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� � � � � � 	 �
Communication is a key enabler for cooperation. Thus to support efficient 
communication humanity has continuously strived to improve the 
communication infrastructure. This infrastructure has evolved from heralds 
and ridden couriers to a digital telecommunication infrastructures based on 
electrical wires, optical fibers and radio links. While the telecommunication 
infrastructure efficiently transports information all over the world, there are 
situations when it is not available or operational. In many military 
operations, and disaster areas, one cannot rely on the telecommunication 
infrastructure to support communication since it is either broken, or does 
not exist. To provide communication capability in its absence, ad hoc 
networking technology can be used to provide a dynamic peer-based 
communication mechanism. In this thesis we study geographic routing in 
intermittently connected mobile ad hoc networks (IC-MANETs). 

For routing in IC-MANETs we have developed a beacon-less delay-tolerant 
geographic routing protocol named LAROD (location aware routing for 
delay-tolerant networks) and the delay-tolerant location service LoDiS 
(location dissemination service). To be able to evaluate these protocols in a 
realistic environment we have used a military reconnaissance mission where 
unmanned aerial vehicles employ distributed coordination of their 
monitoring using pheromones. To be able to predict routing performance 
more efficiently than by the use of simulation, we have developed a 
mathematical framework that efficiently can predict the routing 
performance of LAROD-LoDiS. This framework, the forward-wait 
framework, provides a relationship between delivery probability, distance, 
and delivery time. Provided with scenario specific data the forward-wait 
framework can predict the expected scenario packet delivery ratio. 

LAROD-LoDiS has been evaluated in the network simulator ns-2 against 
Spray and Wait, a leading delay-tolerant routing protocol, and shown to 
have a competitive edge, both in terms of delivery ratio and overhead. Our 
evaluations also confirm that the routing performance is heavily influenced 
by the mobility pattern. This fact stresses the need for representative 
mobility models when routing protocols are evaluated. 

This work has been supported by LinkLab, a research center for future aviation 

systems, established by Saab and Linköping University, and the KK foundation 

through the industrial graduate school SAVE-IT. 
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Idag förväntar vi oss att vi kan komma ut på Internet nästan var som helst 
och omedelbart få kontakt med vänner och bekanta. Skälet att denna 
möjlighet finns är att vi har byggt upp en omfattande infrastruktur som 
hjälper oss att skicka datapaket fram och tillbaka. Låt oss anta att denna 
infrastruktur inte längre finns och att det enda som finns tillgängligt är de 
elektroniska apparater vi bär på oss med trådlösa anslutningsmöjligheter 
som Wi-Fi. Genom att samarbeta och skapa ett ad hoc-nätverk med hjälp av 
dessa apparater är det möjligt, men långt från trivialt, att skicka information 
mellan personer som inte kan kommunicera direkt med varandra. 

I ett ad hoc-nätverk ansvarar ett routing-protokoll för att hitta en väg i 
nätverket för datapaket så de kommer fram till rätt mottagare. Routing-
protokollet skickar ett paket trådlöst från apparat till apparat tills det 
kommer fram till mottagaren. Det har dock visat sig svårt att designa 
routing-protokoll som fungerar bra då de personer som bär på apparaterna 
rör på sig. Ett annat problem är att det ibland inte finns någon väg för ett 
paket att nå mottagaren. Skälet är oftast att det saknas personer på 
strategiska platser som gör att nätverket delas upp i öar där snabb 
kommunikation bara fungerar inom dessa öar. Man säger då att nätverket är 
partitionerat. Om vi däremot kan tänka oss att vara lite tålmodiga så kan vi 
tillåta att tillfälligt lagra vårt paket hos en person som kommer att röra på 
sig och komma till ”ön” där mottagaren finns. När detta sker så kan paketet 
levereras, dock med en större fördröjning. Den fördröjning vi pratar om här 
är lite för lång för att fungera med ett chatt-program, men för e-post 
fungerar det bra. 

Ett sätt att göra jobbet enklare för routingprotokollet är om vi kan skicka 
paketet till den geografiska position där mottagaren befinner sig. Detta 
kräver att alla elektroniska apparater vet var de befinner sig, men med GPS-
mottagare i nästan varje apparat är detta oftast inget hinder. För att veta var 
mottagaren befinner sig behöver routingprotokollet ta hjälp av en 
lokalisationstjänst som kan förmedla denna information. 
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Vi har tagit fram ett routingptotokoll, LAROD, för geografisk routing i 
system med mobila noder där mobiliteten måste utnyttjas för att leverera 
paketen då systemet är partitionerat. För att kunna leverera information om 
var en mottagare befinner sig har vi tagit fram en lokaliseringstjänst, LoDiS. 
Då vi inte tror att det främst är du och jag som har behov av denna typ av 
routing (vi har ju tillgång till en infrastruktur), så har vi utvärderat dessa 
protokoll i ett militärt spaningsscenario. I spaningsscenariot har vi antagit 
att ett antal obemannade flygfarkoster (UAVer) samarbetar för att spana av 
ett visst område. När en UAV upptäcker något av intresse rapporterar den 
denna information till en annan UAV som kan agera på informationen. I 
våra utvärderingar av protokollen har vi sett att de fungerar väl och att 
informationen kommer dit den skall (även om det tar lite tid). 
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1 Introduction 
The sharing of information is vital for many tasks, and the faster information 
can be disseminated the sooner or better a task can be completed. With the 
prevalence of wireless technologies like GSM, 3G and Wi-Fi, information is 
often available anytime and anywhere. The limitation of these technologies 
is that they require an infrastructure of base stations or access points to 
function. In environments such as disaster areas, or in certain war zones, 
this type of infrastructure is generally not available, but information 
exchange is still desired. In these environments you commonly use long 
range radios that enable point-to-point communication. The problems with 
these systems are that they are often expensive, bulky and only provide low 
bandwidth communication. 

At the other end of the spectrum there are cheap, small, low power, high 
bandwidth, but short range radio technologies. If a lot of actors are 
equipped with this type of radios then they could automatically form a 
network and cooperate to forward messages for each other. These types of 
networks that are cooperatively formed and do not rely on any 
infrastructure are often called ad hoc networks. To create local ad hoc 
networks there exist technologies like Bluetooth [93] and ZigBee [112], but 
the creation of larger and highly dynamic ad hoc networks is still in the 
research domain. 

The study of routing in dynamic and infrastructure-free networks started in 
the field of mobile ad hoc networks (MANETs). A key assumption made in 
MANET routing is that any two nodes can always find a connected path to 
reach each other. Many MANET studies found that this assumption was not 
always valid and that a significant number of packets were lost in the 
network due to network partitions. About the same time other researchers 
were studying how information could be transferred in interplanetary 
networks (IPN) [39]. In these networks some of the communication links are 
only available during certain periods and in many cases a contemporaneous 
end-to-end path is never available. To cope with this they developed the 
concept of custodians where the responsibility of a data packet is transferred 
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between custodians. The problems addressed by the IPN research were also 
found in other challenged networks and the field of delay-tolerant networks 
(DTNs) was defined. The main characteristic of a DTN is that it generally 
takes a long time for information to reach its intended destination. The 
reasons for the delays may be long transfer latencies or infrequent 
communication contacts. This means such disparate networks as IPNs, 
wildlife tracking systems [52][90] and networking in rural communities 
[22][76] are all DTNs. In DTN routing research it is common to study 
systems where the nodes most of the time have no contact with other nodes, 
and where they only occasionally meet [94]. We call this type of DTN a 
solitary DTN. 

In this thesis we study networks that lie in the region between solitary DTNs 
and MANETS. We call this type of network intermittently connected 
MANET (IC-MANET). The characteristic of this network type is that nodes 
form connected clusters, within which MANET style routing is possible. To 
reach nodes that are located outside a cluster, DTN style routing is required. 
Due to the node mobility, the nodes that are part of a cluster constantly 
change. Figure 1 provides an illustration of how the node density affects the 
network type. This is a very simplified picture and it assumes that 
connectivity is improved with increased node density. Due to node 
aggregation at popular locations a network might never be fully connected, 
even if the average node density is very high. 

 

Figure 1. Network type related to node density. 

The communication performance in an IC-MANET is greatly affected by 
how the nodes move, which in turn determines the communication 
opportunities that exist in the system. For this reason it is important to use a 
relevant scenario when a routing protocol is evaluated. The main evaluation 
scenario in this thesis is a military reconnaissance mission where a group of 
unmanned aerial vehicles (UAVs) cooperate to fulfill the reconnaissance 
requirement. We have also used synthetic random mobility models as 
comparative references. 

Density 

Solitary DTN IC-MANET MANET 
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MANET research studies how to route data packets in a network of mobile 
nodes with wireless radios. A key assumption made by all MANET routing 
protocols is that there exists a contemporaneous end-to-end multi-hop path 
between any sender and receiver, and when such a path does not exist, they 
will fail to deliver messages. This does not mean that it is impossible to 
route messages in the absence of contemporaneous paths, only that other 
principles need to be used. 

In an IC-MANET the system is so sparse, or the nodes are moving in such a 
way, that there exists at least two clusters of nodes for which there is no 
contemporaneous path between the nodes in different clusters. Due to node 
mobility these clusters are not stable, but instead they constantly split and 
merge. To enable communication between nodes in different clusters 
messages alternate between multi-hop forwarding within a cluster, and 
storage until the clusters reform, and further forwarding becomes possible. 
A consequence of the relatively slower forwarding by node mobility 
compared to wireless forwards is that delivery times will be longer than if a 
contemporaneous end-to-end path existed. 

In most networks the responsibility for reliable transfer is placed on the 
source-destination pair, and network failures result in time-outs and 
resending of data from the source. In a DTN or an IC-MANET this end-to-
end reliability mechanism is not a suitable design choice since it relies on 
status exchanges between the source and destination, exchanges that take 
significant time in these environments. Instead, the network should 
guarantee that a message is reliably transferred to the destination. In DTNs 
this is normally done by transferring the messages between custodians 
where the custodians guarantee that messages are reliably moved between 
custodians until the destination is reached. Depending on the system either 
some or all of the nodes can act as custodians. 

When a packet is transmitted from the source the network might not know, 
and might not be able to determine, where the destination is located due to 
the disconnected nature of the system. The most straightforward method to 
send a packet to a node whose location is unknown, and where the best path 
to reach it is unknown, is to send it to all nodes in the network. This is done 
by Epidemic Routing [102]. The problem with this method is that it requires 
significant bandwidth and storage resources. The other extreme is to keep 
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the packet in the source node until the source node meets the destination 
node due to mobility as is done by Direct Transmission (no relaying) [94]. To 
be able to better guide a packet to the destination several routing protocols 
have been proposed that use historical encounter data to decide how to 
forward a packet. Examples are PRoPHET (v2) [31], SimBetTS [20], and 
BUBBLE [45]. 

Another alternative is to send a packet towards the position of the 
destination. This requires that all nodes are position-aware and that there 
exists a location service that can provide the position of the destination to 
the source. Two examples of protocols that perform geographical routing in 
intermittently connected MANETs are GeoSpray [91] and GeoDTN+Nav 
[16]. Neither of these two protocols provide any details on a suitable 
location service for IC-MANETs. Since the nodes in our scenario are 
location-aware, we have chosen to study the feasibility of geographic 
routing with a location service in IC-MANETs. J K R
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A key element affecting the performance of MANET and IC-MANET 
routing is how nodes move. Several MANET studies have shown that the 
node mobility affects the routing results [47][63][68][82][111]. A property we 
also have found to be true in the IC-MANETs we have studied. This means 
that a routing protocol should be evaluated in an environment that as close 
as possible resembles the environment it will be deployed in. If a routing 
protocol is intended for general use then it should be tested in several 
reasonable, but characteristically different, environments. 

Most routing protocols have been evaluated using abstract mobility models 
such as the random waypoint mobility model [50] or the random direction 
mobility model [84]. This class of mobility models has the benefit of a 
relatively simple description of the mobility logic. Additionally, some of the 
mobility models have attractive node distribution properties. The problem is 
of course that they are not particularly realistic. 

A method that can be used to obtain realistic mobility patterns is to use 
traces from actual node movements. The problem with real-world traces is 
that they are costly and difficult to obtain, and that many traces are required 
to achieve good statistical confidence in the evaluation of a routing protocol. 
Another limitation of real-world traces is that they are unable to provide 
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information on new types of mobility patterns. A practically more attractive 
option is to use a synthetic mobility model that models a real scenario. A 
synthetic mobility model can generate as many mobility traces as is required 
for the evaluations. Examples are the Dispatched Ambulance model by 
Schwamborn et al. [89], the traffic simulator TRANSIMS provided by the 
travel model improvement program [101], and trace based campus model 
by Kim et al. [56]. In this thesis we will mainly study a mobility model that 
describes the movement of UAVs in a reconnaissance mission. J K U
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At the time of writing several aerospace companies and universities are 
working on developing autonomous aerial vehicles. While they currently 
concentrate on autonomous control of a single or at most a few aircraft at a 
time, it is expected that the concept of swarming UAVs will be addressed in 
the future when autonomous control of a single UAV is solved. In the 
Unmanned Aircraft Systems Flight Plan 2009-2047 for the US Air Force [23] 
they envision swarming UAVs communicating with MANET technology. 

In this thesis we address some of the communication needs in a system of 
swarming UAVs. While our proposed routing algorithm can be used in 
other environments, it is the requirements of swarming UAVs that drives 
the design. As the main evaluation scenario we have chosen a 
reconnaissance mission in which a group of UAVs shall detect units on the 
ground by regularly scanning all parts of a specified area. Since it is 
probable that the units on the ground do not want to be detected by the 
UAVs there ought to be no apparent pattern to when a UAV scans a 
particular area. The same type of requirements can be found on the 
searching behavior in the FOPEN (Foliage Penetration) scenario reported in 
the work by Parunak et al. [74]. Since most mobility models used in MANET 
research are either synthetic [11] or based on human mobility 
[44][56][82][99] we have had to develop a mobility model for this scenario. 

Under a reasonable selection of node density and communication range the 
nodes moving under our mobility model will form an intermittently 
connected network. The challenge is then to route messages in a reliable 
manner while observing system resource limits, such as storage, power and 
wireless bandwidth, in the realistic mobility scenarios envisioned. Since 
UAVs are location-aware due to navigational requirements the positional 
knowledge can be used to perform geographic routing. For geographic 
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routing to work two elements are required, a routing protocol that routes a 
packet to the destination’s position, and a location service that keeps track of 
where the destination is. For the routing protocol we will explore the 
viability of beacon-less geographic routing. Beacons are regularly 
transmitted special messages that are used by many routing algorithms to 
determine a node’s neighbors. The reason to evaluate beacon-less routing is 
that beacons, as commonly used by routing protocols, have the following 
problems [36]: 

• They consume a lot of bandwidth. 

• The consume energy from nodes even if they are not performing any 
routing. 

• Beacon information may not accurately represent actual communication 
possibilities due to node mobility after beacon reception and due to 
fading. 

For the location service we need to find a system that can cope with the 
network disconnections and the limits this brings with regard to information 
spreading and the limited availability of low latency communication to other 
nodes. J K X
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The main contributions in this thesis are as follows. 

• A mobility model with distributed control for area reconnaissance 
applications. 

• A novel geographic routing algorithm for IC-MANETs. 

• A distributed location service for IC-MANETs. 

• A mathematical framework that efficiently estimates the routing 
performance of geographic routing algorithms in IC-MANETs.  

A distributed pheromone mobility model for reconnaissance applications 

To evaluate our proposed routing protocol we have used a military 
reconnaissance scenario. The objective in the scenario is for a group of UAVs 
to cooperatively and regularly scan an area to detect units on the ground. 
Since it is probable that the units on the ground do not want to be detected 
the UAVs should not move in a deterministic pattern. 
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To coordinate the UAVs we have designed a swarming inspired mobility 
model based on distributed pheromones. By using pheromones and 
localized search the UAVs are guided to areas not recently visited by other 
UAVs. When a UAV moves around it places pheromones on the areas it has 
scanned. Since it is not possible to place these pheromones in the 
environment, as it would be done in a natural system, the UAV places them 
in a local pheromone map. To share this pheromone information with the 
other UAVs each UAV regularly broadcasts a local area pheromone map. 
All UAVs that receive the broadcast merge this information into their own 
pheromone map. 

The distributed pheromone mobility results presented in this thesis extends 
the results presented in the following paper: 

Erik Kuiper, Simin Nadjm-Tehrani. Mobility Models for UAV Group 

Reconnaissance Applications. Proceedings of International Conference on Wireless 

and Mobile Communications. July 2006. IEEE 

A beacon-less geographic routing protocol for intermittently connected 

networks 

Most MANET and IC-MANET routing protocols use beacons to know who 
their neighbors are. While it is a quite simple and effective method, it has the 
problem of creating significant overhead. Additionally, the information 
gathered by beacons is always out of date to some extent. 

In this thesis we present location-aware routing for delay-tolerant networks 
(LAROD). LAROD forwards messages using greedy geographic routing 
without the use of beacons and employs the store-carry-forward principle 
when a message cannot be forwarded due to network partitions. 

LAROD was originally presented in: 

Erik Kuiper, Simin Nadjm-Tehrani, Geographical Routing in Intermittently 

Connected Ad Hoc Networks. The First IEEE International Workshop on 

Opportunistic Networking. March 2008. IEEE 

A location service for intermittently connected networks 

While there exists some other proposals regarding geographic routing in IC-
MANETs, we have not found any proposed location services. The problems 
with a location service in an IC-MANET are twofold. First, there is an issue 
with the fact that large parts of the system cannot get up-to-date information 
due to network partitioning. Secondly, one needs to deal with the fact that, 
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in the worst case, a source node is isolated in a cluster that only consists of 
the node itself. 

In this thesis we present the Location Dissemination Service (LoDiS). In 
LoDiS all nodes act as location servers and the location data is updated by 
data exchanges as nodes encounter each other. 

LoDiS is presented with an integrated version of LAROD in the following 
paper where the complete routing system is evaluated: 

Erik Kuiper, Simin Nadjm-Tehrani. Geographical Routing With Location Service in 

Intermittently Connected MANETs. IEEE Transactions on Vehicular Technology. 

Volume 60, Number 2, February 2011. IEEE 

A mathematical framework for geographic routing in IC-MANETs 

Simulation is a useful, but time consuming, tool to estimate routing 
performance. Moreover, packet level simulators with physical layer 
implementations close to reality, such as ns-2, commonly limit the network 
size to a couple of hundred nodes. To be able to determine the routing 
performance more efficiently in a new or large scenario a mathematical 
framework can be very useful. 

In this thesis we present a general mathematical framework, the forward-
wait framework, for the analysis of geographic routing protocols in IC-
MANETs. Within the framework the movement of a packet is characterized 
by a sequence of alternating forwarding and waiting phases. 

The mathematical model of geographic routing in IC-MANETs is previously 
presented in: 

Erik Kuiper, Simin Nadjm-Tehrani. Predicting the Performance of Geographic 

Delay-Tolerant Routing. Military Communications Conference (MILCOM). 2011. 

IEEE 

Erik Kuiper, Simin Nadjm-Tehrani, Di Yuan. A Framework for Performance 

Analysis of Geographic Delay-Tolerant Routing. Submitted for journal publication 
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This thesis is organized as follows. Chapter 2 presents other work relating to 
mobility models and routing in IC-MANETs. In Chapter 3 our distributed 
pheromone model is described and evaluated. In Chapter 4 the routing 
algorithm LAROD and the distributed location service LoDiS are described 
and evaluated. In Chapter 5 we present the forward-wait framework used to 
predict LAROD routing performance. Finally Chapter 6 presents our 
conclusions and ideas for future work. 
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2 Related Work 
This chapter gives an overview of the body of work the results in this thesis 
build upon, or is related to. We start by a presentation of routing in IC-
MANETs in Section 2.1 which is followed by location services in Section 2.2. 
We then continue with a presentation of routing models in Section 2.3. 
Finally we address node mobility and the impact of node density on 
connectivity in Sections 2.4 and 2.5. R K J

 \ � Y " ! ' �
Routing is about deciding which path a data packet shall use in a network in 
order to transport it from source to destination. In a fully connected 
MANET this means that the routing protocol shall select a set of nodes that 
can relay a packet from source to destination. Examples of well known 
MANET routing protocols are AODV [77], DSR [51] and GPSR [54]. In an 
IC-MANET environment the problem becomes more challenging since the 
availability of a contemporaneous end-to-end path cannot be assumed. 

