function of distance d, so the received power

will be

(2.4)

o

P.(d)|dBm] =P [dBm]—- PL(d,)-10 ,b’log[di} XX
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2.2.2 Probability of Packet Reception

The shadowing model can be used for area coverage calculations, the probability that the

received power at a location d exceeds y can be given as:

- P (d
PIP.(@)> =050~ erf[yT’G”}) 2.5)

The signals fade with distance and noise, the receiver has a certain probability for proper
signal reception. The probability of packet reception p(x) depends on the length L of the
packet and is given by p(x) = b(x) “. The packet transmission radius R is defined as the
distance for which p(R) = 0.5 is satisfied [16]. Authors in [16] provide an approximation
function for packet length L=120 and an error within 4% for quick calculation. The

approximation function for the packet reception probability is

(5)*
P(x):(l—RT) for0<x<R,
(2R—x)2ﬁ
P(x) = (RT) for R<x<2R, (2.6)

and P(x)=0 for2R<x

The power attenuation factor in the (2.6) is 24, because this is an approximation of packet

probability rate rather than bit probability rate.
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Packet reception probablity P(x)

Distance x (beta=4, packet lenth=120 bits)

Figure 4 P(x) for =4, L=120, R=100

Figure 4 shows the approximation of packet reception probability P(x) for =4, L=120. R is
defined as the distance where reception probability P(x) = 0.5. This means even outside the
transmission radius R towards 2R, hosts still have the reception probability from 0.5 to 0.
Average network degree is defined as the average neighbors a host has within its
transmission radius R. In this work, it is further defined that hosts in distance within from R
to 2R can still receive the signal with perception probability from 0.5 to 0. However,
according to [15], hosts are neighbors if the packet reception probability between them is
above a certain minimum threshold, and they used a threshold of 0.05. Therefore, distance
close to 2R with perception probability < 0.05 is regarded as unreachable.
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2.2.3 Expected Hop Count

In this work, the traditional hop count as the metric for a route is replaced by Expected Hop
Count. The Expected Hop Count is derived as follow.

In [16], the authors consider a hop-by-hop retransmission routing protocol, i.e. receiving
host needs to send separate acknowledgement and forwarding packets to the previous and
the next hosts on the route. The receiver will send u acknowledgements for each packet
received. The sender will keep sending packets until it receives any acknowledgement. The
expected number of messages is the proposed measure of hop count between two hosts.
The hop count is then used as weight in the routing algorithm. The expected hop count

between two hosts at distance x is

1 u

+
[poa-a-peep] 1-a-p)]

2.7)

where the first term represents expected number of packets sent by the sender, the second

term represents the expected number of acknowledgments sent by the receiver. The authors

in [16] proposed the optimal value for u should be dynamically calculated to satisfy u * p(x)

~ 1. Then they derived that the best value for « is u = round((1/p(x))-0.1).

The expected hop count is used as the metric and a comparison with other routing schemes.

The expected hop count h(x) that gives u * p(x) = 1 is given by
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The authors in [20] stated how to obtain the distance information in ad hoc network without
the aid of position information. Based on signal strength received, the receiver can estimate
the distance. Let P; and P, be the power levels on which a message is sent and received,
respectively. The received signal power is

cl_,

P =P(—)"c2 (2.9)

d
where n, ¢l and c2 are constants related to physical environment, the carrier’s wavelength,
and antenna gains, respectively. Since P, and P, can be measured, the distance d can be
estimated from formula (2.9).
Each host in the ad hoc network after receiving message, can calculated the distance from
the sender based on the receiving power and derived the expected hop count from the
receiver to the sender. This information is passed to upper network layer for decision on the

routing process.

2.3 Related Work

In [13], the authors questioned the idealized binary perfect-reception-within-range models

used in common ad hoc network simulation tools. They present mathematical link layer
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models for the statistical variation of packet reception rates with respect to distance, the

analysis of which yields there are three distinct reception regions in a wireless link:

connected, transitional, and disconnected. The transitional region is often quite significant

in size, and is generally characterized by high-variance in reception rates and asymmetric

connectivity. Particularly, in dense deployments such as those envisioned for sensor

networks, a large number of the links in the network (even higher than 50%) can be

unreliable due to the transitional region. Then they derived expressions for the packet

reception rate as a function of distance and for the width of the transitional region to show

how the transitional region is impacted by important radio parameters such as modulation,

encoding, output power, frame size, noise floor, and channel parameters. The authors

claimed that one of the key findings in their work is, for radios using narrow-band

modulation, because of multi-path fading, the transitional region would exist even with

perfect-threshold receivers.

The authors in [14] concentrate on the impact of a realistic physical layer (shadowing

propagation model) on simulating the performance of AODV and DSR on-demand wireless

routing protocols. They proposed to use new signal power thresholds to enable the selection

of links with strong enough signal strength and reduce some protocol control messages. The

simulation results from the research showed that in most cases there are significant increase
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in the packet delivery ratio and decrease in packet latency and control messages. They also

suggested that the link status is a better metric than hop count for selecting routes in

shadowing models. However, the drawback of this approach is that increasing threshold

will correspondingly decrease the transmission radius, thus the network is likely to be

partitioned even if it is not, and also increase the hop count metric. The authors believe that

the best route approach should be used instead of the threshold-based one, since thresholds

may prevent operational links from being included in possibly the best or sometimes the

only route.

Some guidelines are presented in [15], to design network protocols when Unit Disk Graph

(UDG) model is replaced with a more realistic physical layer model. They proposed that

physical, MAC and network layers share the information about a bit/packet reception

probability as a function of distance between hosts. It is suggested that an optimal route

discovery protocol cannot be based on a single retransmission by each host, because such a

search may fail to reach the destination or find the optimal path. A guideline for the design

of greedy position-based routing protocols with known destination locations is proposed.

The node currently holding the message will forward it to a neighbor (closer to the

destination than itself) that minimizes the ration of cost over progress, where the cost
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measure depends on the assumptions and metrics used, while the progress measures the

difference in distance to the destination.

In [16], the authors used the log normal shadow fading model to represent a realistic

physical layer to derive the reception probability p(x) (as function of distance x between

two hosts.) They defined the transmission radius R as the distance at which p(R) = 0.5.

They suggested that forwarding to neighbor closest to destination is suboptimal. The

optimal forwarding distance is one that minimizes Expected Hop Count (EHC) per progress

made. Thus they derived that the optimal forwarding radius is between 0.7R and 0.8R. Then

they proposed the method to use optimal hop count function h(x) in route discovery.

Two protocols, s-hello protocol and target density protocol, are proposed in [17] to address

the problem of gathering neighbor information when a realistic physical layer is applied.

The basic idea behind those two protocols is that every node in the network sends a fixed

amount of messages in order to collect accurate local knowledge information. And in the

end, the authors suggested the same idea could be further applied in the related problem of

route discovery in reactive routing schemes, route discovery packet being retransmitted

only once after it is received, which is addressed in this work.

In [18], the authors provided a general theoretical model of the attainable throughput in

multi-rate ad hoc wireless networks. Then they proposed to use Medium Time Metric
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(MTM) that selects optimal throughput and to avoid long unreliable links. They concluded

that link rate information from the MAC layer can be utilized by routing protocols to

significantly increase network performance.

In [19], the authors stated that countless experimental studies already published cannot be

replicated because they do not fully report the conditions in which they were carried out.

This situation is especially troublesome when the number of parameters in the simulation is

large. It is not clear what the desired combinations are in parameter space. One should be

aware that model parameters have default values hidden within the simulator. These

defaults may not set the exact scenario the experiment has in mind.

In [20], the authors showed the problem of redundancy, contention, and collision in ad hoc

network caused by broadcasting by flooding. They defined the problems associated with

flooding as the broadcast storm problem. Then they proposed several schemes to reduce

redundant rebroadcasts and differentiated timing of rebroadcasts to alleviate the problem.
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Chapter 3 Route Discovery with n-Retransmission schemes

3.1 Assumption

Expected hop count is derived based on hop-by-hop routing. Route discovery process has
no acknowledgements, but actual traffic may have. This means that, if actual traffic has
acknowledgements, then the costs to be used in route discovery should be hop-by-hop
routing. It is assumed that there are no acknowledgements in route discovery process, but
the costs of each link will be those from acknowledged routing to be used after route is
found. So the expected hop count is used as the costs for each link in route discovery
process.
The development of the proposal and the simulation are based on the following
assumptions:

e All hosts fully participate in the protocols of the network, and particularly, will

forward packets for other hosts;
¢ Distances between neighboring nodes are known;
e All packets’ length are fixed and same;

¢ Hosts can enable a promiscuous receive mode;
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e The receiving host can derive the expected hop count to the sending host based on
the distance between them;

e No obstacles between any two hosts;

e All hosts are static while a broadcast is in progress;

e [deally there are no collisions between neighbors;

e Messages are sent at different time slot.

3.2 Impact of n-Retransmission on Selecting Best Route

In traditional route discovery process, intermediate hosts, after receiving the RReq,
retransmit it once only. It does not seem to be a problem in route protocol design that uses
an ideal physical layer model, which assumes all hosts within the transmission radius can
receive the message.

Recent studies ([13] [14] [15] [16] [17]) using realistic physical layer show that packet
reception probability P(x) depends on distance x.

In route discovery process, an intermediate host in ad hoc network retransmits the RReq
only once. Since the neighboring hosts may miss the packet, only one retransmission can

construct an inferior route. Moreover, hosts closer to the transmitter have higher probability

46



to receive the message, thus the constructed route tends to be a sequence of hosts with short

distance apart, which leads to high expected hop count.

Retransmitting the RReq more than once will increase the packet reception probability, thus

leads to a better route. Figure 5 shows four constructed routes and their cumulative

expected hop count, in a 40-host ad hoc network with average network degree of 6. The

host with two dotted circle is the initiator and the black up-triangle is the target host. The

inner circle is the transmission area of the initiator with radius R; the outer circle has the

radius 2R. Any point inside the two circles has the possibility to receive the RReq from the

initiator. The packet perception probability decreases from the center to the border as

depicted in Figure 4. All other hosts in the network have the same transmission radius.