Daly and Haahr have presented a list of routing challenges in IC-MANETs 
[19] (they call them disconnected delay-tolerant MANETs). They have 
grouped the main challenges into three groups; wireless communication, 
mobility and portability. The wireless communication challenge addresses 
issues such as the absence of a central management infrastructure, the 
problem of adjusting to variable node density, the limited bandwidth 
available, the high packet loss rate during transfers, and the possible 
presence of asymmetric links. The mobility challenge is concerned with the 
problems associated with node mobility, and then especially that the future 
mobility is unknown or difficult to predict. Issues the routing protocol has to 
handle regarding node mobility is the constant changing node topology, the 
variability of link durations, and the fact that all nodes will not be in the 
same connected component. The portability challenge discusses issues 
regarding the power and processing limits for small portable devices. In 
addition to the main challenges they also present some second tier 
challenges. Here they have placed the problem of low delivery probability, 
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the high end-to-end latency and poor quality of service support. All the 
challenges presented, except the portability challenges, are present in our 
system of UAVs, and will need to be addresses by our proposed routing 
protocol LAROD. 

To cope with the disconnections in DTNs and IC-MANETs Cerf et al. 
propose in RFC 4838 [13] an architecture for DTNs based on asynchronous 
messaging, where they use postal mail as a model of service classes and 
delivery semantics. The architecture is designed for heterogeneous networks 
that are subject to long delays and/or discontinuous end-to-end 
connectivity. The architecture is based on the following three assumptions: 

• That storage is available and well distributed throughout the network. 

• That storage is sufficiently persistent and robust to store data until 
forwarding can occur. 

• That the “store-and-forward” model is a better choice than attempting to 
effect continuous connectivity or other alternatives. 

Due to the long and unpredictable forwarding times in DTNs, end-to-end 
reliability methods like acknowledgements and timed out retransmissions 
are not suitable. To be able to offer reliable transfers in DTNs, RFC 4838 
presents the notion of custody transfer. In custody transfer a message is 
moved between custodians that take responsibility for reliable delivery of 
the message. In essence, the network guarantees that a message is not lost. 

Node mobility means that the network topology will constantly change and 
that nodes constantly come in contact with new nodes, and leave the 
communication range of others. In RFC 4838 Cerf et al. classify the contacts 
based on their predictability into scheduled, predicted, and opportunistic 
contacts. With scheduled contacts the nodes know when they will be able to 
communicate with a specific peer. If nodes can estimate likely meeting times 
or meeting frequencies you have a network with predicted contacts. If no 
information is available on node contacts then the contacts are 
opportunistic. In this thesis we will study routing in networks with 
opportunistic contacts. 

The architecture in RFC 4838 proposes that messages shall be transported in 
bundles between custodians where bundle management is assumed to be 
located above the transport layer. To address nodes in the system they 
propose to use Uniform Resource Identifier (URI) based endpoint 
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identifiers. This makes the architecture independent of networking 
addressing schemes, such as IP, used by the networks traversed by a 
bundle. 

Most IC-MANET routing protocols, including LAROD, assume IP style 
addressing, and not a large bundle management system over the transport 
layer. A proposal on how to practically use the ubiquitous IP in a delay-
tolerant setting is made by Krishnan in REDTIP [57]. REDTIP introduces a 
new differentiated services codepoint (DSCP) that identifies that a packet 
may be cached for extended periods. By this, routers can identify the 
packets that can be routed using DTN principles, and the applications can 
continue to use the well known IP mechanisms. 

An overview of different routing strategies in delay-tolerant networks can 
be found in Zhang’s survey [108]. ] ^ _ ^ _
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Routing in IC-MANETs with opportunistic contacts is challenging since 
contact times and durations are not known in advance. The challenge for the 
routing protocol is to determine if a packet shall be handed over to a peer or 
not when they meet. Factors that influence this decision are probability that 
the peer can move the packet closer to the destination, available buffer 
spaces in the two nodes, the perceived length of the contact window, and 
relative priority to forward this packet compared to other packets the node 
holds. If nodes are location aware then the relative position and direction of 
the nodes can be used to influence the forwarding decision. In this section 
we will present some location unaware delay-tolerant routing protocols 
starting with very simple designs, and the moving up to protocols that 
leverage the nodes encounter patterns. 

The most simple delay-tolerant routing protocol is Direct Transmission (no 
relaying) [94]. In this routing protocol the source keeps the packet until it 
encounters the destination. The direct opposite, but still very basic, is 
Epidemic Routing (ER) [102]. In ER all packets are distributed to all nodes in 
the network (or at least to a large subset of the nodes) giving a high cost in 
both transfer and storage overhead. When two nodes meet they exchange 
information on the messages stored in the nodes. Each node then decides on 
the messages it wants to receive and request these from the other node. If a 
node’s buffer space becomes full, it drops the oldest messages first to make 
place for new messages. A major problem with ER is that some messages 
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might not be transmitted in an overload situation since there is no 
prioritization regarding transmission, or drop order. Due to the epidemic 
spread of messages in ER the network will be overloaded even at relatively 
low data generation rates. To better handle transmission in an overload 
situation Ramanathan et al. have proposed prioritized epidemic routing 
(PREP) [79]. The addition PREP does to ER is that it prioritizes packets when 
it comes to transmission and deletion. By this it ensures that the packet that 
has the most to gain on being transferred gets transmitted first, and when a 
packet needs to be dropped the packet expected to suffer the least from 
being removed is dropped first. By these simple mechanisms PREP manages 
a good delivery ratio even when the network is overloaded. 

To limit the distribution cost of pure epidemic routing protocol, but still 
everage the mobility of several nodes, several limited epidemic protocols 
have been proposed. An example of such a protocol is Spray and Wait [97]. 
In Spray and Wait a packet is distributed to a limited number of nodes who 
hold on to the packet until they meet the destination. The recommended 
initial distribution method is to use binary spraying. When a node with 
more than one copy of the packet meets a node that has not seen the packet 
half of the copies are handed over to the new node. With Spray and Wait, a 
destination close to the source will probably receive the packet during the 
spraying phase. Destinations further away will have to wait until node 
mobility moves a node that has a copy of the packet within communication 
distance of the destination. For this reason the effectiveness of Spray and 
Wait heavily relies on the movement pattern of the nodes. If the nodes that 
carry the packet cover a large part of the network with their mobility, then it 
should be an effective protocol. To improve Spray and Wait Spyropoulos et 
al. [98] have suggested to only spray to nodes that are more likely to 
encounter the destination. Each node has then a utility value and only nodes 
with a good enough utility value will be selected for spraying. 

A major selling point for Spray and Wait is that it limits the number of times 
a data packet can be transmitted over the wireless medium, reducing the 
overhead. While this is true we have found in our evaluation in Section 4.3.5 
that there are other elements that affect the protocol performance. For this 
reason we do not agree with Spyropoulos et al. that Spray and Wait has a 
constant per packet overhead. As a leading non-geographic delay-tolerant 
routing scheme we have chosen Spray and Wait as a comparative baseline. 
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The above protocols have not leveraged the fact that an IC-MANET consist 
of clusters, where connected paths exists within a cluster. That these partial 
paths should be used by the routing protocol has been proven by Heimlisher 
et al. [34]. An example of such a hybrid MANET-DTN routing protocol is 
HYMAD [105]. HYMAD uses a DTN routing protocol between disjoint 
groups of nodes, and a MANET distance-vector protocol within a group. 
From a DTN routing perspective HYMAD treats groups as distributed 
nodes. In the current version of HYMAD Spray and Wait is chosen as the 
DTN routing protocol. What HYMAD shows is that by recognizing the 
locally connected components the routing performance can be improved. 

The previous protocols have essentially not made any assumptions 
regarding patterns in the node mobility. A routing protocol that uses the 
history of node encounters to influence the routing decisions is PRoPHET 
(v2) [31]. In PRoPHET each node maintains a delivery predictability metric 
to all other nodes. The metric is based on actual node encounters and also 
takes transitivity into account. When two nodes encounter each other, a 
copy of a message is handed over to the other node if its delivery 
predictability to the destination is better than that of the node holding the 
packet. 

If the nodes in the network exhibit social behaviors, then the routing 
protocol could leverage these social contact patterns. Two social DTN 
routing protocols are SimBetTS [20] and BUBBLE [45]. These protocols 
establish knowledge on groups (nodes that often interact) and highly social 
nodes (nodes that interact with many other nodes). Based on this 
information packets can be handed over to nodes that are more likely able to 
forward a packet towards the destination. Due to the unpredictable nature 
of opportunistic DTNs, both these protocols independently route a limited 
number of copies of each packet. ] ^ _ ^ ]
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If the nodes are location aware and the (approximate) location of the 
destination is known then the packets can be forwarded by geographic 
routing. For road-based scenarios there have been some proposals on 
geographic delay-tolerant routing protocols. One of the most basic of these 
protocols is motion vector (MoVe) [60]. In MoVe a message is handed over 
to a peer if, given their current directions, the peer is expected to come 
closer to the destination than the current custodian of the packet. To limit 
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the overhead MoVe uses a request-response mechanism. This means that 
only nodes holding a data message transmit HELLO messages. When 
another node hears a HELLO message it responds with a RESPONSE 
message. When a link is established using this exchange the nodes start to 
exchange information to determine if the message shall be handed over or 
not. 

If information exits regarding the probable route of a node, then this can be 
exploited by the routing protocol. A road-based system where the nodes 
(vehicles) use navigation aids is an example where this type of information 
is available. The path predicted by the navigation aid, and the knowledge of 
the road network, can be leveraged by the routing protocol. Examples of 
protocols that use this type of information are GeOpps [61], Predictive 
Graph Relay (PGR) [58], and GeoSpray [91]. All these evaluate the predicted 
routes of the vehicles and choose to hand over packets to a vehicle if it is 
predicted to come closer to the destination than the vehicle holding the 
packet. To further increase the possibilities of success, GeoSpray uses 
limited replication to explore different paths to the destination. 

A protocol that is designed for road-based IC-MANETs is GeoDTN+Nav 
[16]. To leverage the multi-hop paths in clusters, and also be able to route 
between clusters, GeoDTN+Nav has three forwarding modes. The main 
mode routes packets along roads between junctions. At a junction a packet 
is forwarded on the road whose direction leads towards the destination 
(greedy forwarding). When greedy forwarding is no longer possible, it uses 
perimeter forwarding. In the perimeter mode a switch score is calculated, 
and if it is beyond a certain threshold the protocol switches over to DTN 
mode. In DTN mode GeoDTN+Nav uses the route knowledge in different 
types of vehicles. Commuter busses have scheduled routes and taxis have 
known destinations where they will deliver their passengers. 

LAROD differs from the above protocols by not targeting road-based 
scenarios. Also, it does also not make any assumptions that information on 
future node movement is available. LAROD relies on greedy forwarding, 
and when that is not possible, it waits until node movement makes 
continued forwarding possible. 
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Opportunistic routing1 (OR) is about managing the impact of unreliable 
wireless transfers by utilizing the broadcast nature of wireless 
transmissions. In a traditional MANET routing protocol packets are sent 
using unicast transfers. If the delivery probability is low, then several 
attempts may be required before the next forwarder receives the packet. OR 
proposes that the broadcast nature of a wireless transmission shall be used 
by having multiple eligible forwards at each hop. At each wireless packet 
forward a set of nodes are selected as eligible forwarders, and the most 
suitable node from this set that received the packet shall continue to forward 
it. 

To illustrate the concept let us study a simple example. In Figure 2 the 
custodian could forward a packet to three other nodes. It would like to 
select node 3 since that would provide the most progress, but to increase the 
probability of progress node 1 should be chosen instead. If the routing 
protocol could accept that the selection of forwarding node was done after 
the packet transmission, the probability of moving a packet towards the 
destination would be much higher, in our example 93%2. If multiple 
forwarders receive a packet then an arbitration logic in the OR protocol 
selects the node to be the next forwarder. 

 

Figure 2. OR forwarding example 

OR protocols can be divided into two categories, link-state protocols and 
geographic protocols. In link-state protocols the nodes have some kind of 
information about their neighbors and the probability of reaching them, and 
often also information on the complete network layout. For this reason the 

                                                        

1
 Note that opportunistic routing is not related to opportunistic DTN node contacts. 

2
 The probability to take one of the paths is the inverse of the probability that no forward is 

successful, or 1 – (1-0.8)·(1-0.5)·(1-0.7) = 0.93 
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link-state protocols are most suitable for networks with static nodes, 
sometimes called mesh networks. A good survey and description of link-
state OR protocols can be found in the survey by Bruno and Nurchis [9]. 
Gazoni et al. [30] provide an analysis of how to select forwarders based on 
the link forwarding probability. 

Geographic OR protocols were generally developed before the term OR was 
coined and one of their goals was to remove the costs and problems 
surrounding beaconing. Since LAROD builds on this protocol class they are 
more thoroughly described in the next section. ] ^ _ ^ h
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Most routing protocols require knowledge of a node’s neighbors to make 
their routing decisions, a knowledge that is difficult and costly to maintain 
in a dynamic environment. Neighbor information is generally gathered by 
the use of beacons, messages broadcast regularly that will be heard by all 
nodes within communication range. Heissenbüttel et al. [36] describe the 
problems with beacons, and the main issues are as follows. 

• Energy is consumed to transmit, receive and process the beacons. 

• The beacons interfere with data transmissions. 

• Neighbor information can be inaccurate due to node mobility. 

The main problem with inaccurate neighbor information is that 
transmissions are attempted to nodes that have moved out of range, which 
cost a lot of energy and bandwidth. To overcome the problems with beacons 
several beacon-less routing protocols have been proposed in the context of 
MANETs. Examples are: 

• Beacon-less routing (BLR) [35]  

• Implicit geographical forwarding (IGF) [6] 

• Geographic random forwarding (GeRaF) [113][114] 

• Contention-based forwarding (CBF) [27] 

• Priority-based stateless geographical routing (PSGR) [107] 

• Guaranteed delivery beacon-less forwarding (GDBF) [15]  

• Blind geographic routing (BGR) [106] 

All these protocols are geographic OR protocols that select the next 
forwarder using timers that are set based on relative node positions. When a 
data packet shall be forwarded the data packet, or a RTS packet, is sent 
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(protocol dependent). Nodes within a defined forwarding area are eligible 
forwarders. When an eligible forwarder receives the packet they set a timer 
based on how good they are as forwarders, where the best forwarder gets 
the shortest time. When a timer expires the node either broadcasts the data 
packet or a clear to send (CTS). The other eligible forwarders that overhear 
such a transmission generally abort their timer. 

The protocols use one of two transfer principles. They either use a RTS/CTS 
exchange followed by an acknowledged point-to-point data message 
transfer (IGF, PSGR, GDBF), or the data message is broadcast, and 
successful transfer is acknowledged upon previous holder overhearing the 
forwarder rebroadcast the message (BLR, CBF, BGR). GeRaF does not model 
the transmission layer and can use both principles. The rationale for 
choosing either method is not discussed in any of the papers. An argument 
for using the RTS/CTS is that the RTS and CTS messages are relatively 
short, making it possible to transmit the (long) data message using a point-
to-point transfer with reliability mechanisms such as acknowledgements and 
resending. An argument for directly sending the data message is that the 
RTS/CTS sequence consumes relatively much bandwidth compared to the 
data packet due to message spacing times in the MAC protocol. 

The forwarding area used is often of limited size so that all nodes in the area 
can hear the transmissions of all other nodes in the area assuming a constant 
radio range. Commonly used shapes of the forwarding area are a 60º circle 
sector, a Reuleaux triangle or a circle (see Figure 3a-c). The longest distance 
for all the shapes is normally the assumed communication distance. BLR, 
IGF, CBF and BGR use these types of forwarding areas. 

Custodian

Sector
(a)

Custodian

Reuleaux
(b)

Custodian

Circle
(c)

Custodian

Progress
(d)

 
Figure 3. Forwarding areas. 

In GeRaF, PSGR and GDBF all nodes that provide progress are eligible 
forwarders (see Figure 3d). The fact that overhearing between all nodes is 
not possible is treated differently by the protocols. GeRaF has not dealt with 
the issue since it is only simulated using a high level simulator. GDBF 
assumes that overhearing the CTS sent by the forwarder and data packet 
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sent by the holder is enough. PSGR treats collisions between CTS packets in 
great detail and tries to ensure that no collisions between CTS packets occur. 

The different protocols use different criteria for the characteristics of a good 
forwarding node. CBF, GeRaF, PSGR, GDBF and BGR all prioritize long 
steps, that is the forwarder should be as close to the destination as possible. 
BLR on the other hand prioritizes short steps. The reason for this is that BLR 
alternates between finding a path (and transmitting the first packet) using a 
geographic beacon-less strategy, and sending packets through the found 
path using point-to-point transfers. If the nodes can adjust their 
transmission power to the minimum required to make a reliable transfer 
then short hops consume less system bandwidth than long hops. IGF 
considers both the power available in the nodes and the progress made. 
With equal energy nodes closer to the destination are selected, but as energy 
is depleted the timer is increased which means that nodes with low energy 
are less likely to be selected as forwarders. 

All protocols acknowledge that the forwarding area can be empty and that a 
recovery mechanism is required. Proposed solutions are face routing (BLR, 
PSGR), moving the forwarding area (IGF, BGR), and wait and try later 
(PSGR). 

When LAROD is presented in Section 4.1 we will see that it builds upon the 
foundations laid by this class of routing protocols R K R
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For a geographic routing protocol to be successful it must be able to acquire 
the position of the destination. This information is provided to the routing 
protocol by a location service. There is a substantial body of research 
treating location services for MANETs (see the survey by Das et al. [21]), but 
as indicated by the lack of location services used by the geographic delay-
tolerant routing protocols presented in Section 2.1.2, this is not the case for 
IC-MANETs. In this section we will provide an overview of the principles 
used for location services in MANETs and discuss why most of them are not 
directly transferrable to an IC-MANET. 

For connected MANETs there have been several suggestions for location 
services ranging from simple flooding based services to hierarchical 
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services. These location services can be classified according to a taxonomy 
based on how location servers are selected and queried by Das et al. [21]3 
(see Figure 4). A major difference between the flooding-based location 
services and the mapping-based services are the number of nodes acting as 
location servers. In the mapping-based services a subset of the nodes in the 
system act as location servers, and location information requests have to be 
routed to one of these nodes. In the flooding-based services all nodes act as 
location servers. 

 

Figure 4. A taxonomy of location services 

If we study the architectural concepts used by the location services from a 
delay-tolerant perspective we will see that most concepts will have 
significant problems when full network connectivity is not available. For a 
mapping-based service the problem is that the node requesting location 
information needs to access at least one node in the set of nodes acting as 
location servers for the destination node. Since we cannot assume that at 
least one of the location servers is in the same cluster as the source node, the 
location request will take a significant amount of time to be answered. This 
delay will directly impact the delivery time of the packet since it cannot be 
forwarded until the location request is answered. An additional problem 
with the mapping-based location services is that they define an area or point 
where the location server for a specific node shall be located. If the current 
location server moves away from this area then it shall hand over the 

                                                        

3
 Das et al. [21] called the mapping-based group rendezvous-based, but since rendezvous 

indicates that two tasks meet in time, which is not the case here, we have renamed the group to 
mapping-based. 

Location Services 

Flooding-based Mapping-based 

Proactive Reactive Quorum-based 

Hierarchical Flat 

Hashing-based 



22 CHAPTER 2 

 

information to another node within the area. Due to the low node density of 
an IC-MANET, it might not be possible to find a node that can take over the 
responsibility as location server. 

In the flooding-based services there is no delay for reaching the location 
service since it is located in the source node, but the time to acquire the 
location information differs significantly between proactive and reactive 
services. A reactive location service first tries to obtain the position of the 
destination when it is requested. If the information is not available in the 
local cache, then the location server broadcasts an information request over 
the network. Due to the disconnected nature of the network there will be 
similar problems with delays as for the mapping-based location services. A 
proactive location service, on the other hand, continuously distributes the 
position of all nodes in the network which means that location information 
will be available immediately when needed in the source node. The problem 
with this system-wide distribution of location information is that it can 
consume large amounts of system resources if not properly designed. Two 
location services with very different proactive elements are the DREAM 
Location Service (DLS) [5][12] and the Simple Location Service (SLS) [12]. In 
DLS a node broadcasts its position to nearby nodes at a given rate, and to 
nodes further away at a lower rate. The rates depend on a node’s speed, but 
a minimum rate is guaranteed if a node moves very slowly or not at all. In 
SLS, on the other hand, location data is only exchanged between neighbors. 
By exchanging location tables between neighbors communication is kept 
local while permitting the location data to be globally distributed in the 
system. To not retain inaccurate location data in their location tables both 
DLS and SLS have a time out after which the location data on a node is 
removed. To be able to provide a location for nodes not present in their 
location table both DLS and SLS have a reactive component that inquires a 
node location by broadcasting a request if the required location data is not 
available in the source node. As discussed earlier these system wide 
broadcasts are problematic in an IC-MANET. 

A flooding-based location service with elements similar to parts of LAROD-
LoDiS is Brownian Gossip [17]. As for SLS, location information is only 
exchanged between neighbors, but contrary to SLS the location data is not 
directly used to serve location requests from the routing protocol. Instead, 
when a location is requested from the Brownian Gossip location server, the 
stored location data is used to guide location queries used to establish the 
precise position of the requested node. The reason it does this is that 
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Brownian Gossip acknowledges that the stored location data is generally 
inaccurate, but that it can be used by a query process to find the current 
location of the requested node. When the Brownian Gossip location service 
receives a location information request is sends out a context dependent 
number of location queries in different directions to establish the position of 
the destination node. These requests are guided towards the requested node 
using the (more or less stale) location data stored in the nodes that route the 
location request packets. As nodes closer to the destination should have 
fresher and more accurate information on the requested destination’s 
location, a location request is gradually routed towards the current position 
of the destination. When it is reached, the reply is sent to the requester using 
geographic routing. While Brownian Gossip requires a fully connected 
network to function, we have used the principle of how location requests are 
routed by continuous refinement of the destination’s position when routing 
data packets with LAROD-LoDiS. 

We believe that to minimize routing delays in an IC-MANET, all nodes need 
to have a location service that has data about the location of all other nodes 
in the system. Due to the disconnected nature of IC-MANETs this 
information might be old for some nodes, but as we will show in the 
evaluations, even inaccurate data can be used successfully with a proper 
design of the routing protocol. We will base LoDiS on the proactive element 
of SLS and Brownian Gossip, and modify the concept as required to meet 
the demands of an IC-MANET environment. R K U
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The most common method to model and evaluate ad hoc routing is to use 
packet level simulators. While quite straightforward and easy to implement, 
the simulators often require significant computing resources to provide the 
routing results. Additionally the packet level simulators cannot easily 
provide all the answers we are looking for. To overcome these two 
limitations, it is highly desirable to have a mathematically grounded model 
describing a routing protocol and the environment in which it shall operate. 

Models are by their nature an abstraction of the items they describe, and for 
this reason the purpose of a model will affect its design. Also, in most cases 
a single model will not be able to provide insights into all interesting system 
properties. Routing properties that we might want to explore using models 
are packet delivery ratio, routing overhead, impact of node mobility on 
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routing, network hotspots and buffer occupancy. One aspect that influences 
the model design is the network connectivity. Let us illustrate this by three 
typical connectivity scenarios; full connectivity, solitary nodes and aa IC-
MANET. 

In a network with full connectivity, a typical MANET assumption, there 
always exists a path between any two nodes, and a delivery ratio of 100% 
should be possible unless an overload situation exists. Simulation studies of 
routing protocols in fully connected networks do not generally yield a 100% 
delivery ratio, and the question is then why. Aspects that a model could 
describe are packet losses and why they occur. Due to the complex nature of 
MANETs there are no proposed models that try to describe every aspect of 
the system behavior, but there are models describing some aspects of the 
system. Examples of aspects modeled are route duration modeling by 
Pascone-Chalke et al. [75], and routing overhead and route optimality by 
Saleem et al. [85]. Since this thesis discusses routing in IC-MANETs these 
MANET results are not relevant to our modeling goals for IC-MANETs. 

In a system of solitary nodes, that is where a node most of the time does not 
have a neighbor, the routing opportunities are to a large extent determined 
by the encounter pattern of the nodes. In this type of system a model could 
describe the encounter properties, and based on these properties the routing 
in the system can be analyzed. These encounter properties are often 
described by an inter-contact time (ICT), which it is a common model used 
in DTN research [32][90][94][95]. Later in this section we will discuss the 
ICT in more detail. 

In an IC-MANET, where contemporaneous paths only can be established 
within clusters, a model both needs to describe the routing within the 
clusters, and the node movement that enables routing of packets between 
nodes in different clusters. The ICT model can be used to describe the 
forwarding delay when a custodian stores a packet until node movement 
presents it with a suitable new forwarder. The ICT model on the other hand, 
is not designed to describe the routing opportunities within a cluster. In 
Chapter 1 we will propose the forward-wait framework for modeling 
geographic routing in IC-MANETs. 
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The ICT model describes the time between node encounters using various 
ICT metrics. The two most commonly used metrics are inter-meeting time, 
and next encounter time. The inter-meeting time is the time between 
encounters of two specified nodes, and the next encounter time specifies 
when a node next encounters any other node. It is very common to 
characterize these encounter times using exponentially distributed random 
variables. It has been shown that assuming exponential distributions is 
indeed a reasonable choice for several popular synthetic mobility models 
[48][96]. Examples of analyses using exponential distributions are those by 
Spyropolous et al. [94], Small and Haas [90], Groenevelt et al. [32], and Resta 
and Santi [81]. 

The exponential distribution has been contended by Chantreau et al. [14] in 
a study of actual encounter data from humans carrying mobile devices. 
They have found that the encounter distributions exhibit a power law 
distribution with a coefficient less than one. The work has been continued by 
Karagiannis et al. [53]. They showed that the power law distribution is only 
valid up to a certain time, after which the distribution decays exponentially. 
The power law distribution with exponentially decaying tail can also be 
found in some synthetic mobility models [10][40][53]. Another perspective 
on the ICT distributions comes from Zhang et al. [109] who have studied 
encounter properties in a network of scheduled buses. One important 
observation they made was that the delivery delays between bus pairs can 
differ quite significantly. The forward-wait framework presented in Section 
5.1 has a waiting component similar to the delay distributions used in ICT 
analyses, and for our illustrative scenario we have found that the waiting 
distribution has an exponentially decaying tail.  

An extension of the ICT model has been presented by Resta and Santi [81]. 
In their framework they compute the distribution of the packet delivery 
delay, not only the expected mean. While this is a result similar to the one 
we present, their analysis is limited to very sparse systems where the ICT 
model assumptions hold. An additional characteristic of their framework is 
that they analyze monotone relaying schemes. That is, once a node has 
received a copy of the packet it will keep a copy, until a copy of the packet 
reaches the destination. 
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Due to the discrete nature of the ICT model, its application in large systems 
is computationally complex. To overcome this problem Zhang et al. [110] 
have proposed to model the routing using ordinary differential equations, 
and Altman et al. [2] have proposed to describe packet spreading among 
nodes using a fluid model. Both approaches study epidemic and limited 
epidemic schemes. This means that, for a single-copy routing protocol, such 
as the one we consider, these models are not suitable. Additionally, our 
approach is to provide the option to use a detailed analysis of small-scale 
scenarios as a foundation to enable the analysis of large systems. 

The previously presented modeling approaches have answered the question 
of how long time it takes until a packet reaches a randomly chosen 
destination, not how far it has travelled from its original position, which is 
essentially a geographic attribute. For the latter, Jacquet et al. [46] have 
presented an upper bound on the information propagation speed in very 
sparse networks. In the environment we study the network density is 
significantly higher, which means that we cannot use their analysis 
approach. 

The assumption of a sparse network is, in fact, a major limitation of the 
previously described models. By the assumption, connected groups of nodes 
do not need to be taken into account. If the node movements and node 
density are such that nodes normally do have neighbors, then these models 
are not appropriate. A concept that accounts for node clustering and non-
uniform node mobility is delay expansion, introduced by Asplund [4]. Delay 
expansion enables us to determine bounds on worst-case latency for a wide 
class of broadcast protocols. The key idea is to describe the least number of 
uninformed nodes that will meet an informed node during the time period 
of interest. By having the number of informed nodes as a function 
parameter, non-uniform mobility can be handled. However, the results in [4] 
are not directly applicable to unicast routing. 
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In the best of worlds the evaluation of routing protocols can be done in a 
real environment that is representative of the environment the routing 
protocol shall be used in. Due to the prohibitively high costs associated with 
real-world tests most evaluations are instead done using simulations. When 
evaluating a routing protocol in a simulator it is important to accurately 
describe the environment of the system. For many simulators a key 
component in this description is a model describing how the nodes move. 
Based on the node positions and environmental factors the simulator can 
determine the nodes that will receive a transmitted packet. Results from 
MANET research have shown that the node mobility greatly influences the 
routing performance [47][63][68][82][111]. These conclusions will be 
corroborated by this thesis. 

The creation of a realistic mobility model is not a simple task. For this reason 
MANET routing research has generally used simple synthetic models 
describing the node movement. Instead of using a model to describe the 
mobility, trace data from real applications can be used in the evaluations. 
The problems we have with this solution is that the trace only represents one 
possible movement pattern and that trace data for the scenario we would 
like to study (like a catastrophe or military maneuver) might be hard or 
impossible to collect. To be able to statistically verify a routing protocol, 
more data is generally needed than traces can give. To provide this, a 
mobility model is needed that can generate traces with the same properties 
as real collected traces would have. Such a model can then generate as many 
traces as needed, providing statistical diversity while still maintaining 
realistic properties. Any mobility model claiming to model real-world 
mobility should be verified against real-world traces as done by Kim et al. 
[56] and Zhang et al. [109]. 

Another aspect of mobility models is if they are intended to be descriptive 
or prescriptive. A descriptive mobility model tries to describe how nodes 
move in some kind of environment. A prescriptive mobility model on the 
other hand describes how a node shall move. The main difference between 
the two types is how they are verified. A descriptive model needs to be 
verified against the real mobility it tries to describe. A prescriptive model on 
the other hand needs to be verified against what the nodes try to achieve 
with their mobility. 
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To resemble real-world behavior, mobility models can be designed based on 
observed real-world movement. Researchers have essentially used three 
types of mobility information to create mobility models based on real-world 
data. 

• Actual node movement 

• Node connections 

• Node connections to a base station 

To be able to create a mobility model based on observed behavior the 
system to be described must actually exist. If that is not the case, then 
synthetic modeling is the only option. All the mobility models used in our 
evaluations are synthetic since the application of large swarms of UAVs 
performing a reconnaissance mission does not exist. This section, describing 
real-world mobility models, is present in this thesis to give the reader an 
appreciation of the difficulty of gathering, and using, real-world data. 

Due to the cost and difficulty of collecting traces, the available trace data 
will generally not be enough to with good confidence evaluate a routing 
protocol. For this reason it is generally recommended to build a synthetic 
model based on trace data. The model can then generate an infinite number 
of traces with the same statistical mobility properties as the real-world 
system. A survey on trace-based mobility modeling is provided by 
Aschenbruck at al. [3]. ] ^ h ^ _ ^ _
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The best traces are those that collect actual node mobility. Unfortunately 
these are very difficult and expensive to collect since a large number of 
nodes need to be equipped with position tracing equipment. Practically 
position-based data collection is limited to using satellite positioning service, 
such as GPS, and these services are limited to outdoor use only. In addition 
to the collection problems there are privacy issues. Many persons are 
concerned that data collected on their whereabouts will expose information 
on their activities that they do not want to make publically available. These 
are reasons why the large scale traces available for research is not from 
human mobility, but instead from transport systems and animal movement 
[3]. 
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Instead of collecting node positions it is generally easier to collect node 
contact information. As with collecting position based traces all nodes need 
to be equipped with measuring devices, but instead of measuring where a 
node is, the times at which nodes are in communication range are measured. 
From these traces it is generally not possible to create a mobility model in 
the Euclidian space, but instead an inter-contact model is created. The 
limitation of such a model is that radio interference is generally difficult to 
represent in simulations using inter-contact models. 

Examples of collected contact traces are the studies by Su et al. [99], Hui et 
al. [44][14] and Galati and Greenhalgh [28]. All groups recorded the inter-
contact times (ICTs) of humans carrying specially prepared Bluetooth 
devices. The traces were collected from ten to fifty persons. A consequence 
of the small populations in the traces is that the routing options are much 
more limited than if a larger population would have been used. Su et al. 
performed some routing experiments on the collected traces. They got a 
median latency of just under three days with a delivery ratio of 86% with 
epidemic routing. For most practical applications these results are not good 
enough, but the authors expect that the results would be vastly improved 
with a larger population, that is a denser network. 

Hui et al. found that the inter-contact times exhibited a power law 
distribution with a coefficient of less than one. Analyzing what a power law 
distribution meant for routing they found that with a coefficient of less than 
one all naive routing algorithms (including epidemic routing) had an infinite 
expected delay. Since normally used mobility models like random waypoint 
do not exhibit this type of ICTs, there is a need to investigate routing 
performance under this type of mobility. 

Galati and Greenhalgh made their study in a shopping mall environment 
where employees carried the Bluetooth devices. A main observation in their 
study is the different ICT data between pairs of employees and between 
employees and customers. As employees work in a limited area during the 
day they tend to regularly meet other employees during working days 
producing relatively short ICTs. Customers on the other hand produce 
longer ICTs since they only visit the shopping mall for about one hour each 
time and there might be days between their visits. While the data cannot 
show longer term ICTs than the 6 day experiment period it clearly illustrates 
that different classes of nodes have different ICT properties. 
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An interesting comment on the impact of using Bluetooth to measure node 
contacts can be found in a paper by Helgason et al. [37]. They used a 
commercial pedestrian simulator to provide node contact information. 
When they added a simulated Bluetooth radio model, and only recorded the 
Bluetooth contacts, the number of discovered contacts was reduced by 
several orders of magnitude. This shows that the measurement technology 
impacts the captured data, and that care should be taken when connection 
based traces are used in routing evaluations. 

Since position-based traces are preferable over contact-based traces when a 
routing protocol shall be evaluated, Withbeck et al. [104] have proposed a 
methodology to infer a plausible node mobility description from contact 
traces. By defining a set of forces that affect a node, node mobility can be 
obtained. Provided that the positions of some nodes are known the model 
can reasonably accurately predict the location of the other nodes. 

A proposal on how to create a model that shall reflect the properties of a 
trace is provided by Scherrer et al. [88]. Their model does not provide node 
locations, it only provides node connectivity data. They model the 
probability that a link between two nodes shall change state (from up to 
down, or down to up).  ] ^ h ^ _ ^ f
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In networks with base stations the connection and disconnections of nodes 
to the base stations can be measured. The advantage compared to the two 
previously presented methods is that the nodes do not need any 
instrumentation and the connection information is normally collected by the 
base stations by default. The disadvantage is that only approximate node 
location and no node inter-contact information is available. Two publicly 
available data sets from Wi-Fi base stations are from UCSD [64] and 
Dartmouth College [38]. 

Song et al. [92] have used the Dartmouth traces to create a connection trace 
with the assumption that all nodes connected to a base station can 
communicate with each other, but with no other nodes. This is a very rough 
model since it does not take interference into account and it makes very 
simplifying assumption regarding the nodes that can communicate with 
each other. Two nodes connected to the same base station might not be able 
to communicate if they are located at opposite ends, and two nodes 
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connected to different base stations should be able to communicate if the 
nodes are located close to each other.  

If the locations of the base stations are known and if some node movement 
properties are known then a mobility model from the base station traces can 
be created. Kim et al. [56] have used traces from Wi-Fi phone users at the 
Dartmouth College to create a mobility model for these users. Combining 
syslog data from the base stations and with the knowledge of the locations 
of the base stations they created a mobility model for Wi-Fi phone users. The 
model was validated against walks from users holding both a phone and a 
GPS receiver. ] ^ h ^ ]
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Since it is difficult, costly, and not always possible to obtain real-world 
mobility traces from which mobility models can be created, researchers have 
developed synthetic mobility models. These models range from the very 
abstract random waypoint mobility model [50] to more realistic node 
movement like the obstacle mobility model [72] and vehicular mobility 
[101]. Many of the used mobility models are entity mobility models which 
mean that the nodes move independently. In reality the decision by a node 
about how to move is often influenced by other nodes. This fact has made 
people design mobility models like the reference point group mobility 
model [41] and pheromone based models like the ones suggested by Sauter 
et al. [87]. 

An extensive description of mobility models for MANET research can be 
found in the book “Handbook of Mobile Ad Hoc Networks for Mobility 
Models” by Roy [83]. In the following subsection some synthetic mobility 
models are described that have been used in the evaluations, or influenced 
the mobility models used in this thesis. ] ^ h ^ ] ^ _
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The most widely used mobility model is MANET research is the random 
waypoint mobility model [50]. In the random waypoint mobility model a 
node randomly selects a destination and speed, and then moves in a straight 
line towards the selected destination. When the destination is reached the 
node optionally pauses for some random time until the process is restarted. 
The random values used are normally drawn from rectangular distributions. 
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The simplicity of the model, and its widespread use, are reasons it has 
maintained its popularity, but there are some issues a user of the model 
needs to be aware of. These are that the node distribution and mode speeds 
are not uniformly distributed. Navidi and Camp [69] have shown that the 
stationary distribution is according to Equation (2.1) with terms according to 
Table 1, assuming a rectangular simulation area of unit size, no pause times 
and rectangular distributions in selecting speed and destination. The node 
speeds are not uniform either, but instead distributed according to Equation 
(2.2) with the same assumptions. 
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Table 1. Random waypoint parameters 

Parameter Description 

x1, x2 ,y1 ,y2 Path end points. 
k Constant to get a total density of 1. 
s Node speed. 
v0 Node minimum speed. 
v1 Node maximum speed. 
 

The use of a distribution, other than the stationary distribution, to initialize 
the system means that the statistical mobility properties will continuously 
change until the steady state distribution is reached. The consequence is 
then that simulation results obtained from the beginning of a simulation will 
be different compared to results obtained late in the simulation. Navidi and 
Camp [69] have also derived expressions for the speed and x- and y-
coordinates with pausing. Due to its common use we have used the random 
waypoint mobility model as a comparative reference. } ~ � ~ } ~ }
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To address some of the weaknesses of the random waypoint mobility model 
Royer et al. developed the random direction mobility model [84]. In the 
random direction mobility model nodes move in straight lines until they hit 
the edge of the simulation area. When at an edge the nodes optionally pause 
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for some random time until a new random direction and speed is chosen, 
and the node starts to move until it hits an edge again. We have used the 
random direction as a comparative baseline to our proposed pheromone 
reconnaissance mobility model. } ~ � ~ } ~ �
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The most commonly used synthetic mobility models are memory less, that is 
current speed and direction and historical information on node movement is 
not used when node movement is changed at a movement update point. The 
Gauss-Markov mobility model [11][100] updates the node speed and 
direction at a fixed interval where the current speed and direction is an 
input. The controlling equations for a two-dimensional Gauss-Markov 
mobility model where speed and direction is set independently is provided 
in Equations (2.3) and (2.4).  Table 2 defines the parameters used in the 
equations. The next speed and direction is a combination of the previous 
value, a mean, and a stochastic element. The relative influence of the 
different components is controlled by � , the memory level. 
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Table 2. Gauss-Markov parameters. 