Figure 5 shows that the traditional route discovery scheme takes the most direct route,

which is correct if the hop count metric is used. While the metric is changed to expected

hop count, n-retransmission (n>1) discovers route with better Expected Hop Count. The

second hop of n-retransmission from the initiator is a host closer than the second hop in

DSR, since this host provides better EHC, even if it adds one more hop on the route.

This finding is in accordance with the design principle stated in [15], that “Host A,

currently holding the packet, will forward it to neighbor B, closer to the destination than

itself, that minimizes the ratio of cost over progress.” The cost considered here is EHC.
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Figure 5 shows that even without the position information, the constructed route will take

the path which gives a better EHC.
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Figure 5 Discovered Routes with DSR and nR Scheme

3.3 Impact of n-Retransmission on Routing in Nearly Partitioned Network

In a sparse network, hosts tend to group into several sub-networks. It is very likely that a

route discovery process will fail if the source host and destination host are located in two
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different sub-networks. DSR route discovery schemes where each host retransmits RReq

exactly once can be problematic, since only one communication can miss an important

neighbor and therefore the route may not be found. Retransmitting the RReq more than

once increases the probability of finding ‘hidden’ hosts thus increases the success rate of

route discovery across two semi-partitioned networks.

Figure 6 and Figure 7 show the route discoveries in a nearly partitioned network. There are

no hosts existed in the stripe marked by two dotted lines in the middle of the graph. The

source host and destination host are located on left and right side of the no-hosts zone. The

two dotted circle around the source host indicate the transmission radius R and 2R,

respectively. The task is to discovery the route from the source to the destination.

In Figure 6, traditional route discovery with only one retransmission failed to found the

route to the destination. The route is discovered in Figure 7 with 2-retransmission. In

Figure 7, retransmission more than once helps to find the host close to the partition board

on the right subnet, which has a high probability of missing the RReq. The route cross the

partition zone has high EHC due to its long distance. However, it is the only way that a

route can be established between source and destination.
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Figure 7 2-Retransmission Found One Route
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3.4 Proposed n-Retransmission (nR) Route Discover Scheme

The proposed n-retransmission route discovery scheme is based on route discovery
protocol in DSR.

The source host, also called the initiator, invokes a route discovery procedure by
constructing a RReq and meanwhile scheduling » times broadcast. The format of RReq is
shown in Figure 8. The Target identifies the destination address of host of the route request.
Next entry is the address of the Initiator itself. The Request id is unique for each RReq, set
by the initiator. EHC is the cumulative expected hop count from the initiator to the

receiving host. Preceding Node is the node from which the current host received the RReq.

Route Request Packet (RReq)

Target Initiator Request Id EHC Preceding Node

Figure 8 Format of RReq

The initiator broadcasts the RReq; hosts within the initiator’s wireless transmission range

may receive it based on their packet reception probability. Every host maintains a

rebroadcast count. After rebroadcasting the RReq for the first time, the counter is

incremented and the RReq will be rebroadcasted up to n times. If the target host receives

the RReq, it responds with a route reply packet.
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This is different from what proposed in the n-retransmission scheme. In the step 3 of this

proposed route discovery scheme, whether a received copy of the same RReq packet being

discarded or not will depend on the cumulative EHC. If the accumulated EHC is better

based on the newly received copy of the same RReq packet, then it will be retransmitted

again. Otherwise, it will be discarded. The probability of finding a better EHC route will be

increased in this way.

In DSR, when another copy of the same RReq packet is received, it will be simply

discarded. However, it is very likely this copy is coming from a different preceding node

and carrying a better EHC. Rebroadcasting this copy is likely to increase the probability of

finding the source node a route with lower cost (better EHC). Thus, we have two options

with respect to making decision on whether or not to send other copies of the same RReq

message. They are

R1I: The sender retransmits only upon receiving the first copy of received RReq. When

route discovery message is received again, it is simply ignored;

R+: If a node receives route request with a better cumulative cost upon arrival, it will

retransmit once again.
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Presumably, R+ should yield better results. Thus, being combined with option R+, it is

proposed that when any host receives a RReq during the route request process, it processes

the RReq according to the following steps:

1. Check whether the Target of the RReq matches this host’s own address. If it does, it

means the destination host has been reached and a route from the source host to the

destination host has been discovered. Then calculate and set the new cumulative EHC.

The destination host proceeds to route reply process with this RReq; (See below option

B* and B+)

2. Otherwise, check whether the RReq has been received before, by using [Initiator and

Request id. If it has not, the host firstly adds the cost (EHC) of the last hop to the

cumulative EHC that is sent with the packet, set the Preceding Node as the current host,

and then schedule n times rebroadcast, following adopted MAC protocol, each

containing new summary EHC; (A copy of this RReq is kept in the host, in which the

Preceding Node is pointing at the node from which the RReq is received.)

3. Otherwise, it means this RReq is a new copy of the same route discovery that has been

received recently. Then the host adds the cost (EHC) of the last hop to the cumulative

EHC that is sent with the packet, estimates whether or not new cumulative EHC is

better than the previously best one. If the new EHC is better, cancel the rest rebroadcast

53



of the previous RReq if any, reset the rebroadcast counter and reschedule n times
rebroadcast with the new better cumulative EHC;

4. Otherwise, discard the RReq and do not process it further.

We can define the above algorithm as [#R, R+]=nR+. Here is the flowchart of how the

RReq are processed in nR+.