Parameter Description 

ns  Speed at step n. 

s  Average speed. 

xs  Random variable from a Gaussian distribution 
with a mean of zero. 

nd  Direction at step n. 

d  Average direction. 

xd  Random variable from a Gaussian distribution 
with a mean of zero. 

α  Memory level. 10 ≤≤ α  
 

There is nothing in the basic controlling equations that enforces a node to 
stay within a bounded area. The mechanism described by Camp et al. [11] is 
to update the mean direction according to Figure 5 when a node approaches 
the edge of the bounded area. The principle of regular updates influenced by 
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previous actions is used in our proposed pheromone reconnaissance 
mobility model. 

 

Figure 5. Change of average direction near the edges. � � � � � � �
 � � � � � � � � � � � � � �   � ¡ � ¢ � £ ¤

The objective of military reconnaissance is to gather information on the 
enemy forces and the environment. In this thesis we limit ourselves to aerial 
reconnaissance where multiple aircraft cooperate to gather intelligence on 
enemy positions and movement in a specified area. The question we ask 
ourselves is then how to cooperate efficiently. 

In his report on UAV swarming [18] Clough states that “stupid things 
swarm, smart things team”. While we have the capability to codify relatively 
complex behaviors in autonomous computer controlled vehicles, it might be 
a stretch to call them smart. In addition to the relatively simple task of 
describing the actions of swarming vehicles, swarms are generally robust to 
attrition. On the downside, the behavior of the swarm is non-deterministic, 
and swarms are less efficient than teams. Due to the simplicity of describing 
node actions, and the robustness to attrition, we have chosen a swarming 
approach to solve the reconnaissance task. 

One approach of using multiple UAVs for reconnaissance in a systematic 
search is proposed by Vincent and Rubin [103]. They propose that the UAVs 
form a line formation and systematically sweep the surveyed area (see 
Figure 6). In order to avoid missing the moving targets the successive 
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sweeps will need to overlap. While their proposed solution is easy to 
comprehend and analyze they make some assumptions that might limit its 
usefulness. 

• When a UAV passes over a target detection probability is 100% 

• The scan overlap should be modest compared to the line length 

• The target only moves within the scanned area 

 

Figure 6. UAV line scanning. 

Pack et al. [71] present a scenario where a group of UAVs shall locate mobile 
targets by detecting their intermittent radio transmissions. This means that a 
target can be missed when a UAV scans the area it is in, if it is not 
transmitting during the scan. For this reason revisits to previously scanned 
areas are required. The data used to guide the UAVs is a local history map, 
the distance to search area boundaries, the distance to other UAVs and the 
cost of maneuvering. This data structure is similar to the history map used 
by our proposed reconnaissance mobility model. � � � � � � ¥
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Some swarming insects like ants use pheromones to coordinate the actions 
of the individuals in the swarm. This simple communication mechanism, 
coupled with some simple behavioral rules can produce rather complex 

First scan 

Second scan 
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emergent behaviors. The viability of using pheromone logic for mechanical 
systems has been shown by simulation and practical tests [29][74][87], and 
we will base our proposed reconnaissance mobility model on coordination 
using pheromones. 

Sauter et al. [87] show by simulation that pheromone logic can be used for 
several types of surveillance, target acquisition, and tracking scenarios. In 
addition to the simulations, they have also shown that the algorithms work 
in a practical environment. To guide the vehicles several types of 
pheromones are used, both repulsive and attractive. Repulsive pheromones 
will make a vehicle avoid an area, whereas attractive pheromones will 
encourage vehicles to come to an area. For the basic surveillance scenario 
two types of pheromones are used, one repulsive and one attractive. In their 
scenario the area to be surveyed generates attractive pheromones. When an 
area is visited the attractive pheromones are removed and no new 
pheromones are generated for some set time. To avoid that two vehicles try 
to survey the same area a vehicle places repulsive pheromones in the next 
place it will visit. The pheromones placed diffuse, that is spread in the local 
environment. This creates pheromone gradients that the vehicles use to 
guide their movement. To enable repeated surveillance of an area the placed 
pheromones evaporate over time. 

There are two main issues with their model. The first is that there seems to 
be a global pheromone map that all agents can access. This might closely 
simulate the real-life insect pheromone systems, but in a mechanical system 
where pheromones need to be placed in a virtual map this means that there 
is a central node managing the map. This design makes the system sensitive 
to the failure of that node, and all vehicles require good communication to 
this node. Another issue is that they do not discuss how a vehicle 
determines where to go. That it is based on the pheromone map is clear, but 
the areas evaluated in order to select where to go are not described. 

Parunak et al. [74] propose two approaches to perform target localization 
and imaging. In the entity (individualistic) approach the UAVs use offline 
determined paths to guide their movement. In the group (team) approach 
visitation pheromones are used to deter UAVs from approaching areas 
recently visited. To produce a distributed and robust solution each vehicle 
maintains its own pheromone map. When a UAV passes through an area it 
updates its internal map and broadcasts its position, which makes it possible 
for all UAVs within communication range to update their maps. When a 
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UAV shall decide on its movement, it randomly selects a location, where the 
probability is inversely proportional to the distance to the location and the 
pheromone concentration in the location. Unfortunately the paper does not 
provide any evidence of the performance of the localization and imaging 
approaches, which makes them difficult to evaluate. 

Gaudiano et al. [29] test several control principles for an area-coverage 
mission. From the tested approaches the pheromone one was the best. The 
problem with their pheromone strategy is that is seems to rely on a global 
pheromone map, giving the same problem as with the solution proposed by 
Sauter et al. Additionally, the pheromones do not fade (dissipate) with time 
in the simple reconnaissance scenario, a property that they do use in a 
suppression mission scenario also presented in the paper. In the suppression 
mission the UAVs search for mobile targets, and when found they try to 
destroy them. ¬  ®

 ¯ ° ± ² ³ ² ´ µ ¶ · ¸ ¹ ´ ± º ° ´ ´ ² » · ¶ ¼ ¶ · ¸
The node density impacts routing evaluations since it, together with the 
mobility model and radio range, determines how many neighbors a node 
has. Below some threshold the network becomes so sparse that it is no 
longer possible to assume that the majority of the nodes are connected. 
MANET protocols, like AODV [77], DSR [51] and GPSR [54], require a fully 
connected network, while other routing protocols like, Spray and Wait [95] 
and LAROD-LoDiS, are designed to work even if the network is not fully 
connected. Depending on the level of (dis)connectedness different protocols 
may come up as the preferred choice. In this section we will discuss the 
node density and its implication on how well connected an ad hoc network 
is. 

To be able to compare different reported results we have chosen to use the 
average node degree, ½ ¾ r² where ½  is the node density and r is the nominal 
radio range. The average node degree (abbreviated node degree) is a 
dimensionless number and it enables us to compare the relative densities for 
evaluations using different radio ranges. For Poisson distributed nodes in an 
infinite system the average node degree equals the average expected 
number of neighbors of a node. 

Let us start our connectivity discussion by looking at the continuum 
percolation theory [65]. If we assume that nodes are distributed over an 
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infinite area according to a Poisson point process in two dimensions (see [65] 
section 1.3), and the nodes have a constant transmission radius, then there 
exists a density, the percolation threshold, above which it is almost surely 
guaranteed that there will be one component (cluster) of infinite size. Below 
this density it is almost surely guaranteed that all components (clusters) are 
of finite size (see [65] Theorems 3.3, 3.4, 3.5, 3.6). Translating this to 
MANETs with randomly distributed nodes and finite spaces, this means 
that to have a high probability of a well connected network the density 
should be above the percolation density, and we will soon show that it 
needs to be substantially higher. Anything below the percolation threshold 
will probably be a disconnected network. An introduction to MANETs and 
percolation theory can be found elsewhere [24]. For a presentation of the 
relationships between percolation theory metrics and the metrics used in 
this thesis the reader is referred to Appendix 1. 

Results from percolation theory state that for very large systems with 
randomly placed nodes we will never have a fully connected network. 
However, neither in real systems nor in simulated systems we typically have 
a very large or infinite system. What is then the probability to have a fully 
connected network in a reasonably sized finite system? In percolation theory 
they have not found an explicit expression on the percolation probability ¿  
[25], that is the probability that a randomly selected node is in the infinite 
cluster. This means that we have to resort to simulation to answer our 
question. In Table 3 we show the results of randomly placing a given 
number of nodes using a set node degree in a square area. For each 
combination we have made 100 simulation runs. In the table we present the 
probability of getting a fully connected network, the average number of 
clusters, and the average number of neighbors a node has. 

Percolation theory tells us that in an infinite network there are always 
isolated nodes. For finite networks with a constant average node degree this 
means that the probability of a fully connected network decreases as the 
number of nodes increases. This effect is clearly seen for a node degree of 10 
in Table 3. The average number of clusters gives an idea of how far we are 
from a connected network. From the results in the table we note that the 
average number of neighbors is lower than the average node degree. The 
reason for this is the existence of edge effects in a finite system. 
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Table 3. Connectivity properties 

Number of nodes Avg. Node 

Degree 50 100 250 1000 

1  0%, 30.9,  0.9  0%, 61.0,  0.9  0%, 150.1,  1.0  0%, 592.4,  1.0 

2  0%, 18.9,  1.8  0%, 36.2,  1.8  0%, 85.8,  1.9  0%, 331.1,  1.9 

4  0%, 6.6,  3.4  0%, 10.8,  3.6  0%, 23.0,  3.7  0%, 71.8,  3.9 

10  80%, 1.2,  7.8  70%, 1.4,  8.4  48%, 1.6,  9.1  18%, 2.1,  9.5 

20  100%, 1.0,  13.8  100%, 1.0,  16.0  100%, 1.0,  17.2  99%, 1.0,  18.7 

Legend: Probability of connected network, number of clusters, number of neighbors 

 

Having studied the node degree required in order to, with a high 
probability, have a connected network let us now look at the densities used 
by different MANET and DTN studies. The node degree used in different 
studies show a very wide span of chosen node degrees as presented in Table 

4. From the table we see that most MANET studies have a node degree of at 
least 20 which should produce connected networks. DTN studies on the 
other hand use node degrees between 0.1 and 4. Another interesting 
observation is that to have high probability of a fully connected network in a 
finite setting requires a density of at least 4 times the percolation threshold. 
Something to be observant about when comparing Table 4 to Table 3 is that 
the mobility models used in Table 4 results generally do not produce the 
even node distribution used in the connectivity simulation presented in 
Table 3. The random waypoint mobility model for example will produce a 
higher density in the central part of the simulation area [69], providing 
better coverage there, but nodes that are close to an edge have a higher risk 
of becoming disconnected. 

With these illustration and examples we want to show the impact the node 
density has on the connectivity. Knowledge of the node degree and node 
mobility, and the impact they have on system connectivity, can help us 
select the best routing protocol for the situation at hand. 
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Table 4. Average node degree in different routing studies. 

Algorithm(s) 

and Paper 

Type Area size Number 

of nodes 

Radio 

range 

Avg. node 

degree (À Á r²) 

DSDV, TORA, 
DSR, AODV [8] 

Connected 
topological 

1500x300m 50 250m 21.8 

DSDV, AODV, 
DSR [49] 

Connected 
topological 

1000x1000 50 250m 9.82 

GPSR [54] Connected 
geographical 

1500x300m 
2250x450m 
3000x600m 

50 
112 
200 

250m 21.8 
21.8 
21.8 

BLR [7] Connected 
geographical 

6000x1200m 250 
1000 

250m 6.82 
27.3 

Single copy 
routing [94] 

Delay tolerant 
topological 

500x500 100 30 
80 

1.13 
32.1 

PRoPHET [62] Delay tolerant 
topological 

1500x300m 50 50m 
100m 

0.87 
3.49 

Spray and Wait 
[95] 

Delay tolerant 
topological 

500x500 50 
100 

20 
10 

0.25 
0.126 

GeoDTN+Nav 
[16] 

Delay tolerant 
geographical 

1500x4000m 55-90 300m 2.59-4.24 

LAROD-LoDiS Delay tolerant 
geographical 

2000x2000m 80 250m 3.93 

Percolation threshold [78] 4.51-4.52 

Square mesh with node distance equal to radio range 3.14 
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3 Reconnaissance 
Mobility 

In Section 2.4 we already mentioned that it is important to evaluate routing 
algorithms in an environment that closely resembles the target environment. 
The main reason for this is to obtain results that are representative to what 
can be expected in a real environment. Changes in the mobility pattern that 
affect the node distribution can have significant impact on the routing 
performance as shown by Marfia et al. in their evaluation of a vehicular ad 
hoc network [63]. We will see similar results when we compare our 
proposed and scenario tailored mobility model to the commonly used 
random waypoint mobility model. The main scenario that we will use in this 
thesis is a military reconnaissance operation where a group of UAVs shall 
monitor a defined area. For this scenario we have created a mobility model, 
the pheromone reconnaissance model, that could represent how UAVs 
move when performing reconnaissance of an area. Â Ã Ä

 Å Æ Ç È É Ê Ë Ì
The objective of a military reconnaissance scan is to monitor the activity in a 
defined area, and to report when some specified activities occur. In our case, 
the monitoring is done by a group of UAVs regularly scans all parts of the 
area. In addition to the requirement that all parts of the area need to be 
regularly scanned, the scanning may not have an apparent pattern. The 
reason for this requirement is that in many cases the UAVs shall detect 
activities by enemy units, and if the scanning has no pattern, then the enemy 
units do not know when to conceal themselves to avoid detection. The same 
type of requirements can be found on the searching behavior in the FOPEN 
(Foliage Penetration) scenario reported in the work by Parunak et al. [74]. 

To collect the reconnaissance data we have assumed that the UAVs have a 
camera directed downwards covering a rectangular area centered at the 
UAV. The images captured are then processed by the UAV, and if 
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something of interest is detected then this information needs to be sent to a 
unit that can act on the information. How information can be sent to an 
arbitrary destination is addressed in Chapter 1. 

For the reconnaissance we have assumed that fixed wing UAVs are used. A 
fixed wing aircraft is limited in its movement in that it has a minimum and 
maximum air speed, and that an instantaneous change of direction is not 
possible. As we are mainly interested in the behavior of the system of UAVs 
a coarse description of the movements of the individual UAVs (as opposed 
to a detailed kinematic model) has been used. The UAVs’ movements are 
described using a 2D model with fixed speed, constant radius turns, and no 
collisions. The reason to use a 2D model is that all UAVs are flying at about 
the same altitude, and there is no need to model start and landing. A fixed 
speed is relatively realistic in a reconnaissance scenario. There should be a 
speed drop during turns, but the benefit of modeling this is expected to be 
minor. The reason to use constant radius turns is that it is much easier to 
model, and a more realistic progressive turn model is not expected to add 
any major value to the simulation. The reason that collisions do not have to 
be modeled is that it is assumed that the UAVs can make altitude 
adjustments to avoid collisions. For the scenario we envision the real-world 
parameters according to Table 5. The values are based on reasonable 
assumptions made by domain experts. 

Table 5. Scenario parameters 

Radio range 8000 m 
UAV flight speed 160 km/h (87 knots) 
UAV flight altitude 3500 m (11 000 feet) 
UAV turn radius 540 m 
Camera coverage area 2100x1050 m 

 

In the next two sections we present two mobility models that are designed 
for the reconnaissance scenario. The first model, the three way random 
mobility model, has the same movement options as the pheromone 
reconnaissance mobility model, but instead of selecting action based on 
pheromones, a state-based random selection is made. The pheromone 
reconnaissance mobility model is then described in Section 3.3. 
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In the three way random mobility model a UAV make a random state-based 
selection on whether to turn left, turn right, or go straight ahead. The 
mobility model is a Markov process [73] where each UAV make an 
independent random selection. For our simulations this decision is taken 
every other second according to the state diagram in Figure 7. If a UAV 
moves closer than the turn radius to an edge then it turns towards the centre 
of the search area until it has reached a randomly chosen direction -45° to 
45° related to the normal of the edge of the search area. Compared to the 
Gauss-Markov model [11][100] this model has no mean direction and the 
directional change is given as three discrete values, not a continuous 
distribution. 

 

Figure 7. Three way random state diagram. Â Ã Â
 Î Ï Ç Ù Ï Ç Ê Ì Ô Ì È Ç Ò Ç Æ Ì È È É Ë Ú Ú É È Æ ÇÕ Ì Ö Ë × Ë Ø Ñ Õ Ì Ó Ç ×

To produce a mobility control algorithm that is robust and random we have 
designed a distributed pheromone repel model. By using pheromones and 
localized search, the UAVs are guided to areas not recently visited by other 
UAVs. 

In the pheromone reconnaissance mobility model, a UAV places 
pheromones on the areas it has scanned. Since it is not possible to place 
these pheromones in the environment, as would be done in a natural 
system, the UAVs place them in a local pheromone map. The pheromone 
map is a grid where each element contains a timestamp representing the last 
time the element was scanned. Since timestamps are used, the pheromones 
placed will slowly fade away. To share the pheromone information, the 

Straight 
Ahead 

Left Right 

70% 10% 

30% 

80% 10% 

30% 

70% 



44 CHAPTER 3 

 

UAVs regularly broadcast the pheromone information they have of their 
current neighborhood. All UAVs that receive a broadcast merge the 
received pheromone data into their local pheromone map. By these 
exchanges the UAVs learn where other UAVs in their neighborhood have 
recently scanned. These exchanges will not guarantee that all UAVs have a 
complete picture of when different areas were last scanned, but as we will 
show in the evaluations in Section 3.4 there is no real benefit for a UAV to 
have access to the complete pheromone information. What is important, is 
to have a reasonably accurate pheromone map in a UAV’s vicinity. The 
broadcast frequency, and area of the pheromone data broadcast, needs to be 
adjusted to limit the bandwidth required for the transfer of the pheromone 
information. The actual parameters used in the evaluations can be found in 
Table 6. 

Table 6. Pheromone map parameters. 

Grid element size 160 m 
Transfer map size 9600x9600 m 
Transfer interval 10 seconds 

 

Figure 8 to Figure 11 illustrate the difference between the local pheromone 
map held by a UAV, and the total pheromone data present in the system. In 
the figures black represents fresh pheromones and white represents no 
pheromone information or pheromones older than the timeout of one hour. 
Also drawn on the maps is the path of the UAVs whose local pheromone 
map is shown. In these illustrations all UAVs started from the center of the 
south edge. The current position of the illustrated UAV is at the end of the 
white trail, where it is surrounded by freshly scanned area (black). Figure 8 
shows the data in the selected UAVs local pheromone map after 3600 
simulated seconds. Figure 9 illustrates the complete pheromone information 
in the system at the same time. These two figures illustrate the significant 
difference between a local pheromone map and the complete pheromone 
data in the system. This global picture is not available to any UAV, and it 
has been extracted from the simulation to illustrate the limited data the 
UAVs operate on. Figure 10and Figure 11 shows the pheromone information 
from the same simulation and UAV after 7200 simulated seconds. The 
pheromone maps are taken from simulations where the probability of a 
successful transfer of pheromone data was set to 50%. 
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Figure 8. Local pheromone map after 3600 simulated seconds. 

 
Figure 9. Global pheromone view after 3600 simulated seconds. 
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Figure 10. Local pheromone map after 7200 simulated seconds. 

 
Figure 11. Global pheromone view after 7200 simulated seconds. 
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As for the three way random mobility model the UAVs regularly decide to 
turn left, turn right, or go straight ahead. The action to take is based on the 
pheromone smell in three evaluation areas in front of a UAV. The areas, left, 
center, and right, are illustrated in Figure 12 where the axis show the 
distance in meters from the UAV. In the figure we also see that the 
evaluation areas are placed in the unknown area just in front of the area just 
scanned by the UAV. To get the pheromone smell from the timestamps 
stored in the pheromone map the times are scaled so that the current time 
gives maximum intensity and the smell is then linearly reduced to zero at 
the fade away time. The computation is done according to Equation (3.1) 
with parameters as defined in Table 7. The smell zero at time zero is needed 
to handle elements that have never been scanned since the elements in the 
pheromone map are initialized to zero. 
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Figure 12. Pheromone search pattern. 

Table 7. Pheromone parameter definition. 

Parameter Description 

sa 
Total smell in an evaluation area (left, center, 
right). 

sl Total smell in the left evaluation area. 
sc Total smell in the center evaluation area. 
sr Total smell in the right evaluation area. 
st sl + sc + sr 

se Smell in a pheromone map element 
te Timestamp in a pheromone map element 
t Current time 
tx Pheromone fade away time 
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 (3.1) 

From the pheromone information in the three evaluation areas a UAV need 
to decide which action to take. Since a UAV should go to places not recently 
visited it should prefer areas with low pheromone intensity. For this reason 
the UAV randomly chooses its action (left, right, straight ahead) as specified 
in Table 8. This gives a higher probability to move towards the area that has 
been least recently visited. If no pheromone smell is reported for any 
direction then a random direction is chosen as in the three way random 
mobility model. If the center and either the left or right has no smell then a 
random direction is chosen between these two. 

The area outside the search area is given a high pheromone smell (higher 
than the ordinary full intensity) for the UAVs to avoid it. A special rule has 
been added to handle the case when a UAV flies directly into a corner of the 
search area. If only guided by the pheromones then a UAV flying into a 
corner would get very high smells in the left and right areas and a low smell 
in the center area. This would mean that the UAV would be guided straight 
into the corner. To counter this problem a UAV turns right if both the right 
and left areas have a smell intensity that indicate that parts of the evaluation 
area is outside the search area. 

Table 8. UAV pheromone action table. 

Probability of action 

Turn left Straight ahead Turn right 

(st – sl)/(2 * st) (st – sc)/(2 * st) (st – sr)/(2 * st) Â Ã à
 á â É × ã É Ø Ë Ì È

As described in Section 3.1, the main objective of the reconnaissance 
scenario is to scan all parts of an area regularly, and if the area to monitor is 
large, then several UAVs have to cooperate to perform the scanning. For the 
evaluations we have set the requirement that each part of the reconnaissance 
area should be scanned at least once every hour. To reflect this the 
pheromone fade time was set to one hour for the pheromone reconnaissance 
mobility model. 
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The reconnaissance mission has been evaluated over an area of 63.4 x 63.4 
km, which closely matches the area used for the LAROD-LoDiS routing 
evaluations later in this thesis. For most evaluations we have used a node 
degree of 2. With the chosen size of the evaluation area and the radio range 
it means that 40 UAVs take part in the mission. To enable us to determine 
how well the mobility model manages to get the UAVs to rapidly spread out 
over the entire reconnaissance area, all UAVs start from the center of the 
south edge moving north. 

In addition to the two mobility models presented in Sections 3.2 and 3.3, the 
scenario was also run with the random waypoint mobility and the random 
direction models with no wait times. The reason to include the random 
waypoint mobility model is that it is the most commonly used mobility 
model in ad hoc networking research. The random direction mobility model 
was included since it is a very simple model, but it makes the nodes cover 
the area better than the random waypoint mobility model. The mobility 
models were tested by performing 50 independent runs per model where 
each run simulates 3 hours. 

To evaluate the robustness of the pheromone logic the distributed 
pheromone mobility model was tested with several data transfer 
probabilities, and compared to an ideal case where a global pheromone map 
was accessible to all UAVs. The transfer probabilities used were 100%, 50%, 
10% and 0% for successful transfer of a message to a node within range. This 
simulates a range of cases from perfect transmission capability (100%) to the 
absence of radio communication (0%). A transfer probability of 0% will 
mean that a UAV is only guided by its own pheromones. 

To evaluate the main scanning objective we have looked at the scan 
coverage, that is the percentage of the area scanned the last hour. A 
secondary requirement was to scan in an unpredictable pattern. To evaluate 
this property we have studied the probability distribution of the time 
between scans. Finally we also looked at the wireless connectivity to 
determine the viability for ad hoc routing in the evaluated setting. 
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Initially the UAVs shall scan the area as fast as possible. When the initial 
scan is completed, the UAVs need to continuously monitor the area by 
rescanning every part at least once per hour. The coverage data from the 
different runs are presented in Figure 13 to Figure 17. The figures show the 
average coverage from 50 runs.  

The absolute maximum scan speed is 336 km²/hour/UAV according to 
Equation (3.2) and the data from Section 3.1. Given a node degree of 2 the 
fastest time to cover the whole area (which in practice is impossible) is 18 
minutes. Adding the overhead of turning and additional requirements like 
randomness a coverage time of 40 minutes should be feasible. Extrapolating 
the steepest part of the coverage curve of the pheromone and random 
waypoint mobility models the coverage time is about 35 minutes. 

Scan speed = UAV speed * scan area width (3.2) 

The pheromone reconnaissance mobility model requires nodes to exchange 
the pheromone information they hold. The question is then how sensitive 
the scanning performance is to loss of information. In Figure 13 the scan 
coverage is shown for a node degree of 2 for different probabilities that a 
pheromone data exchange is successful. The coverage is the part of the 
monitored area that has been scanned within a set time-out interval, in our 
case one hour. In the figure we see that a 50% loss of data provide the same 
scan performance as when all data is exchanged. When we have a 90% data 
loss then there is a significant delay before the steady state is reached, but 
the steady state is the same as when all pheromone data is exchanged as 
designed. When no pheromone data is exchanged, and the UAVs only rely 
on their own history (the curve with 0% success of data exchange), then the 
performance drops even more, but it is still better than using a history less 
method as we will see later. These results show that the pheromone 
reconnaissance mobility model is robust regarding data availability. 
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Figure 13. Coverage for pheromone mobility with different transfer 

probabilities. 

In Figure 14 we see that there is little benefit of using a global pheromone 
map compared to distributed incomplete maps. The reason for this is that 
since the UAVs only use neighborhood data to determine their actions, there 
is no benefit of having global data available. From these results, and the 
results presented in Figure 13, we can conclude that the pheromone 
reconnaissance mobility model is not that sensitive to having completely 
accurate data. 
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Figure 14. Coverage comparison for pheromone mobility with global map. 

The more UAVs you use to monitor an area the easier it should be to 
monitor all parts of it within the given timeout. In Figure 15 the scan 
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coverage for node degrees from 1 to 4 for a transfer probability of 50% is 
presented. As expected, the more UAVs you use for scanning, the more 
efficient it becomes. For the remainder of this chapter we will mainly 
concentrate our comparisons on a node degree of 2, since this is the point 
where we do not trivially get a very good coverage. In the next chapter 
when the routing in this environment is studied we will mainly use a node 
degree of 3.93, this since lower node densities will not enable acceptable 
routing performance. 
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Figure 15. Coverage for pheromone mobility with different coverage 

factors. 

Comparing the pheromone reconnaissance mobility model to the three way 
random model, the random waypoint and random direction mobility 
models we find that it is superior to all of them. The coverage is presented in 
Figure 16, and in the figure we see that the three way random mobility 
model does not manage to distribute the nodes over the entire area in an 
efficient way. The random waypoint mobility model efficiently distributes 
nodes over the entire area, but due to the nature of the model the nodes are 
concentrated to the center of the area, and the edges of the area are not 
scanned often enough. The random direction mobility model is almost as 
good as the pheromone reconnaissance model, and it is an alternative when 
the nodes may not communicate. Before the random direction mobility 
model can be used in practice it must be updated to incorporate the 
limitation that fixed wing UAVs cannot turn on the spot. 
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Figure 16. Coverage for different mobility models. 

Something the average does not show is the variability in the scanning 
performance. In Figure 17 the coverage performance of the pheromone 
reconnaissance mobility model with 50% transfer probability and a node 
degree of 2 is shown with a 95% confidence interval. From the graph we see 
that the variability is relatively low and that the performance under steady 
state should be relatively consistent. 
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Figure 17. Pheromone mobility. Coverage variability. 
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The pheromone reconnaissance and three way random mobility models 
have been designed to produce unpredictable scanning patterns. The 
randomness of the scanning can be investigated by looking at the probability 
distribution of the time between scans. The question is then: what is the 
desired distribution? To this question there is no definite answer, but a 
uniform distribution should be an attractive result. This would mean that 
the probability of the next scan is evenly distributed over some time period. 
The only firm requirement on the distribution function is that it shall be zero 
after one hour to meet the one hour rescan requirement. 

Figure 18 presents the probability density function (pdf) for the three 
mobility models, pheromone reconnaissance, three way random and 
random direction mobility, together with the ideal pdf. All results are for a 
node degree of 2. The area under the curve between two time points is the 
probability that the next scan will occur during this time period after the 
current scan. The pheromone reconnaissance mobility model manages best 
to avoid frequent rescanning of a recently scanned area (does not peak for 
low time between scans), but the random direction mobility model is not far 
behind. Even if the next scan coverage properties of the random direction 
mobility model are relatively attractive, the movement pattern of the UAVs 
is predictable if they can be observed. If the movement of an UAV can be 
observed then we know that it will continue in the same direction until it 
reaches the edge of the area under observation. This predictability might not 
be attractive. As we saw in the scan coverage graph no model manages to 
achieve 100% coverage. This is here seen by the fact that none of the 
functions reach zero after one hour.  
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Figure 18. Next scan pdf for different mobility models. 

Figure 19 shows the next scan data for the pheromone reconnaissance 
mobility model with 50% transfer probability for different node densities. 
Not unexpectedly, we see that with increased node density areas are 
scanned more frequently, and fewer parts of the monitored area have a time 
between scans of longer than 1 hour. 
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Figure 19. Next scan pdf for pheromone mobility with different node 

degrees. 

The limitation of the probability distribution graphs is that they do not 
include the areas never scanned or only scanned once. To see the capability 
of the models to scan the complete area at least once during a three hour 
simulation, the maximum, median and minimum uncovered area for a node 
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degree of 2 are shown in Table 9. These numbers clearly show the ability of 
the pheromone model to cover the complete area. The unguided and local 
movement of the three way random mobility model results in a large 
variability in the never scanned area. This is a very unattractive result if the 
mobility model should be used in a reconnaissance scenario. Due to the 
concentration of the nodes to the central parts of the area by the random 
waypoint mobility model significant areas close to the edges are never 
scanned. As indicated by the good coverage properties of the random 
direction mobility model the area never scanned is very small. 

Table 9. Never scanned area 

 Max Median Min 

Pheromone global 0.03% 0.00% 0.00% 
Pheromone 100% 0.04% 0.00% 0.00% 
Pheromone 50% 0.02% 0.00% 0.00% 
Pheromone 10% 0.10% 0.01% 0.00% 
Pheromone 0% 3.28% 0.20% 0.01% 
Three way random 14.03% 3.42% 1.00% 
Random waypoint 7.43% 4.48% 2.43% 
Random direction 0.17% 0.02% 0.00% ä å æ å ä
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Reconnaissance data has no value if it cannot be transmitted to where it is 
needed, and nodes can only exchange data if they are within radio range. 
The question is now how well our system can support communication 
between two arbitrary nodes. If nodes are placed in a regular grid with a 
node distance of their radio range then the node degree is û . With node 
degrees of 1 to 4, where the nodes move at best in a semi coordinated way, 
we cannot expect that we can trace communication paths between all pairs 
of nodes. In this section we will see that the system is partitioned, and at any 
point in time only subsets of the nodes (the nodes within the same cluster) 
can establish communication paths to each other. 

The main influencing factor affecting the number of clusters is the node 
density. The higher the node density the fewer the number of clusters since 
more communication options exist. For very low node densities the number 
of clusters is limited by the number of nodes. These effects are clearly seen 
in Figure 20 where the average number of clusters is shown for the 
pheromone reconnaissance mobility model with a transfer probability of 
50%. For a node degree of 1 there are 20 nodes in our evaluation area, and 
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since it is probable that some of them are within communication range of 
each other, the increase in number of clusters due to low node density is 
broken. 
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Figure 20. Average number of clusters. Pheromone mobility with different 

node degrees. 

The average number of clusters give us an impression of how disconnected 
the system is. Due to node movements the clusters are constantly reforming, 
and the number of clusters changes significantly over time. Figure 21 shows 
the 95% confidence interval for the number of clusters for the pheromone 
reconnaissance mobility model with a node degree of 2, and a transfer 
probability of 50%. The figure clearly illustrates that we should expect the 
number of clusters to vary significantly. 

A comparison of the different mobility models for a node degree of 2 is 
presented in Figure 22. Both the pheromone reconnaissance and random 
direction mobility models have essentially the same number of clusters. The 
three way random essentially arrives at the same number of clusters as these 
to models, but after a much longer time. The reason it takes a long time to 
reach that level is due to the time it takes for the UAVs to spread evenly 
over the entire area. The random waypoint mobility model has a 
significantly lower number of clusters due to the high concentration of 
nodes in the central part of the area. This means that the central area will 
consist of one or a few large clusters. Nodes that are close to the edges shall 
expect to be solitary, or part of a small cluster. 
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Figure 21. Pheromone mobility. Cluster variability. 
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Figure 22. Comparison of different mobility models. 

With the high number of clusters in all studied cases, the existence of a 
contemporaneous end-to-end path between two random nodes is not likely. 
This means that to be able to send the information to any peer, delay-
tolerant routing principles need to be used. This is the topic of the next 
chapter, where delay-tolerant routing in our reconnaissance scenario is 
further studied. 
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4 Routing in IC-MANETs 
Routing, that is selecting a path for a packet from source to destination, is a 
challenging task when the network topology is partially unknown to the 
nodes performing the routing. The disconnected nature of an IC-MANET 
prevents changes of the network topology from propagating outside the 
cluster where the change occurred. This means that routing decisions have 
to be made with imperfect knowledge using heuristic methods. In this 
chapter we describe and evaluate our proposed geographic routing 
algorithm Location Aware Routing for Opportunistic Delay-tolerant 
networks (LAROD) and the Location Dissemination Service (LoDiS), a 
location service for IC-MANETs. In the evaluations we compare LAROD-
LoDiS to Spray and Wait [95][97], a leading delay-tolerant routing 
algorithm. à Ã Ä

 ü ý Ò þ ÿ
LAROD is a geographic routing protocol for IC-MANETs that combines 
geographic beacon-less routing, used by MANET routing protocols such as 
BLR [35] and CBF [27], with the store-carry-forward principle [13]. In its 
essence LAROD uses greedy packet forwarding when possible, and when 
greedy forwarding is not possible, the node holding the packet (the 
custodian) waits until node mobility makes it possible to resume greedy 
forwarding. To obtain the location of the destination LAROD inquires a 
location service. Due to the known difficulty of distributing location 
information in IC-MANETs, LAROD assumes that the provided location 
data is an approximation of the destination’s current position. To improve 
the location information LAROD continuously updates the destination’s 
location data during routing by inquiring the location services in the nodes 
that route the packet. 

For the same reasons as presented in RFC 4838 [13] (see Section 2.1), 
LAROD uses custody transfer to guarantee reliable delivery of packets. 
When a packet is generated the LAROD agent in the source node takes 
custody of the packet, and it only relinquishes this responsibility when it 
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knows that the LAROD agent in another node has taken over custody of the 
packet. Due to the uncertain signaling in wireless networks it is possible that 
the current custodian is not informed that a new node has taken custody of 
the packet. To minimize the impact of these events, LAROD contains logic 
that purges duplicate copies when their paths cross. 

Being a beacon-less routing protocol, LAROD cannot explicitly select the 
next custodian. Instead of explicit selection LAROD selects the next 
custodian using timer-based bids. To forward a message towards the 
destination a custodian simply broadcasts the message. All nodes within a 
predefined forwarding area (see Figure 23 for examples) are eligible to take 
over custody of the packet, and are called potential custodians. The 
potential custodians that actually receive a transmitted packet are called 
tentative custodians. All tentative custodians set a delay timer (td), specific 
for each node, and the node whose delay timer expires first is the selected 
new custodian. Upon becoming a custodian the node forwards the message 
in the same manner as the previous custodian. The old custodian that sent 
the message and most other tentative custodians will overhear this 
transmission and conclude that a new node has taken over custody of the 
packet. If no such transmission is heard the current custodian regularly 
(every tr) broadcasts the message until a new custodian becomes available 
due to node mobility. It is possible that not all nodes in the forwarding area 
will overhear the broadcast made by the new custodian thereby producing 
packet duplicates. This will increase the load in the system, but also enable 
exploration of multiple paths to the destination. When the paths of two 
copies cross, only one copy will continue to be forwarded. To prevent a 
packet from indefinitely trying to find a path to its destination all packets 
have a time to live (tTTL) expressed as a duration. When the TTL expires a 
packet is deleted by its custodian. 

The forwarding area can have many shapes, but it should be designed in 
such a way that progress towards the destination is guaranteed. All of the 
space covered by the forwarding area must also provide a positive solution 
to the selected delay timer function (details will be provided later in this 
section). An attractive property is the potential for all nodes within the 
forwarding area to hear each other’s transmissions. This will reduce the risk 
of tentative custodians failing to receive the packet transmitted by the new 
custodian. Examples of shapes that meet these criteria are a 60° circle sector, 
a Reuleaux triangle, or a circle (see Figure 23a-c). The longest distance 
between two points within these shapes must be the assumed radio range. If 
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overhearing is not a critical property, and we want to maximize the 
probability of finding a new custodian, then the forwarding area should 
include all nodes that guarantee progress towards the destination (see 
Figure 23d. To avoid too small hops and to cater for inaccuracies in the 
positioning service, e.g the Global Positioning System (GPS), a minimum 
forward distance may be prudent (the small gap between the custodian and 
the forwarding area in Figure 23d. All the illustrated forwarding areas can 
be used in LAROD as a parameterized input and they are compatible with 
the delay time functions proposed below. For the evaluations we have 
chosen to use the progress forwarding area. The rationale for this choice will 
be provided in Section 4.3.2. 

Custodian

Sector
(a)

Custodian

Reuleaux
(b)

Custodian

Circle
(c)

Custodian

Progress
(d)

 
Figure 23. Forwarding area examples 

While the forwarding area determines the nodes that can become a new 
custodian, the function that selects the node within the set to be the next 
custodian is the delay timer function. All potential custodians that receive a 
packet from a custodian (and thus becomes tentative custodians) set a delay 
timer (td). The tentative custodian whose timer expires first is the selected 
new custodian. The delay timer (td) for each node can be set based on many 
principles, where two natural ones are to favor short hops or long hops 
towards the destination. Short hops are advantageous if much data is to be 
exchanged between the nodes since the transfer probability is higher with a 
shorter distance. The downside is that more hops create higher overhead. 
Long hops will reduce the number of hops, but the downside is that the 
transfer reliability between distant nodes is lower which means that the 
current custodian might not overhear the new custodian’s transmission. As 
a middle ground one can consider a delay timer that prioritizes nodes at 
some set distance from the custodian. Implementations of these thee 
principles are provided in Equations (4.1) – short hops, (4.2) – medium and 
(4.3) – long hops. Graphical illustrations of these delay functions are 
provided in Figure 24 (r is the nominal radio range). The gray area for the 
long hops indicates that the delay is randomized for these distances. For a 
definition of the terms and default values in the equations see Table 10 and 
Figure 25. In LAROD any delay timer function that produce positive delays 
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within the forwarding area can be used as it is a configuration parameter. 
For the evaluations we have chosen to use long hops. The rationale for this 
choice will be provided in Section 4.3.2. 
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Figure 24. Delay curve examples 

The delay equations are quite straight forward, but the long hops (4.3) 
warrants some additional comments. It is generally undesirable that several 
nodes have exactly the same delay time. The reason for this is that, 
depending on MAC protocol, it increases the risk for garbled transmissions 
due to nodes transmitting simultaneously. This is normally not a problem 
since the probability that two tentative custodians are at a similar distance 
from the custodian is low. For the long hops this becomes a problem if a 
linear function is used since this means that all nodes beyond a certain point 
would get a delay time of 0. In a real setting it is an issue since the actual 
maximum transmission distance varies. To cope with this we have used a 
linear delay until an end point (l). Tentative custodians beyond the linear 
end point randomize their delay in such a way that it is guaranteed to be 
smaller than the linear delay. For these tentative custodians no priority is 
given based on distance to destination. The linear end point (l) should be set 
close to the nominal or expected radio range. Another issue that has to be 
addressed is when a custodian is close to the destination since the normal 
delay function then gives unsuitable delays. For this reason when the 
custodian is within l of the destination the tentative custodians use the 
actual distance to the destination to compute the td. The three parts of 
equation (4.3) are then as follows. 