RReg=Route Request Packet .
Host X received

a RReq

Return a copy of the Yes A
route in a route reply |€¢——
packet .

No

Add EHC, set
'Preceding Node' as X,
and schedule n times

rebroadcasting

Received
first time?

Add EHC, and
compare it with the
current best one

Cancel the
rebroadcasting of the old
RReq, reset counter and

reschedule n times the
new RReq with the new
'EHC'

Discard the RReq

Figure 9 Flowchart of RReq Processing in nR+
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The RReq from the initiator is received only by the hosts within the transmission range of

the initiator. However, not every host in the transmission range will receive the route

request. The reception depends on the packet reception probability P(x) based on the

distance from the transmitter to the receiver. Each of these hosts that received the route

request will propagate the request if it is not the target. All hosts except the target host that

hold the RReq retransmit for n times.

Here is an example to demonstrate how this n-transmission route discovery scheme works.

[

Node C is broadcasting a RReq. The distance between these nodes are known based on
assumption. The x=1.2, a=1.8 and c¢=2.4 are the distance of ICAl, |IADI and ICDI
respectively. Let the transmission radius of each node R=2, and f=2. Then according to the

approximation function (2.6) for the packet reception probability in Chapter 2,

X 28
(E)
P()=(-—"—) for0<x<R,
2R—x
——)*
P(x):(RT) forR<x<2R,

and P(x)=0 for2R<x

P(ICA)=0.9352, P(IADI)=0.6719 and P(ICDI)=0.2048. Then according to the equation (2.7),
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1 u
+
[poa-a-peep)] 1-a-p)]

EHC(ICAI)=2.2127, EHC(IADI)=3.7030 and EHC(ICDI)=14.4902, in which u was

dynamically calculated by u=round((1/p(x))-0.1). Obviously, EHC(ICAl)+ EHC(IADI) <

EHC(ICDI). Therefore, when node D received the RREQs from C and A, it kept the one

from A and discard the one from C, then schedule n times and retransmitted the RReq with

the better EHC.

Now we are considering route reply process. When the destination host receives a RReq, a

route reply packet is generated and sent back to the Initiator according to the Preceding

Node in the RReq of every node on the discovered route. But very likely, the destination

node might receive multiple copies of the same RReq which, however, may be carrying

different path information. And correspondingly, the costs (EHC) in those RReq are also

different. According to RFC, “A node originates a Route Reply in order to reply to a

received and processed Route Request, according to the procedures described in Sections

8.2.2 and 8.2.3. The Route Reply is returned in a Route Reply option (Section6.3).” It

implies that a destination node responds to every request packet received. However, this

may cause more overhead, especially in networks high in density. An alternative is to

respond to the RReq packets that only contain the better cost. Here are the two options

when determining which route reply packets are supposed to be responded.
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B*: The destination node reports back all received RReqs; according to above discussion,

this is the main option.

B+: The destination node reports back the first time, and any time measured value of path

metric bearing better path than previously received ones.

While a route reply packet is being transmitted back to the source node, only nodes on

the memorized path will perform the transmission of the reply packet. Because the realistic

physical layer is applied, whether a route reply packet could be successfully sent back to

the source node depends on the reception probabilities between nodes along the discovered

path. Here are three options of how a route reply packet is processed by the nodes on the

path.

AlI: Each node on the discovered path transmits the route reply packet exactly ones. If any

failure happens, process stops;

A3: Each node on the discovered path transmits the route reply packet once. If there is no

transmission overheard by a neighbor, it transmits again. If again no transmission overheard,

it transmits the third time. No more attempts made if again no acknowledgment is received;

this is considered the main option in our analysis.

Au: Each node on the discovered path transmits the route reply packet for maximum u

times until first transmission is overheard, where u=round((1/p(x))-0.1), where p(x) is the
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packet reception probability on link x. It can be shown that this is the optimal choice for the
number of retransmissions u.
All the above options could be coupled with nR+, and will be evaluated in the simulation to

see which one is better in performance.

3.5 Overhead Caused By n-Retransmission

Hosts in ad hoc network are assumed to share a single common channel with carrier sense
multiple access with collision detection (CSMA/CD). In a geographical area, radio signals
are likely to overlap with each other. Heavy contention for accessing the media is possible
when hosts are close to each other. Collision may happen since the timing of rebroadcasts is
highly correlated [20].

Retransmitting the RReq more than once will only add more overhead to the ad hoc
network. The extra overhead may counterbalance the benefit of the fixed n-retransmission
route discovery scheme, which leads to redundant rebroadcasts, contention and collision
from the extra RReq flooded in the network.

Extensive study has been done to address the problem from broadcasts. In [20], the authors
proposed a counter-based scheme: A host holds a message to rebroadcast may be blocked

by medium contention, backoff procedure, and other queued message. It’s possible that the
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host hears the same message from other rebroadcasting hosts before the host actually starts
transmitting the message. A counter C is used to keep track of the number of times the
broadcast message is received. A counter threshold ¢ is chosen. The host will stop and

discard the message if C > c.