1. The tentative custodian is within communication range of the 
destination. Use a linear delay based on distance to the destination. 

2. The tentative custodian is beyond the linear end point. Use a 
random delay. 

3. The tentative custodian is within the linear end point. Use a linear 
delay based on progress towards the destination. 
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Table 10. LAROD parameters 

Parameter Description Default value 

d Distance between custodian and the 
destination 

- 

f Distance between tentative custodian 
and the destination 

- 

l Linear end point 240 meters 
p Minimum progress 10 meters 
r Nominal radio range 250 meters 
tl Maximum linear delay 0.8 seconds 
tm Maximum delay within nominal radio 

range 
1.0 second 

tn Maximum random delay 0.2 seconds 
z Zero delay distance for medium hops 125 meters 
X Uniform random variable in range [0,1] - 
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Figure 25. Delay time parameters illustration 

( ) rtfdt md ⋅−=  (4.1) 

( ) ( )

( ) ( )
����� >−

−
⋅−

−
⋅−

≤−+−⋅−
=

zfd
zr

zt

zr

t
fd

zfdt
z

t
fd

t
mm

m
m

d  (4.2) 

( )
( )��������

�
+⋅−−

≥−⋅Χ

≤⋅

=

otherwisenl

n

l

d

tt
l

fdl

lfdt

ldt
l

f

t  (4.3) 



64 CHAPTER 4 

 

One could argue that the delay timer function should prioritize nodes that 
move towards the destination. The reason for this selection priority would 
be that packets are handed over to nodes that will carry it towards the 
destination. The reason that we have not taken the direction of travel into 
account when selecting the next custodian is that even if the new custodian 
might move in the wrong direction, the hope is that it can forward the 
packet to a node closer to the destination. Another reason is that node 
directions are not stable and a node might turn and move towards the 
destination. For these reasons a packet is always forwarded towards the 
destination as far as possible, even if it in some cases might mean that the 
packet is returned to a previous custodian due to node movement. 

If a custodian could not find a new custodian closer to the destination, it will 
make a new attempt after some time. This time, the LAROD rebroadcast 
time (tr), can be set in many ways but the following two guidelines should be 
used. The time should be short enough that forwarding opportunities are 
not missed, but it should also be as long as possible to limit bandwidth 
waste. Currently there is one rebroadcast time function implemented for 
LAROD and that is a random selection between two configurable times. The 
reason to use a random selection is that it prevents repeated interference 
between nodes that are custodians for different packets. For the evaluation 
of LAROD tr is selected between the valued 8 and 12 seconds. This 
corresponds to a node moving between 4.5% and 6.7% of the nominal radio 
range. If LAROD is used in an inhomogeneous system then a more dynamic 
setting of the LAROD rebroadcast time can be considered. Factors that 
could influence tr are node speed, number of neighbors and amount of 
traffic. 

To stop further transmission of a packet when it has been delivered to the 
destination, an acknowledgement packet is sent by the destination at packet 
reception. An acknowledgement packet is not intended as a delivery receipt 
to the source, it is only used to prevent further forwarding attempts by 
nodes holding the acknowledged packet. Upon receipt of an 
acknowledgement packet a node discards the corresponding data packet, if 
it has one, and it stores the acknowledgement information for the remaining 
portion of the packet TTL. Further forwarding of an acknowledgement 
packet is only done when a node receives a packet for which it previously 
has received an acknowledgement. It then broadcasts the acknowledgement 
to stop the transmission of the packet.  
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The position towards which a packet is routed is recorded in the packet, and 
this information originates from a location service. LAROD assumes that 
this position is an estimate of the actual position of the destination due to 
the inherent inaccuracies in an IC-MANET location service, and due to the 
destination’s movements during routing. For this reason LAROD inquires 
the location service at each packet hop, and if more accurate (more recent) 
position data is available then the routed packet is updated. This way the 
quality of the location data is incrementally improved as the packet 
approaches the destination. To further improve the quality of the location 
data in the location service LAROD provides it with the location data 
available in received packets. For a full description of the routing protocol 
see Figure 26. 

Source node at data packet generation 
 Get destination location from location service 
 Broadcast data packet 
 Set up timer for rebroadcasting packet to t r  
 
Destination node at data packet reception 
 If the packet is received for the first time 
  Deliver data packet to application 
 Broadcast ack packet //Inform of delivery to destin ation 
 
All intermediate (non-destination) nodes at data pac ket reception 
 Update location service with data packet location i nformation 
 //The packet has been delivered to the destination 
 If an ack has been received for the packet 
  Broadcast ack packet //Inform of delivery to desti nation 
 //The node is a tentative custodian 
 Else if the node is in the forwarding area //Is pot ential custodian 
  If the node does not have an active copy of the pa cket 
   Set up timer for rebroadcast to t d 
 //If the custodian is ahead of the node 
 Else if custodian is in node forwarding area 
  Remove packet if it has one 
 
At ack packet reception 
 Update location service with ack packet location in formation 
 If the node has an active copy of the packet 
  Remove packet 
 
When a data packet rebroadcasting timer expires 
 If the packet’s TTL (t TTL) has expired  
  Remove packet 
 Else 
  Update location information in packet with locatio n server data 
  Broadcast data packet 
  Set up timer for rebroadcasting the packet to t r  
 

Figure 26. LAROD pseudo code. 

Figure 27 illustrates one actual LAROD-LoDiS routing example with the 
progress forwarding area. Solid lines are wireless forwards, dotted lines are 
movements by custodians when a packet could not be forwarded, and the 
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dashed line is the movement by the destination. In the example we see that 
the actual location of the destination differs from the one stored in the 
source’s location service. In addition to the position update(s) required to 
correct the initial location error, position updates are required to capture the 
destination’s movement during routing. An example of packet duplication 
can be seen when the packet is forwarded from the source node. In this case 
there are two tentative custodians that are too far from each other to 
overhear the others transmission, which means that two copies of the packet 
are created and sent via different paths. After a while these paths cross, and 
one copy is discarded. 

Source

Destination (at reception)

Destination
(at pkt gen)

Destination
(in source
location server)

 
Figure 27. LAROD-LoDiS path visualization example. à Ã Í
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In geographic MANET routing it is generally assumed that the movement of 
a node is small, compared to the radio range, during the interval from a 
node location request until the data packet is delivered to the destination. If 
this is not the case, then either the location of the destination must be 
updated in the routed packet as it approaches the destination, or some other 
routing mechanism must be used after the packet has reached the assumed 
location of the destination. 

In an IC-MANET environment we know that information exchange can be 
delayed by partitions in the topology, which means that any time-dependent 
information received is more or less inaccurate. This means that a location 
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service in an IC-MANET will generally only provide inaccurate location 
information due to the time taken for a location update to reach the server 
and/or the time taken for a location request to be answered by a location 
service. These issues force a designer of a location service in an IC-MANET 
to decide on how to manage the location errors that the system will 
inevitably have. æ å ò å ç
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LoDiS is a fully distributed location service, i.e. every node is a location 
server and location data is updated by data exchanges as nodes encounter 
each other. The reason that all nodes are location servers is to avoid 
delaying the packet at the source node. If only a limited set of nodes were 
location servers then the transmission of a data packet would be delayed by 
the time it takes for a location server to respond to the location request. Due 
to the disconnected nature of IC-MANETs this delay could be long. With the 
low cost of memory, maintaining location tables that contain data on all 
nodes in the system should not be a problem in a UAV even for fairly large 
systems (thousands of nodes). If we assume that each location entry requires 
30 bytes then 1000 nodes would require 30 kbytes, a very small requirement 
by modern standards. 

Due to the difficulty of distributing timely information in IC-MANETs, 
LoDiS does not guarantee that the location information it provides is fresh. 
This limitation has to be taken into account by the routing protocol using 
LoDiS. When LoDiS provides location data for a node, it also provides the 
time when the data was accurate. One way a routing protocol can use this 
information (and this is what LAROD does) is to initially route the packet 
towards the provided position. During the routing, the routing protocol can 
inquire the LoDiS service in each node that the packet passes, and if a more 
accurate (recent) information is available, then the destinations position is 
updated in the routed packet. Since the nodes that are closer to the 
destination should have better information on the destination’s location, the 
accuracy of the destination’s position is incrementally increased. This 
position update approach does to some extent, resemble the query routing 
in Brownian Gossip [17]. While Brownian Gossip uses the distributed 
location information to guide location queries towards the destination, 
LAROD-LoDiS uses the location information to route the actual data packets 
due to the disconnected nature of IC-MANETs. 
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LoDiS builds on the conceptual solution used by SLS [12] and employs the 
principle of MANET broadcast gossip [26] to distribute the continuously 
changing location data. A LoDiS location server regularly broadcasts the 
information it has in its location table. Any node receiving this broadcast 
merges the information with the one it has itself, and the most recent 
information will be propagated when that node makes its LoDiS broadcast. 
Thus, location information spreads like rings on water. In addition to the 
broadcasts, LoDiS also accepts location updates from the routing protocol. 
The routing protocol will have some location information in the packets that 
it routes, which could further improve the data in the location service. The 
pseudo code for LoDiS is shown in Figure 28. 

To limit the overhead generated by LoDiS each node is only allowed to 
generate one packet worth of location data from its location table at a set 
rate. If we assume a packet size of 1000 bytes and that 10 bytes are required 
for each node (which includes some compression) then an update can 
transfer information on 100 nodes. If all location information stored in the 
node can fit in one packet, then all is well. If that is not the case then a 
selection has to be made. The selection could range from simple round-robin 
algorithms, to a selection based on distance and information age. In the 
results presented in this thesis the number of nodes has been less than the 
data limit in a packet, and the use of different selection techniques has not 
been explored. The reason to have a fixed broadcast interval is that it will 
limit the per node overhead. If a dynamic interval would be used then it 
should be influenced by factors such as, how often the neighbors change, the 
number of neighbors, and the amount of new data to be distributed. As an 
example, Brownian Gossip approximates these factors with the speed of the 
node. In Section 4.3.3 we will show that the overhead introduced by LoDiS 
is small compared to the routing overhead from LAROD. 

There are several reasons why we have chosen to regularly broadcast the 
location data instead of using an exchange each time two nodes meet. If an 
encounter exchange scheme is chosen then the nodes need to broadcast 
regular beacon messages instead of location data broadcasts. When a beacon 
message is received a node needs to determine whether it is a new 
encounter or not, and if it is, initiate an information exchange. This is a more 
complicated scheme, and it also has the drawback that the exchange may 
not be finished properly due to node movement, or changed transmission 
conditions [36]. With the broadcast technique, if the data is received by a 
node then all is fine and well, and if it is not, then the information will be 
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broadcast again relatively soon. Another advantage with the chosen scheme 
is that each LoDiS node consumes a predictable amount of bandwidth. 

We have experimented with using time-outs for location entries to reflect 
aging as is done in SLS, i.e. that location data older than a set time period is 
inaccurate and should not be used. The results indicated that it is better to 
start to route a packet with existing location data, rather than to wait until 
reasonably fresh location data becomes available. 

At a set interval broadcast location data 
 Select location data: vector with elements (node, l ocation, 
timestamp) 
 Broadcast the data 
 
When a LoDiS broadcast is received 
 For each received location data that is more recent  
  Update the entry in the LoDiS server 
 
When location data is received from the routing prot ocol 
 If the supplied information is more recent  
  Update the entry in the LoDiS server 
 

Figure 28. LoDiS pseudo code. æ å ò å ò
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In LoDiS, all location data is time-stamped to be able to determine if some 
location information for a specific node is more recent than some other 
information on that node. Since the local clocks always somewhat differ in 
different nodes (independent of clock synchronization technology used), it is 
important to know the clock precision requirements for LoDiS to provide a 
good service. 

Assume that we can accept a position error of 10% of the nominal radio 
range, then the maximum allowed clock offset between two nodes is 10% of 
radio range divided by maximum speed. For the main scenario used in this 
thesis (see Section 4.3.1) this would mean a maximum clock error of 
0.1*250/1.4� 18 seconds. This is a precision most clock synchronization 
protocols should manage to live up to. Since it is generally the angular 
precision and not the absolute precision that is important, let’s then instead 
say that we can accept an error of 1º. This would permit a position error of 
1.7% (sin(1°)) of the distance. Using the same example, at a distance of 1 
kilometer the clock error may be 1000 * sin(1º) / 1.4 �  12 seconds. The 
conclusion is that LoDiS does not have high requirements on a clock 
synchronization protocol, and that an approximation of global time can be 
used to determine the newer of two location items. 
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In this section, we present the results from our evaluations of LAROD-
LoDiS. The routing protocols have been evaluated in the network simulator 
ns-2 using both the pheromone reconnaissance mobility model and the 
random waypoint mobility model (for comparative purposes). The setup of 
the simulator for the evaluations is detailed in Section 4.3.1. In Section 4.3.2 
the LAROD parameter options are studied and in Section 4.3.3 the 
properties of LoDiS are studied and compared to a perfect location service. 
This is followed in Section 4.3.4 by an evaluation of how the choice of 
mobility model impacts LAROD-LoDiS. Finally, in Section 4.3.5 we compare 
the performance of LAROD-LoDiS to Spray and Wait. 

The two main evaluation metrics used are delivery ratio and effort required 
for each generated data packet (overhead). The delivery ratio is the most 
important evaluation criteria since it determines the quality of service as 
perceived by the user or application. The effort used to transfer a packet is 
also important since lean protocols will allow either a higher throughput or 
lower power consumption by the nodes. This will be measured as the 
number of transmissions performed per generated data packet. æ å ä å ç
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The basic simulation parameters are given in Table 11. The real-world 
parameters are based on reasonable assumptions made by UAV domain 
experts. For our simulations in ns-2 we have chosen to keep the default ns-2 
radio range and scale the other parameters accordingly to ease comparisons 
with other work. For the random waypoint mobility model we have used 
two speed settings; slow and fast. We have used both a constant speed of 1.4 
m/s (slow) to match the pheromone reconnaissance mobility model and a 
variable speed between 1.0 and 10.0 m/s (fast). The variable speed setting is 
similar to what is used in many MANET simulations. 
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Table 11. Basic simulation parameters 

Parameter Real-world ns-2 

Reconnaissance area 64x64 kilometers 2000x2000 meters 
Node density 0.020 nodes/km², 

node degree 3.93 
20 nodes/km², 
node degree 3.93 

Node speed 161 km/h 1.4 m/s 
Radio range 8000 meters 250 meters 
Data generation rate 36 pkt/hour/node 36 pkt/hour/node 
Packet life time (TTL) 1000 seconds 1000 seconds 

The node density is a very important parameter since, together with the 
mobility model, it determines how well connected the system is. There is no 
right or wrong when it comes to node densities and as detailed in Table 4 in 
Section 2.5, a wide range of relative densities have been used by various 
researchers. The default node density at which LAROD-LoDiS is evaluated 
produces small groups of connected nodes (clusters). The chosen node 
density is below the percolation threshold, meaning that it is very likely that 
no large dominating clusters exist at any point in time. In particular, we are 
still at a degree of connectedness that is comparable to some literature in the 
DTN area (see Table 4 in Section 2.5). 

For data generation we have chosen that all nodes generate data packets at a 
set average rate, and send each of them to a randomly chosen destination. 
The reason for this abstract communication setup is that it challenges the 
routing protocol to provide communication paths between all pairs of 
nodes. 

To get as relevant results as possible from the simulations, data should only 
be collected during system steady state unless initiation and startup 
phenomena shall be studied. To come as close as possible to this ideal state 
the data presented in the results below are collected during 3600 seconds at 
full network activity and with the mobility models at steady state. To 
guarantee full network activity during the measurement period, the 
simulation was run at least 1400 seconds (maximum packet life time) before 
and after the measurement period. When evaluating LAROD-LoDiS the 
simulation was run for 3600 seconds before the data collection interval to 
populate the LoDiS location data. 

For simulations with the random waypoint mobility model, node position, 
speed, and initial destination have been initiated according to the 
procedures and equations proposed by Navidi and Camp [69]. For the 
pheromone mobility model the nodes have initially been uniformly 
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randomly distributed and then the simulation was run for 3600 seconds 
before the data collection interval to populate the pheromone maps. For all 
data points 10 runs have been recorded and the average value is presented. 
For most curves the 95% confidence interval is also plotted. æ å ä å ò
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The performance of LAROD is influenced by the forwarding area and the 
delay timer. To evaluate the impact of these parameters we evaluated 
LAROD with two different forwarding areas and two different delay timer 
functions. In Table 12 we show the delivery ratio for the different settings. 
We note that while the delivery ratio is greatly impacted by the forwarding 
area, it is only marginally impacted by the delay timer function. The reason 
for this is the low node density dictated by our application. The larger area 
used by the progress area (see Figure 23) means that the probability of 
finding a node that can forward a packet is larger than for the smaller circle 
area. 

Table 13 shows the overhead of LAROD for the forwarding areas and timers 
as the average number of transmitted packets per generated data packet. 
Here, we see that the choice of the timer indeed matters. In the progress area 
the difference between selecting the closest and the furthest node is seen 
with the increased overhead for the short hops compared to the long hops. 
For the circle area both delay functions give similar overhead. The reason 
for this is that the low node density gives a low probability to have more 
than one node within the circle forwarding area, which means that 
irrespective of delay function the same node will be selected. For the rest of 
the evaluations we have used the progress forwarding area and the long hop 
delay timer. 

Table 12. Delivery ratio for different LAROD parameters. 

Forwarding area Short hops Long hops 

Circle 86.1%±4.3% 86.8%±6.0% 
Progress 98.1%±1.7% 97.5%±1.8% 
 

Table 13. Overhead for different LAROD parameters (transmissions per 
data packet). 

Forwarding area Short hops Long hops 

Circle 64.6±5.7 61.5±7.8 
Progress 53.4±4.9 45.3±5.8 
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The major configuration parameter for LoDiS is the broadcast interval. 
Figure 29 shows the delivery rate of LAROD using LoDiS with four different 
broadcast intervals from 5 to 100 seconds, and LAROD using an oracle 
location service. The oracle location service is a perfect baseline since it 
simulates the case where the location service information is always correct. 
It is very interesting to note that delivery ratio is essentially identical for all 
configurations. In simulations with the random waypoint mobility model we 
got the same type of results. This somewhat surprising result can be 
explained by the fact that geographic routing can cope with positional errors 
as long as the angular error is low. 
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Figure 29. Delivery ratio with parameterized LoDiS and Pheromone 

mobility. 

Figure 30 plots the overhead of LAROD-LoDiS under the pheromone 
mobility with different packet life times and broadcast intervals. Not 
unexpectedly we find that having a longer broadcast interval decreases the 
transmissions generated by a packet. Each curve shows the overhead with a 
given broadcast interval (5 seconds, 15 seconds, etc). The variance analysis 
(not shown here) shows that there is no statistically significant difference 
between the overheads at the broadcast intervals 15, 40 and 100 seconds. At 
some point the error introduced by having long broadcast intervals means 
that the routing will require more transmissions since the packet is routed 
for too long in the wrong direction. This has been confirmed in evaluations 
with a broadcast interval of 300 seconds and where location service updates 
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from the routing protocol were not used. For these reasons we have chosen 
to use a LoDiS broadcast interval of 40 seconds for the rest of the presented 
results. This is the same interval we use for the Spray and Wait beaconing 
(see Appendix 2). We have also evaluated LoDiS in a sparser network, and 
the relative performance results for a node degree of 1.96 were the same as 
for a node degree of 3.93 (graphs not shown). 
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Figure 30. Overhead with parameterized LoDiS and Pheromone mobility. 

In a geographic routing protocol, is not always important to know exactly 
where the destination is, but to know approximately the direction to the 
destination. As a packet moves closer to the destination the position 
information can be updated by intermediate routers to a more accurate 
position for the final routing steps. In Figure 31 the average direction error 
at the source node for different LoDiS broadcast intervals is plotted. Not 
unexpectedly the error increases with longer broadcast intervals, but for all 
scenarios except for the fast random waypoint the error is small (below 11°), 
which means that the packets will be sent in the right direction. With a very 
long broadcast interval of 300 seconds, and with no location service updates 
from the routing protocol, an average direction error of 29° was measured 
together with a significant drop in the delivery ratio. Due to the more 
disconnected nature of the pheromone mobility compared to random 
waypoint mobility, location distribution takes more time, and for this reason 
the direction error is larger for pheromone mobility with a comparable 
speed profile. This indicates the challenging nature of the pheromone 
reconnaissance mobility model which is induced by the application scenario. 
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Analysis of the distribution data for all runs shows that for the pheromone 
mobility scenario 94% of the packets are sent with an angle error of less than 
±20º. For the slow random waypoint scenario the value is 98% and for the 
fast 86%. 

These results show that the overhead (cost) of LoDiS is low compared to an 
oracle location service, and that the impact on delivery ratio due to location 
errors is insignificant. We have also shown that the directional error when a 
packet is sent from its source is low, which partially explains the good 
overall results.  
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Figure 31. Average direction error at source node. æ å ä å æ
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Evaluating the routing protocols under three different mobility scenarios 
reveals the importance of selecting a relevant scenario when studying a 
routing protocol. In Figure 32 we see the impact of the delivery ratio for 
LAROD-LoDiS for the pheromone reconnaissance mobility model, and the 
random waypoint mobility model with two speed profiles. All scenarios 
have the same average node density as defined in Table 11, but the 
difference in node distribution, movement pattern and movement speed 
greatly impacts the results. The overhead for the same setup is shown in 
Figure 33. Not unexpectedly the overhead increases for the scenarios with a 
lower delivery ratio. The reason is that more packets live longer before they 
either reach their destination, or time out. 
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Figure 32. LADOD-LoDiS delivery ratio for different scenarios. 
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Figure 33. LADOD-LoDiS overhead for different scenarios. 

The corresponding results for Spray and Wait with a spray factor of 10 are 
presented in Figure 34 and Figure 35. What is noteworthy in these graphs is 
how strongly the result is impacted by the mobility model. As stated by 
Spyropoulos in [95], Spray and Wait requires that enough nodes that can 
carry packets roam the entire network. With the random waypoint mobility 
model nodes more consistently roam the entire area compared to the 
pheromone reconnaissance mobility model. These results confirm earlier 
reports [47][63] that the choice of relevant mobility model is important when 
evaluating routing protocols. 
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Figure 34. Spray and Wait delivery ratio for different scenarios. 
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Figure 35. Spray and Wait overhead for different scenarios. æ å ä å �
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In order to show the merit of LAROD-LoDiS compared to other routing 
schemes we have compared it to Spray and Wait [95][97]. Spray and Wait is 
reportedly an efficient routing protocol with good delivery properties. It 
would also be interesting to compare LAROD-LoDiS to another geographic 
IC-MANET routing protocol. However, since most geographic delay-
tolerant routing protocols are designed for road based scenarios, and we 
have not found any that implement a location service, we have not found it 
worth the effort to re-implement any of them in ns-2. As Spray and Wait 
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originally was implemented for a custom simulator we have re-
implemented it in ns-2. Implementation details are provided in Appendix 2. 

Comparing the delivery ratio and overhead of LAROD-LoDiS to Spray and 
Wait we see that the benefit of using geographic information and active 
forwarding is very high (see Figure 36 to Figure 39). Under the pheromone 
reconnaissance mobility model Spray and Wait does not provide an 
acceptable delivery ratio. In Figure 36 we see the impact of the packet life 
time on the delivery ratio. As expected both routing protocols benefit from 
having more time to find a path from source to destination. The relative 
performance of the two protocols is not surprising since Spray and Wait 
mainly uses node mobility to forward packets while LAROD actively 
forwards the packet via peers towards the destination. As long as node 
encounters are frequent then protocols that actively forward should 
outperform protocols relying on node mobility as the main delivery 
mechanism. What is also interesting to note is that the overhead for Spray 
and Wait is about double that of LAROD-LoDiS for a spray factor of 10 and 
almost four times higher with a spray factor of 20 (see Figure 37). A large 
factor in the Spray and Wait overhead are the beacons and the query and 
response packets, packets not present in LAROD-LoDiS. 
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Figure 36. Delivery ratio for different packet life times under pheromone 

mobility. 
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Figure 37. Overhead for different packet life times under pheromone 

mobility. 

Comparing the two routing protocols with respect to varying load we see 
that both LAROD-LoDiS and Spray and Wait with 10 copies maintain a 
constant delivery ratio meaning that neither routing protocol overloads the 
network over a wide load spectrum (see Figure 38). However, increasing the 
Spray and Wait spray factor to 20 packets, we see that the system becomes 
overloaded and the delivery ratio drops. 

Looking at the overhead in Figure 39 we observe that the overhead for 
LAROD-LoDiS is essentially constant for varying load. The reason is that the 
transmissions from LAROD are proportional to the number of generated 
packets. Also, the node-linear overhead from LoDiS is so low that 
amortizing it is hardly noticeable. For Spray and Wait the overhead per 
generated packet is reduced with increased load as the query exchanges are 
amortized over more data packets. 
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Figure 38. Delivery ratio for different transmission loads under 

pheromone mobility. 
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Figure 39. Overhead for different transmission loads under pheromone 

mobility. 

If we study the performance of the two routing protocols under varying 
node densities we can make some interesting observations. For both routing 
protocols the delivery ratio improves with increased node density (see 
Figure 40), but the change is more pronounced for LAROD-LoDiS than for 
Spray and Wait. The reason that the delivery ratio for Spray and Wait is 
only marginally improved with increased node density is that its main 
routing mechanism, waiting until a node holding the packet meets the 
destination, is not affected by the node density. The improvement with 
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increased node density results from the initial distribution of the packet 
taking less time. LAROD on the other hand, actively tries to forward a 
packet towards the destination via wireless forwards, and with increased 
node density the forwarding opportunities are increased. 

The overhead in the two protocols, presented in Figure 41, illustrate what is 
expected from the protocol designs. For LAROD-LoDiS the overhead 
increases with a decreased node density as delivery latency increases and 
more packets exist in the network for their maximum lifetime (TTL). For 
Spray and Wait, the overhead increases with increased node density since 
the node encounter rate increases, and for each new encounter some data 
has to be exchanged towards possible message replication. 
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Figure 40. Delivery ratio for different node densities under pheromone 

mobility. 
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Figure 41. Overhead for different node densities under pheromone 

mobility. à Ã à
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The selection of an IC-MANET routing protocol is not as simple as selecting 
the one best protocol, simply because such a protocol does not exist. Instead 
the properties and mobility of the nodes that provide the routing 
infrastructure determine the suitability of a routing protocol. Spray and 
Wait works best when the routing nodes roam around in the network and 
LAROD-LoDiS requires that the network consists of clusters of at least a 
handful of nodes to use the geographic forwarding with the best effect. The 
general advice is that a routing protocol shall first be selected after the 
properties of the routing infrastructure is known and understood, and when 
the application requirements are known. 
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5 A Framework for 
Performance Analysis 

Simulators, such as ns-2, provide one way to model routing. While intuitive, 
this type of model most often requires significant computing resources to 
provide the routing results. More abstract mathematical models generally 
provide results with less computing effort. Unfortunately, the abstractions 
used often mean that the results are less valid compared to those from high 
fidelity simulations. 

In this chapter we present and validate our mathematical forward-wait 
framework. The framework models geographic routing in IC-MANETs as a 
sequence of alternating forwarding and waiting phases. As an input, the 
framework requires the statistical properties of these phases. These 
characteristics can be derived from multiple sources: models, simulations, or 
practical data. The quality of the prediction made by the forward-wait 
framework depends heavily on how accurate these descriptions are.  Ã Ä
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In the forward-wait framework, the movement of a packet towards the 
destination is modeled by two phases, forwarding and waiting. The 
forwarding phase is used to characterize how much closer a packet gets to 
the destination when it can be forwarded within a cluster in the network. 
Once forwarding is not possible, the waiting phase accounts for how long 
time a packet has to wait until it can be forwarded again. While the model is 
developed for geographic routing, it is agnostic to the routing mechanism 
used to forward the packet. However, the model does make the following 
assumptions. 

1. Only one copy of a packet is routed at any time. 

2. The delivery latency is dominated by the waiting time, and thus the 
forwarding time can be neglected. 
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3. The packet travel distance is dominated by the forwarding, and thus 
in the waiting phase, packet movement due to node mobility can be 
neglected. 

In Section 5.5 we will discuss the validity of these assumptions. There we 
will show the impact of violations of these assumptions, and that the impact 
can be compensated for to some extent. The reason to defer the discussion 
until then is the need for data in order to determine the impact of the 
assumptions. 

Figure 42 visualizes assumptions 2 and 3 with two packets moving from 
source to destination. In a forwarding phase, a packet travels some distance 
until it has to wait. While forwarding, the elapsed time is ignored by the 
second assumption above, which is depicted by the horizontal lines in the 
figure. The waiting phases, on the other hand, ignore node movements, as 
indicated by the vertical lines. The two cases in the figure illustrate that, 
when a packet is generated by the source, it either has to wait if the source 
node is at the edge of a cluster (upper track), or it can be forwarded 
immediately, within the current cluster, until it reaches the edge (lower 
track). Thus, a packet will travel in time and space in a manner similar to 
one of the two tracks depicted in Figure 42. 
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Figure 42. Time-distance forward illustration. 

The forwarding and waiting components of the framework are described by 
independent random variables. In the forwarding phase, the corresponding 
random variable describes how far a packet can be forwarded until it 
reaches the edge of its current cluster. In the waiting phase, we use a 
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random variable to describe how long time it takes until node movements 
have restructured the topology in such a way that the packet can be 
forwarded again. The reason that independence between the random 
variables can be assumed is that, as a packet is forwarded, it is handled by 
new nodes whose movements are independent of the nodes previously 
holding the packet. Examples of how the properties of the random variables 
can be derived for a specific scenario are provided in Section 5.2. In the 
same section, we show why it is important to separate two cases, depending 
on whether or not a packet had to wait at the source or not before it could be 
forwarded. 

The mathematical description of the framework will now be presented in a 
bottom-up fashion. As a final outcome, we will have the probability of 
reaching the destination at a distance d within time t, Pd(t,d), the delivery 
ratio for a specific scenario, PTTL(t), and random variables describing the 
distance a packet has travelled at a specific time, X(t), and the time it took to 
travel a specific distance T(d). All results are derived based on the random 
variables describing the forwarding and waiting phases. In Table 14, we 
summarize the key notation and terms. 

Table 14. Key notation and terms 

Notation Description 

d Distance 
t Time 
L Random variable describing the distance forwarded from the 

source during the first forwarding phase, if the packet could be 
forwarded immediately when it was generated 

Ln Random variable describing the distance forwarded during the 
nth forwarding phase after waiting, if the packet could be 
forwarded immediately when it was generated 

L'n Random variable describing the distance forwarded during the 
nth forwarding phase after waiting, if the packet had to wait at 
the source before forwarding 

I Random variable that with 100% probability takes the value 0 
Dn Random variable describing the distance forwarded from the 

source after n forwarding phases, if the packet could be 
forwarded immediately when it was generated 

D'n Random variable describing the distance forwarded from the 
source after n forwarding phases, if the packet had to wait at 
the source before forwarding 

Vn Random variable describing the time that a packet is in the nth 
waiting phase until it can be forwarded 
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Table 14 (cont.).    Key notation and terms 

Notation Description 

Wn Random variable describing the time that a packet has waited 
after n waiting phases 

Y Random variable describing the distance between the source 
and the destination for a packet. 

X(t) Random variable describing the distance from the source at 
time t 

T(d) Random variable describing the time taken to travel a distance 
d from the source 

Swi Random variable describing if there was an initial wait or not. 
Swi = 1 if there was an initial wait and 0 if there was no initial 
wait 

Sw(t) Random variable describing the index number of the current 
wait phase at time t, assuming that the packet was forwarded 
immediately when it was generated 

S'w(t) Random variable describing the index number of the current 
wait phase at time t, assuming that the packet had to wait at the 
source before forwarding 

Sfi(d) Random variable describing the index number of the current 
forwarding phase at a distance d from the source assuming that 
the packet could be forwarded immediately when it was 
generated 

Sfw(d) Random variable describing the index number of the current 
forwarding phase at a distance d from the source assuming that 
the packet had to wait at the source before forwarding 

P(expr) Probability that the expression expr is true 
Pfi(d,n) Probability of being in the nth forwarding phase when the 

packet is at a distance d from the source, assuming that the 
packet could be forwarded immediately when it was generated 

Pfw(d,n) Probability of being in the nth forwarding phase when the 
packet is at a distance d from the source, assuming that the 
packet had to wait at the source before forwarding 

Pw(t,n) Probability of being in the nth waiting phase at time t 
Pd(t,d) Probability of delivery of a packet within time t to a destination 

at a distance d from the source 
Pwi Probability that a packet has to wait before it can be forwarded 

from the source 
 

As mentioned before, for forwarding we distinguish between two cases: 
initial forwarding from the source described by L, and forwarding after a 
waiting phase, described by Ln and L'n. Normally, a packet has to go through 
several forwarding phases before the destination is reached. Each phase is 
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described by an independent random variable. The total distance travelled 
after n forwarding phases is the sum of the random variables. For 
computing D'n, we also describe the case where no forwarding has taken 
place. Defining this case is helpful in the description of the final outcome. 
The resulting random variables Dn and D'n are easily computed by 
Equations (5.1) and (5.2). $%&
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The probability that a packet is in its nth forwarding phase at a distance of d 
from the source is then given by Equation (5.3). Probability Pfw(d,n) is 
defined in the same way using D'n. It is important to note that while P(Dn+ d) 
is the probability of having reached at least a distance d using exactly n 
forwarding phases, Pfi(d, n) is the probability of being in the nth forwarding 
phase at distance d. ,-,./ >≥−≥=−≥
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Similar to the derivation of the random variables for the forwarding phase, 
Equation (5.4) computes the random variable describing the time of waiting 
after exactly n waiting phases. Analogous to the definition of D'n, Wn is 
defined also for the case where no waiting has occurred. In Equation (5.5) 
we give the probability of being in the nth waiting phase at time t. 12134
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Using the above results, we can now define expressions predicting routing 
performance. The main result is presented in Equation (5.6) where we 
compute the probability that a packet has, within time t, been delivered to a 
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node that is a distance d from the source. The two terms in the equation 
consider the cases where a packet initially waits before being forwarded, 
and the case where it is immediately forwarded from the source, 
respectively. These two cases correspond to the two tracks in Figure 42. 
Each term is a sum of the probabilities of the possible sequences of 
forwarding and waiting at the evaluation point. This equation will be used 
to compute the packet delivery ratio. 
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The probabilistic answer provided by (5.6) might not be enough if a more 
detailed analysis of the routing performance is to be conducted. To 
complement Pd(t,d), we define the distance travelled at time t by stochastic 
variable X(t) in (5.7), and the time required to travel a distance d by 
stochastic variable T(d) in (5.8). To describe these two properties, we use 
stochastic variables defining the indices of the forwarding or waiting phase 
that the packet is in. For the selection of distribution for a particular case we 
use the Kronecker delta defined as follows. ;<=

≠
=

=
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Equations (5.7) and (5.8) have the same structure as (5.6), but instead of 
probabilities, we operate on random variables. Equation (5.7) describes the 
distance from the source at time t. The first term describes the case when the 
packet was forwarded after an initial wait, and the second term describes 
the case for a sequence of forwards without an initial wait. The equation 
uses selection elements (Swi, Sw(t) and S'w(t)) defined by the following 
probabilities described earlier. 
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Equation (5.8) has the same structure as (5.7), but instead computes the time 
taken to travel a distance d. In addition to Swi the equation uses the selection 
elements Sfw(d) and Sfi(d) defined by the following probabilities described 
earlier. 
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To be able to compute the packet delivery ratio, the most commonly used 
routing metric, we need the source destination distance, Y. With this defined 
the delivery ratio, PTTL(t), is computed according to Equation (5.9). The 
equation models the fact that, when a packet is within the radio range of the 
destination, the last hop is a guaranteed success. @@ ∞

−⋅+=
r

d

r
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The forthcoming sections will be devoted to deriving the properties of the 
forwarding and waiting random variables in a given context, and validating 
the model using simulation data. In addition, we will show how Pd(t,d) can 
be used in a practical application of the framework. A B C

 D E F G F H I J G K L K M N O P G Q F G R K M N F M R S F K I K M N
In order to use the framework presented in Section 5.1 for estimating the 
routing performance with a given mobility model and routing protocol, we 
need a description of the properties of the random variables for forwarding 
and waiting. We explore two alternatives: 1) using abstract models for 
mobility and routing in Section 5.2.2, and 2) using data from a protocol 
simulation, i.e. LAROD ns-2 simulations presented in Section 4.3, in Section 
5.2.3. 

The first alternative is useful if the properties of a mobile scenario and 
routing protocol are well known and can be modeled. The second 
alternative can capture the distributions of any routing protocol and 
mobility scenario, including protocols for which the characteristics are not 
well known. For illustration of the process of creating the abstract model 
based on a known mobility and routing algorithm we use our knowledge of 
the LAROD routing protocol, the characteristics of which will be briefly 
described in Section 5.2.1. 
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In ad hoc wireless networks, distances have little meaning, unless the range 
capabilities of the chosen radio technology are also specified. For this 
reason, we have chosen to represent the distance in terms of the multiples of 
the nominal radio range. Moreover, we will treat node densities by the node 
degree. T U V U W

 X Y Z [ \ ] ^ [ _ ` Y a b a [ c ] d e f ` g [ a d h _ ` e i b
In this section we detail the mobility and routing models used in Section 
5.2.2 to derive the model-based forwarding and waiting properties. The 
model is intended to capture the mobility and routing in the LAROD ns-2 
simulations used in Section 5.2.3, but still be manageable so that using the 
model is significantly simpler than using simulations. T U V U W U W

 j ` a Z Z ` d k ] Z i e _ ` Y a b a [ c
For the abstract mobility model we choose the Poisson distribution [33] to 
describe the statistical distribution of the nodes. The Poisson distribution 
describes the statistical location properties of independent nodes that are 
equally likely to be in all locations in an infinite space. The choice of using 
Poisson distribution is justified by three reasons. First, it is a commonly used 
abstraction and mathematically attractive. Second, it is a reasonable 
simplification of the pheromone mobility model that we have used in the ns-
2 simulations. Third, it describes the location properties of nodes in some 
commonly used synthetic mobility models [59][66]. 

The Poisson distribution only describes how the nodes are statistically 
distributed, not how they move. To derive the properties of the waiting 
phase, we need to characterize how the nodes move during a limited time 
period. To this end, we assume that the nodes move independently at a 
common constant speed, and that for short time periods the movements can 
be regarded rectilinear. The common constant speed reflects the speed used 
in the LAROD ns-2 simulations. T U V U W U V

 _ ` e i b a d h l i ` h \ ] m n a ^ f ` g [ a d h
Many geographic opportunistic forwarding algorithms are based on 
forwarding areas, a notion that we use in the model. Since our target is 
predicting the performance of LAROD, we will use its parameters when 
modeling routing behavior. To match the configuration choices made in the 
ns-2 simulations presented in Section 4.3, we model the geographic routing 
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using the progress forwarding area, see Figure 43, and the retry interval (tr) 
is uniformly selected between 8 and 12 seconds. 