3.6 Proposed n-Retransmission c-Reception Route Discovery Scheme

(ncRR)

Being inspired by [20], n-retransmssion c-reception scheme (ncRR) is proposed, intending
to lower the overhead that the n-retransmission route discovery scheme causes. This
proposed scheme is a modification to the n-retransmission route discovery scheme.

The modification is that each host sets up a counter C to keep track of number of times the
same RReq is received from its neighboring hosts. A counter threshold c is introduced. If C
> ¢, the host terminates extra retransmissions.

During the route request process, when any host receives a RReq, it processes the request
with the following steps:

1. Host first adds the cost (EHC) of the last hop to the cumulative EHC that is sent with

the packet, and sets the Preceding Node as the current host;
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2. Host checks whether the Target of the RReq matches this host’s own address. If it does,

it means the destination host has been reached and a route from the source host to the

destination host has been discovered. Then it proceeds to route reply process with this

RRegq;

3. Otherwise, check whether the RReq has been received before, by using Initiator and

Request id. If the RReq is received for the first time then initialize the counter C=I,

schedule n times retransmission. (A copy of this RReq is kept in the host, in which the

Preceding Node is pointing at the node from which the RReq is received.)

4. Otherwise, this RReq is just another copy of the same route discovery that has been

received recently. Then increment the counter C and check whether C=>c. If so, cancel

the retransmission and inhibit rebroadcasting.

5. Otherwise, the host estimates whether or not new cumulative EHC 1is better than the

previously best one. If so, it cancels the rest of rebroadcasts of the previous RReq if any

left, and reschedules » times rebroadcast with the new better cumulative EHC.

6. Otherwise, discard the RReq and do not process it further.

The threshold ¢ should be more than 1 because at least one RReq is allowable to be

retransmitted. But, as we discussed earlier, it is likely that a node in a dense network will
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never have a chance to retransmit RReq because the threshold ¢ might have been reached

before the retransmission could happen. As we can see, the option R+ is coupled with the

above steps. Then we define algorithms [ncRR, R+]=ncRR+. During route reply process,

the ncRR scheme adopts the same options as nR scheme does, B* and B+; Al, A3 and Au.

Figure 10 is the flowchart of how RReq processed in ncRR+.

RReqg=Route Request Packet Host X received a RReq

add EHC, set 'Preceding
Node' as X

Proceed to Route Reply
Process

Initialize counter C=1 and
schedule n times
retransmission

Received
first time?

Cancel the retransmission
and inhibit rebroadcasting

Is new
EHC
better than
previously
hest one

Cancel the rebroadcasting
of the old RReq, and
reschedule n times
retransmission for the new
RReq

No

Discard the RReq

Figure 10 Flowchart of RReq Processing in ncRR+

61



Although both proposed nR and ncRR schemes could be combined with R1, namely [nR,

R1]=nR1 and [ncRR, R1]=ncRR1, we consider nR+ and ncRR+ as main ones for our new

schemes because we presume adopting R+ option will help source nodes to discover routes

with lower cost. As we mentioned earlier, in the traditional DSR, any received RReq is

retransmitted only once, and any other copies of the same RReq than the very first one will

be ignored, so it is equivalent to [1R, R1]=1R1. Thus, the proposed nR+ and ncRR+ will be

challenging 1R1 in the simulation.
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Chapter 4 Performance Evaluation

4.1 The Simulation

To test the efficiency of the proposed route discovery scheme, a home-made ad hoc
network simulator is built in this research. Some existing network simulator, such as
OPNET, NS-2, GloMoSim and JSIM are general-purpose network simulators, which target
a wide range of network protocols. In [21], the authors reveal that different simulation tools
yield quite different results even when they are configured with the same set of protocols,
and such differences are mostly derived from different assumptions made at the physical
layer. Also in [19], the authors state that countless experimental studies already published
cannot be replicated because they do not fully report the conditions in which they were
carried out. Furthermore, these powerful and complex simulators have lots of black-box
parameter setting that without proper setting can change the simulation results significantly.
To have a ‘clear-cut’ simulator with reproducible results, simulation in this work is done by
the author’s own ad hoc network simulator which is coded in MATLAB. It is lightweight
and easy to modify according to requirements. Most importantly, the design of the

simulator is dedicated to comparing behaviors in network layer based on the realistic
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physical layer. So it mainly focuses on the route discovery process in ad hoc network. Only

the behaviors of an ad hoc network in the physical layer and the network layer are

simulated, assuming no collisions (messages are sent at different times, without

simultaneous network activities) when messages are being transmitted.

Simulation work is performed over static networks. Simulation area for placement of nodes

is a [ x [ square area where /=300, over which 200 nodes (m=200) are generated through

algorithm MIN-DPA [22]. Minimum degree proximity algorithm (MIN-DPA) aims to

distribute node degrees more uniformly while maintaining connectivity. This algorithm

generates graphs by placing each new node around the node that has the smallest number of

neighbors. According to this algorithm, the transmission radius R is given by R =

sqrt(di2/((m-1) m)) so that the expected node degree is equal to the desired average degree

d..

4.2 Simulation Model

Physical Layer:

A physical layer model is used. After all nodes are generated through MIN-DPA algorithm,

the distance vector of each node to all other nodes is calculated. The simulator uses

Equation (2.6), to obtain the reception probability P(x) of each node to all of its
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neighboring nodes. Path loss exponent £ is set to 4. In such calculation, x is the distance

between each pair of nodes. Neighboring nodes are defined as the nodes in the transmission

range of 2R. Each node makes use of Equation (2.7) to calculate the EHC between itself

and its neighboring nodes, in which u is dynamically calculated by u=round((1/p(x))-0.1).

In any time slot, non-transmitting nodes listen to the channel to make sure there is no other

node transmitting messages. They receive message from the transmitting neighbors only if

the reception probability P(x) is greater than a randomly generated number r (0<r<1).

Network Layer:

The network layer implements the proposed route discovery schemes, n-retransmission (nR)

scheme and n-retransmission n-reception (ncRR) scheme in Chapter 3. The traditional DSR,

equivalent to 1R1, is also implemented for comparison. As we mentioned in Chapter 3, we

consider nR+ and ncRR+ as the main algorithms in the proposed schemes. Meanwhile, all

the options during the route reply process discussed in Chapter 3, B* and B+, A1, A3 and

Au are also implemented with the proposed route discovery schemes. We consider R1, B*

and A3 as the main options to evaluate nR and ncRR.

4.3 Simulation Results
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The following Chart 1, 2, and 3 present the simulation results of average EHC, success rate

and message overhead during route discovery. The methods being compared are 1R, nR for

n=2, 3, 4, and the RReq and RReq handling options are [R1, B*, A3]. The amount of nodes

m is tested for m=200. The average node degree d is tested for d=6, 8, 10, 16, 20, 24, 32

and 40, which simulate a network from sparse to dense. The average expected hop count

for each combination of parameters n and d is measured over 30 graphs and 100 successful

source-destination route discovery processes (100 successful source-destination routing on

each of the 30 graphs generated). The source and destination nodes are chosen randomly

for each route discovery process.

From Chart 1 we can see, average EHC decreases as the average network degree d

increases. The EHC has 0.5% ~ 20% decrease in the proposed n-retransmission schemes

for different value of d. Smaller EHC means better route. However, the results show that

retransmitting RReq packets more then 2 times doesn’t lower EHC further significantly.

Therefore, retransmitting RReq 2 times, namely 2R, should be the best choice. The Chart 2

shows that the success rate is improved greatly when the proposed route discovery scheme

applied in the sparse networks. In networks high in density, retransmitting more than one

time does not make a lot of difference. Chart 3 shows packages flooded in the network
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during route discovery are drastically getting more as nodes retransmitting more RReq.

And the overhead rises as the average network degree increases.

1R vs nR (n=2,3,4), with [R1, B*, A3]
100
80
(i) 60 ——1R
Lé —=— 2R
g 3R
z 40 4R
20
0
d=6 d=8 d=10 d=16 d=20 d=24 d=32 d=40
Average Node Degree

Chart 1 Average EHC between 1R, 2R, 3R and 4R with [R1, B*, A3]

1R vs nR (n=2,3,4), with [R1, B*, A3]
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Chart 2 Success Rate between 1R, 2R, 3R and 4R with [R1, B¥, A3]
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1R vs nR (n=2,3,4), with [R1, B*, A3]
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Chart 3 Average Overhead between 1R, 2R, 3R and 4R with [R1, B¥, A3]

The first round simulation results let us know nR performs better than 1R, and the best

value of n is 2 for nR. However, the simulation only conducted route discovery from one

pair source-destination nodes. The message overhead caused by 2R almost got tripled

already comparing to 1R. We can imagine how serious the overhead problem would be if

multiple route discoveries are involved. We proposed ncRR to fix this problem. Based on

the simulation results from the first round, we choose 2R, coupling with main options R1,

B* and A3 to evaluate ncRR, in which case the value of n is 2 and the counter threshold for

reception is 2, 3,4, 5 and 6.
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Chart 5 Success Rate between nR and ncRR(n=2, ¢=3,4,5,6) with [R1, B*, A3]
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Chart 4, Chart 5 and Chart 6 respectively present the average EHC, success rate and

average overhead of route discovery by applying nR and ncRR (n=2, ¢=2,3,4,5,6), with

options [R1, B*, A3]. From the charts we can see the counter threshold has great impact on

average EHC and route discovery success rate although the message overhead situation got

effectively controlled. The average EHC yielded from 2-retransmission 2-reception scheme,

namely 22RR, is quite higher than that from 2R scheme without counter threshold,

especially in low density network. But when average node degree d>=16 and the threshold

c>=3, the average EHC and success rate reach the same level as that of 2R. When ¢=2, the
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average EHC is highly compromised although the overhead is sharply reduced. Overall, the

amount of overhead decreases by about 19.6% ~ 79.2% when ¢>=3. According to this

simulation result, a threshold ¢ of 3 or 4 will be an appropriate choice.

Now let’s take a look at the performance comparison between option R1 and R+ while

fixing best values of n for nR. Since we have found out 2R is the best choice for nR, then

R1 and R+ are compared while the other options are fixed at [2R, B*, A3]. Chart 7 and

Chart 8 show the simulation results of average EHC and success rate comparison between

option R1 and R+. As we can see, the improvement is quite obvious in sparse networks as

presumed. When d<16, the average EHC are lowered by 7.6% to 18.1%. When d<10, the

success rates rose by 2.6% to 19.6%. There is no noticeable improvement when networks

are high in density. Therefore, retransmitting the same copies of a RReq message that hold

better EHC, namely R+, is more likely to find the source node a route with a smaller EHC.

This works more effectively in sparse networks.

Chart 9 and Chart 10 are the simulation results to show which option, B* or B+, can yield

better average EHC and success rate while the other options are set to [2R, R1, A3]. Chart

11 and Chart 12 are the simulation results to show which option, Al, A3 or Au, can yield

better average EHC and success rate while the other options are set to [2R, R1, B*].
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72




Average EHC

B* vs B+, with [2R, R+, A3]

90
80
70
60
50
40
30
20
10

11

d=6 d=8 d=10 d=16 d=20 d=24 d=32 d=40
Average Node Degree

@ B*
EB+

Chart 9 Average EHC between B* and B+ with [2R, R+, A3]

Success Rate

B* vs B+, with [2R, R+, A3]

0.8

0.6

0.4

0.2

d=6 d=8 d=10 d=16 d=20 d=24 d=32 d=40
Average Node Degree

o B*
EB+

Chart 10 Success Rate between B* and B+ with [2R, R+, A3]

73




Average EHC

90
80
70
60
50
40
30
20
10

A1 vs A3 vs Au, with[2R, R1, B*]

O A1
m A3
OAu

i 1l

d=6

d=8 d=10 d=16 d=20 d=24 d=32 d=40
Average Node Degree

Chart 11 Average EHC between A1, A3 and Au with [2R, R1, B*]

Success Rate

0.8

0.6

0.4

0.2

A1 vs A3 vs Au, with [2R, R1, B*]

d=6

d=8 d=10 d=16 d=20 d=24 d=32 d=40
Average Node Degree

o AT
m A3

OAu

Chart 12 Average EHC Comparison A1, A3 and Au with [2R, R1, B*]

74




Chart 9 and Chart 10 show that option B+ yields pretty much the same result as B* in terms

of average EHC. But the success rate with B+ is slightly lower than B*. Chart 10 and Chart

11 show that option Al slight raises the average EHC more or less comparing A3 and Au,

and A3 and Au have the similar performance on average EHC. However, the success rates

among the three alternatives have significant difference. Apparently, retransmitting RRep

only once leads to a relatively low success rate, so Al is the worst scenario, especially

when networks are sparse. Au is slightly lower in success rate than A3 in most cases.

Now that the above simulation results have shown 2R is the best choice for nR and R+ is

superior to R1, we may want to compare the proposed nR+ with 1R1 which is equivalent to

DSR. Chart 13 and Chart 14 present the simulation results of 1R1 vs nR+ while the other

options are [B*, A3]. The improvement of average EHC is about 0.9% ~ 31%, and success

rate is raised up to about 58% higher.
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Chart 15 presents the simulation result of route discovery in a nearly partitioned network.

The near-partitioned network is created as follow: a network with 150 nodes is created in

the same method as before. To make a partition in the network, nodes in the area of

(R/2+£150)*300, i.e. the stripe with the dimension of R*300 along the centerline, are

removed. The generated graphs have two sub-networks on the left and right sides, nodes in

sub-networks are apart at least with distance R. The source and destination nodes are

chosen randomly in the left and right sub-networks, respectively; a successful

source-destination route discovery has to cross the partition zone. The number of nodes in

the partitioned network, therefore, is always equal to or less than 150. Also, 30 graphs are

generated. On each generated graph, 100 route discovery attempts with different schemes,

namely DSR [IR1, B*, A3], 2-retransmission [2R+, B*, A3], 3-retransmision [4R+, B*,

A3], and 4-retransmission [4R+, B*, A3], are performed on the same graph. The success

rate is the percentage of the number of times RReq reaches destination node to the whole

routing attempts (30*100=3000 attempts). In n-retransmission schemes, destination nodes

send back route reply packets in the way that was discussed in option B* and Al.

The result shows, comparing DSR and 2R+ scheme in nearly partitioned networks, there is

significant improvement in route discovery success rate. However, more retransmissions
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only have minor increase in the route discovery success rate while the overhead rise

rapidly.
[1R1, B*, A3](DSR) vs [nR+, B*, A3] (n=2,3,4)
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Chart 15 Success Rate in Nearly Partitioned Networks

As we can see, retransmitting RReq more than one time could boost the route discovery

success rate from about 24% to 106% when the networks are nearly partitioned.
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4.4 Summary

The overall simulation results verify that under the stated assumptions, the proposed route
discovery scheme is superior to existing ones, in such that:

e The proposed n-retransmission scheme significantly decreases the expected hop
count, i.e. better routes are discovered by such schemes.

e Simple n-retransmission scheme causes a great deal of overhead in the network.

® N-retransmission c-reception scheme solves the problem of extra overhead in the
price of a slightly increase in the expected hop count level.

e The optimal value for retransmission, found heuristically, should be 2 with
significant decrease in EHC and minor increase in overhead.

e The value for counter threshold ¢ should be 3 or 4, in which case the overhead is
reduced and meanwhile the average EHC is not compromised a lot. It is also in
accordance with the recommended value in [20].

e The n-retransmission scheme significantly raises the route discovery success rate in

nearly partitioned networks.

79



Chapter 5 Conclusion and Future Work

Most existing routing protocols in ad hoc network assume an ideal physical layer model.
However, recent study shows that the packet reception probability P(x) decreases from 1 to
0 gradually according to the distance of the receiver from the transmitter. Furthermore,
there is a transition area around P(x) = 0.5. Routing protocols based on ideal physical layer
model have problems in simulation and implementation when the idea physical layer model
is replaced by a more realistic one. The Log-Normal Shadowing model is a realistic
physical layer model. Expected Hop Count based on this model is a better weight for
routing decision than the traditional hop count.

Several existing reactive routing schemes using realistic physical layer model continue to
apply only one retransmission by each node. The fact is that only one communication is
very likely to miss an important neighbor. Also in such schemes, a distance neighbor may
accidentally receive the route discovery message and use it to announce a new route,
although in reality it is not able to provide such a good service for the real traffic.

The proposed n-retransmission route discovery scheme and n-retransmission c-reception
route discovery scheme retransmit the RReq n times rather than one time. In

n-retransmission scheme, nodes keep retransmitting the route discovery message for a
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certain amount of times, e.g. 2, 3, 4... times. Each node restarts the retransmission process

if it receives a route discovery message with a better EHC.

In n-retransmission c-reception scheme, nodes retransmit the route discovery message for a

certain amount of times. When retransmitting, every node in the network listens to its

neighbors. If the threshold amount of the same route discovery message has been received,

it terminates the retransmission process.

The simulation results from both schemes are very encouraging. The EHC from the

proposed n-retransmission scheme in most network density conditions are better than the

existing routing schemes. Also it shows significant rise in route discovery success rate

comparing to the traditional route discovery scheme in nearly partitioned networks.

The n-retransmission c-reception scheme has relatively effective control on overhead

caused by extra retransmissions. The simulation results show the traffic in such scheme is

reduced from about 19.6% ~ 79.2% when ¢>=3, while the EHC value is only slightly

compromised.

The experimental results show that the best value for the amount of retransmission is 2 in

all proposed schemes. The best value of reception threshold ¢ in ncRR scheme is 3 or 4.

Therefore, a 2-retransmission scheme with the reception threshold set to 3 or 4 is the best

one among all the proposed schemes in this research.
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A more realistic MAC layer can be implemented in the simulator to test if the proposed two

n-retransmission route discovery schemes are still able to yield better results. In that case,

the full feature of IEEE 802.11 behavior, with delay decided by a random function, can be

simulated. Also one can try to use a wait function depending on some evaluation, instead of

random delay.

Further options are to consider use variable bit rate which is already existed in IEEE 802.11

standard and its implementations. In that way, instead of EHC, other metric such as

Medium Time Metric (MTM) in [18] may be used.

Our counter based retransmission scheme is based on two parameters: either exceeding

number of retransmissions n or number of received RReq copies c. It is possible to consider

also a version with a single parameter, n. In counter-based n-retransmission (nCB) scheme,

node is retransmitting RReq until a total of » own or retransmissions from neighbors are

heard. Thus in nCB, once a node decides to retransmit, it will do so until the number of its

retransmissions, or the number of received copies of same RReq, reaches n. 1CB means no

retransmissions at all, since one copy of message was already received. In case of 2CB,

node will either make one retransmission, or will make no retransmission at all if, while

waiting for its own scheduled retransmission to occur, it does receive yet another, second,

copy of the same RReq. In case of 3CB, node will either make 2 retransmissions, or hear
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two more copies of same RReq, or make one retransmission and hear one more copy of the

same RReq. We left the study of nCB for future work.
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Appendix MIN-DPA Algorithm

All the networks (graphs) in this simulation are generated through Minimum Degree

Proximity Algorithm (MIN-DPA). The following are the procedure of this algorithm.

MIN-DPA(N., d. £, dg)

r=./dé2/((N— 1)m)
connected = FALSE
while (not connected) do
x =rand(0, £),y = rand(0, £)
P =(x.y)
51 = {node_1}
fork =2,..., N rounds do
calculate approximate degrees of all nodes in 5;,_4
I. = min of approximate degrees
for each node min 5,_4 that has degree L do
iftD, C D then
weight(m) =1
else
weight(m) = 2/3
end if
end for
C(x.,y.) =randomized_center_select{weight)
accepted = FALSE
while not accepted do
v = rand(0, r%),a = /v, 6 = rand(0, 2m)
X, =X-+acosd,y, =y, +asind
if ((x;.y;) € D)and ((x;.y.) passes proximity test with all nodes in 5;,_1) then
P = (X.¥)
5 = 5.1 J {node_k}
accepted = TRUE
end if
end while
end for
Calculate edge lengths I;; = |p;. p;l
Sortl; 1,je{1,2,..., N},
Select (Nd/2) shortest
Form candidate graph G, with (Nd/2) edges
Run Dijkstra for G;
if all costs finite then
connected = TRUE
end if
end while
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