Custodian Forwarding
Area

Destination

 
Figure 43. An illustration of minimum progress forwarding area 

Modeling custodian selection in the geographic routing protocol with a 
minimum progress requirement leads to Equations (5.10) and (5.11), for 
which the terms are defined in Table 15. Equation (5.10) defines the 
forwarding area, and (5.11) describes the position of the next custodian. The 
forwarding operation is characterized by the distance a packet approaches 
the destination from the current custodian. When a forwarding phase starts, 
the packet is routed without delay, until forwarding is no longer possible, 
because the current custodian’s forwarding area is empty. In the waiting 
phase, the protocol regularly attempts to start a new forwarding. 

rXXpXXXXXXfaX cdcddc ≤−+−≤−→∈ ,|)(  (5.10) 

( ))(|min| dcndnnx XXfaXXXXX →∈−=  (5.11) 

Table 15. Terms in custodian selection. 

Notation Description 

r Nominal radio range 
p Minimum-required progress. The parameter is set to 0.04r. 
X Two-dimensional Euclidian position 
Xc Position of the current custodian. 
Xd Position of the destination. 
Xn Position of node n. 
Xx Position of the next custodian. 
fa(Xco  Xd) Forwarding area for a custodian at Xc and destination at Xd. 
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In this section we will derive the properties for the forwarding and waiting 
random variables based on the models described in Section 5.2.1. The 
random variables will be described using distributions (for details see 
Appendix 4). To see the impact of node density, we will evaluate four 
different node densities within a relevant range. T U V U V U W

 p ` \ r ] \ e a d h u a Z [ \ a Y g [ a ` d k ] Z i e ` d _ ` e i b Z
Even for the ideal disc-based transmission model, determining the 
forwarding distribution analytically for Poisson distributed nodes is 
unfortunately too complex to be practically tractable. For details, please see 
Appendix 3. For this reason, we have derived the forwarding cdfs using 
Monte Carlo simulation. 

For determining the distance forwarded from the source (L) the Monte 
Carlo simulation is set up as follows. A number of nodes drawn from a 
Poisson distribution are placed in a rectangular area. The area is large 
enough so that at most 0.1% of the packets will reach the area boundary. 
Each node’s coordinate is set randomly following a rectangular distribution. 
A packet is sent towards a destination located infinitely far away, and the 
forwarding progress, measured along the line connecting the source and 
destination, is determined. Custodian selection is performed according to 
(5.10), until an empty forwarding area is encountered. 

The result is shown in Figure 3 using the complementary cdf (ccdf) for four 
different values of node density (where c denotes the node degree defined in 
Section 2.5). The ccdf in the figure is (1-cdf(L,d))·(1-Pwi), as the Monte Carlo 
simulations also record the occasions when no node is present in the 
forwarding area and the packet has to wait. In order to derive a well-
behaved density function, the distribution from the Monte Carlo simulation 
has been fitted to a curve described by (5.12), where G is a gamma-
distributed random variable with shape parameter r and scale parameter v . 
The transition points in (5.12) are selected to achieve an optimal match 
between the measured distribution and the fitted curve. 

Using the assumption of Poisson distributed nodes, the measured 
probability that a packet could not be forwarded from the source, Pwi, from 
the Monte Carlo simulations can be theoretically verified. Knowing the node 
density and forwarding area size the theoretical probability for not 
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forwarding is trivial to determine (this is the probability that there are no 
nodes in the forwarding area). For our definition of the forwarding area the 
results are presented in Table 16. These values are closely matched by the 
Monte Carlo simulations. 
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Figure 44. Probability of being forwarded by at least a given distance from 

the source with no initial wait (ccdf), for four node density 
values. 

( )
wxwyz >

≤≤⋅+⋅+⋅+
<

=
3.1),,(

3.104.0

04.00

),( 3
3

2
210

ddrGcdf

ddkdkdkk

d

dLcdf

λ
 (5.12) 

Table 16. Probability of having an initially empty forwarding area 

Avg. node 
degree c 

P
wi

 

2 38.7% 
3 24.1% 
4 15.0% 
5 9.3% 

 

When the packet is forwarded to the edge of a cluster, it has to wait until 
further forwarding can take place. When at least one node enters the 
forwarding area this wait ends, and forwarding can continue. The property 
of this forwarding will not be the same as the forwarding experienced by the 
source node when the packet was generated. The reason is that a custodian 
candidate in the forwarding area after a wait will be found close to the edge 
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of the current custodian’s forwarding area. This is due to the fact that the 
node movements are small during a retry interval compared to the size of 
the forwarding area. We will see that this will have significant implications 
for the forwarding distribution. 

The Monte Carlo simulations used to determine the distance forwarded 
after a wait (Ln, L'n) are set up similar to the ones used for analyzing packet 
forwarding from the source (L). A simulation run starts by placing a number 
of nodes, drawn from a Poisson distribution, in a rectangular area. 
Searching through the nodes, the first node having an empty forwarding 
area is selected to be the custodian of a packet. If no node with an empty 
forwarding area exists, the simulation run is aborted. Provided that a 
custodian is found, the next step is to move all the nodes (including the 
custodian) in random directions for a distance randomly selected to 
correspond to the retry interval employed between forward attempts (in the 
abstract model we have used the same interval, 8-12s, as in LAROD ns-2 
simulations). If a node has entered the forwarding area after the retry 
interval, the forwarded distance of the packet is recorded, otherwise the 
simulation run is discarded. 

The resulting distribution is shown in Figure 45 using its ccdf. The figure 
leads to several interesting observations. The steep drop at the beginning of 
the curves corresponds to the case that a node enters the forwarding area 
from the rear. In this case, the forwarding areas of the initial and new 
custodians have a large overlap. As a result, the probability of making 
another hop is low. Similar to the cdfs for initial forwarding at the source, 
the cdfs in Figure 45 have been curve-fitted to derive well-behaved pdfs. 
The curve fitting is done according to Equation (5.13), where the transition 
points are selected based on maximum match between the measured 
distribution and the fitted curve. In the equation, parameters d4 and d5 are 
density dependent, and selected to achieve an optimal fit. 
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Figure 45. Probability of being forwarded by at least a given distance from 

the source after a wait (ccdf), for four node density values. 
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A wait period starts when a packet reaches the edge of a partition where it 
has to wait until mobility makes further forwarding possible. To determine 
the distributions for the waiting phase based on the modeled mobility and 
routing, we consider the periodic forward attempts employed by LAROD. 
After waiting a time t the probability of successful forwarding is described 
by Pf(t). With knowledge of when a forward attempt is made, described by 
R, the waiting distribution can be established. For the LAROD simulations, 
pdf(R,t) is a rectangular distribution as specified in (5.14). ��� ≤≤

=
otherwise

t
tRpdf

0

12825.0
),(  (5.14) 

For Pf(t), we note that it is zero at t=0 and equals Pwi as t approaches infinity. 
Therefore, Pf(t) is expected to have an exponential-type shape. Since we are 
only interested in Pf(t) when pdf(R,t) is non-zero, a linear approximation is 
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considered. An analysis of the data points used to establish Pf(t) has shown 
that this is a reasonable approximation over the relevant interval. 

The probability of forwarding after a given waiting time (Pf(t)) is not trivial 
to determine analytically, and for this reason we have used Monte Carlo 
simulations. In each simulation run, a number of nodes are placed in a 
rectangular area, following a Poisson distribution. The size of the area is 
selected such that the expected number of nodes with an empty forwarding 
area is 100. All nodes are then randomly moved. Whether or not nodes have 
entered the forwarding areas that were initially empty is then recorded. The 
simulation has been run for 100 times for each of the time values 8, 9, 10, 11 
and 12 seconds, giving approximately 10,000 samples per point. The 
collected data is then fitted to a linear function to represent Pf(t). The 
coefficients in the linear function and two sample values are provided in 
Table 17, and the linear function itself is given in (5.15). 

Table 17. Average probability of forwarding after a retry interval. 

Avg. node 
degree c 

k o t=8 t=12 

2 0.0059 0.013 6.0% 8.3% 
3 0.0080 0.023 8.7% 11.9% 
4 0.0127 0.008 11.0% 16.1% 
5 0.0167 -0.002 13.2% 19,9% 
 

otktPf +⋅=)(  (5.15) 

What remains is to compute the waiting time Vn based on R and (5.15). To 
this end, we first determine the probability that a forward attempt is a 
success or a failure; see Equations (5.16) and (5.17). Next, we use two 
random variables, En and An, to describe the waiting times for a successful or 
a failed forward attempt, respectively. The density functions of En and An are 
defined in (5.18) and (5.19). Based on these and the failed wait time 
described by (5.20), a random variable describing the time when a successful 
forward attempt is made after n-1 failed attempts is defined in (5.21). The 
random variable Vn is then defined by (5.23) using the selection element Sf 
(5.22) and the Kronecker delta. The notation is summarized in Table 18. In 
Figure 46, cdf(Vn,t) is illustrated. 
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Table 18. Notation and terms in deriving distributions for the waiting 
phase. 

Notation Description 

Pf Probability that a forward attempt is successful. 
Pf(t) Probability that a forward attempt at time t is successful.  
Pa Probability that a forward attempt fails. 
An Random variable describing the waiting time of the nth failed 

forward attempt 
Bn Random variable describing the waiting time of n failed 

forward attempts 
En Random variable describing the waiting time for a successful 

forward attempt after n-1 failed attempts 
Fn Random variable describing the waiting time if the nth forward 

attempt is successful 
R Random variable describing when a transmission attempt 

occurs. 
Sf Random variable describing the index number of the wait 

attempt when a packet was successfully forwarded 
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Figure 46. Probability of waiting for at most a given time, for four node 

density values. �   ¡   ¢
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In this section, we present an approach to deriving probability distributions 
for the framework for an arbitrary protocol and mobility model, provided 
that some detailed simulation traces are available. As an example, we 
compute numerically the forwarding and waiting distributions from ns-2 
simulations of LAROD under the pheromone reconnaissance mobility 
model. The idea is to compare these results to the distributions derived in 
the previous section, in which mobility and routing are modeled more 
abstractly. We do not expect that the results will match each other perfectly 
due to the following reasons. First, the ns-2 simulator has a more realistic 
radio model. Second, the pheromone reconnaissance mobility model does 
not produce Poisson distributed nodes. Third, the location of a destination is 
assumed to be known in the abstract model, i.e., a perfect location service is 
assumed in our derivation of the distributions. This is however not the case 
in the ns-2 simulations. �   ¡   ¢   °
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Extracting forwarding distributions from simulation traces calls for some 
methodological considerations, because the distances in the simulations are 
finite. The consequence of a finite distance is that a packet might reach its 
destination during a forwarding operation, and in this case it is impossible 
to tell how much further the forwarding could have continued. Consider a 
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packet transmitted by its custodian. If the packet reaches the edge of the 
partition before reaching its destination, the simulation data gives relevance 
distance information for deriving the distributions. On the other hand, if the 
packet reaches the destination, then one cannot tell how much further it 
could have been forwarded. To limit the impact of this issue when 
establishing the simulation-based cdf(L,d), cdf(Ln,d) and cdf(L'n,d), we only 
consider simulation data where forwarding takes place to destinations at a 
distance to the custodian which is above a pre-defined threshold. Thus, the 
computed forwarding distribution will be representative for the true 
distribution up to the distance threshold. A problem with setting a high 
distance threshold is that the number of data points available for 
establishing the distribution becomes very low. For the LAROD ns-2 
simulations, a distance threshold of 5 radio radii is used. In order to obtain a 
smooth distribution over this value, we apply an extrapolation technique. 

A second issue in deriving forwarding distributions via simulations is 
packet duplication. This can happen due to LAROD routing logic, e.g., when 
a custodian forwards the same packet to two nodes that are not within the 
radio range of each other. To deal with the issue, the consideration is limited 
to the copy that has reached furthest in distance. In the LAROD simulations, 
the average node degree equals 3.93. Throughout the thesis, the data 
extracted from simulations are based on a time to live (TTL) value of 1,000 
seconds. 

In Figure 47 and Figure 48, we provide the ccdfs of forwarding, obtained by 
trace data from the LAROD simulations. The modeled (dashed) curve is 
based on the equations in Section 5.2.2.1. For the solid black curve 
representing the LAROD ns-2 data, we see a drop after 5 radio radii. After 
this value, some packets have reached their destinations, and hence they do 
not provide relevant information about the potential forwarding distance. 
The LAROD ns-2 curves have been extrapolated and curve-fitted using the 
functions given in Section 5.2.2.1. The modeled curve uses the same node 
density level (3.93) to ease the comparison. From the simulation results, the 
probability of having an initial waiting phase, Pwi, is 19% for an average node 
degree of 3.93. This is considerably higher than the value of 15% derived for 
the similar node degree level under Poisson distribution (see Table 16). 
From these results we see that the model we use does not exactly describe 
the forwarding properties experienced in the simulations. Some probable 
causes were discussed at the beginning of Section 5.2.3. 
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The lower ccdf curves from LAROD ns-2 compared to those derived for 
Poisson distributed nodes reveals a lower average forwarding distance. 
Consequently, more waiting phases are required before the destination is 
reached. Whether or not this means a longer delivery time depends on the 
characteristics of waiting – an aspect that we will study in the next section. 
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Figure 47. Probability of being forwarded by at least a given distance from 

the source with no initial wait (ccdf). 

0 5 10 15
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Forward distance (radio radii)

D
ec

um
ul

at
ed

 p
ro

ba
bi

lit
y

 

 

LAROD ns2 after wait fitted
LAROD ns2 after wait
Modeled after wait

 
Figure 48. Probability of being forwarded by at least a given distance after 

an initial wait (ccdf). 
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We now turn our attention to characterizing waiting time using LAROD ns-
2 simulations. Processing waiting data is less problematic compared to the 
case of forwarding data. Yet some caution is necessary, because some 
packets may time out while waiting to be forwarded. In data processing, 
such packets are discarded. Hence only packets for which forwarding does 
occur after waiting are considered. Consequently, information associated 
with very long waiting times is not available, meaning that the distribution 
derived from simulations is slightly optimistic. The results are presented in 
Figure 49, and compared to the curve computed by the modeling approach 
(Section 5.2.2.2) under the same node density level. From the figure, it is 
apparent that the distribution derived from the Poisson distributed nodes 
yields a very good approximation; the waiting time obtained from the 
LAROD simulations is only slightly longer than the one derived in Section 
5.2.2.2. The study in Section 5.2 has thus demonstrated that with carefully 
constructed models the model-based and simulation-based distributions can 
be fairly close to each other. The challenge is to know when the models are 
good enough. 
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Figure 49. Probability of waiting for at most a given time before 

forwarding (cdf). 
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In a typical scenario the source-destination distance for a packet is not 
predictable, and for this reason a probabilistic description of the distance is 
often appropriate. We will describe the source-destination distance by the 
random variable Y. We will determine the properties of Y along two lines, 
one based on a mathematical description of the source and destination 
locations, and the other based on LAROD ns-2 simulations. 

In the LAROD ns-2 simulations the destination of a packet was randomly 
selected from all other nodes in the system. We call this source-destination 
pairing any-to-any. Assuming that the nodes are evenly and independently 
distributed over the simulation area, this equals to the distance between two 
randomly placed points within a square. The density function of the source-
destination distance, denoted Ye, for a square with side length k, is according 
to Equation (5.24) For the derivation of the equation, the reader is referred 
to Appendix 4.1.  

In many applications of IC-MANETs the fully distributed, peer-to-peer 
scenario, represented by the any-to-any communication pattern is probably 
not reasonable. Instead there might be one, or a few, central points that 
originates, or receives, most of the data traffic. In a military context we 
would call such a node a command and control center (C&C). Let us assume 
that the mobile nodes are moving in a square area, that they are evenly and 
independently distributed, and that all communication is between the 
mobile nodes and a C&C located at the center of one of the square edges. 
The density function of the source-destination distance, denoted YCC, for a 
square with side length k, is then according to Equation (5.25). For the 
derivation of the equation, the reader is referred to Appendix 4.2. 

The analytically derived source-destination distances, and the source-
destination distances obtained from the LAROD ns-2 simulations are 
illustrated Figure 50 in for the 8x8 radio radii square. Comparing the 
LAROD ns-2 distribution data to the analytical any-to-any distribution, we 
see that the distance reachable in the ns-2 simulation is somewhat higher 
than that from the mathematical description. We conjecture that non-
uniform node placement, movement of the destination during packet 
routing, and location service inaccuracies have all contributed to the 
difference between the curves. If we compare the any-to-any distances to the 
any-to-C&C we clearly see that the communication distances are longer in 
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the any-to-C&C scenario compared to the any-to-any scenario. This is not 
unexpected since the middle of an edge should be further away than a 
randomly chosen point within the square. 
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Figure 50. Cdf of source-destination distance. ß à á
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Having presented the forward-wait framework in Section 5.1, and its 
parameters in terms of random variables in Sections 5.2 and 5.3, we are now 
in a position to evaluate the validity of the framework. We compare the 
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predictions by the framework to those given by LAROD ns-2 simulations, 
and if they are reasonably similar we conclude that the framework 
accurately can predict the routing performance. While this only proves that 
the framework can predict the routing performance for this specific case, it 
strengthens our belief that its use can be extended to previously unexplored 
scenario configurations. 

For the framework, we consider both the model-based input from Section 
5.2.2 and the simulation-based input from Section 5.2.3. Due to the 
difference between the two sources of input, the routing performance 
predictions should somewhat differ. What we hope, however, is that when 
simulation-based input is used, the predictions by the framework come close 
to the simulation results. Differences in the results, if any, should originate 
from the assumptions made in the framework and data extraction issues. ò ó ô ó õ
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With the tools and data previously presented, we can now estimate the 
delivery ratio using the forward-wait framework, and compare the 
prediction to the delivery ratio obtained by LAROD ns-2 simulations. The 
delivery ratio predicted by the forward-wait framework, using input from 
both the modeling approach, and the LAROD ns-2 simulations, are 
presented in Figure 51. The figure also shows the delivery ratio from the 
LAROD ns-2 simulations with a 95% confidence interval. 

Two major observations follows from the figure: 1) the predicted delivery 
ratio can differ significantly, depending on the type of input, and 2) 
providing the framework with key input parameters from simulations leads 
to highly accurate predictions of the delivery performance. The remaining 
gap can be attributed to simplifications made in the framework, and the fact 
that it is difficult to estimate long forwarding chains and delays from the 
simulation data, as described earlier in Section 5.2.3.  

The first observation illustrates the importance of using a relevant data 
source when predicting routing performance. Assuming idealistic 
conditions, predictions become too optimistic in comparison to the 
simulation results, even though the latter may not necessarily represent real-
world performance. 
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Figure 51. Predicted and simulated delivery ratio for different TTLs ò ó ô ó �

 ö ù � ÿ þ � � ÷ þ � � � ù � ÷ � û ÷ � ù � ÿ ù � � �
In addition to validating the model in terms of the final delivery ratio, it is 
also of interest to validate the distance and time distributions predicted by 
Equations (5.7) and (5.8) against data from the LAROD ns-2 simulations. 
From the simulations, it is easy to extract how far a packet has travelled at 
some specific time, as well as at the time taken for a packet to travel a given 
distance. The measurements are however performed only for packets that 
have not yet been delivered to their destinations. For the time for reaching a 
certain distance (Equation (5.8)), the data from the simulations can be 
directly compared to the predictions made by the forward-wait framework. 
The reason for this is that while we cannot extract data for packets having 
reached their destinations before the measurement point, all packets have 
the same distribution regarding time of passing the measurement point.  

For the time to reach a certain point analysis, we have chosen a 
measurement point 4 radio radii from the source. In Figure 52, the 
distribution function from the ns-2 simulations is compared to the one 
computed by the forward-wait framework using the ns-2 based 
distributions. As can be seen from the figure, the two distributions are very 
close to each other. The distribution from the framework is slightly more 
optimistic on how fast a packet travels, an effect also reflected in the slightly 
optimistic results from the framework in the previous section. 
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Figure 52. Probability of reaching at least 4 radio radii with respect to 

time. 

The direct validation of Equation (5.7) is not possible due to the following 
reason. In practical simulations packets are delivered to their destinations, 
and if a packet reaches its destination before the time used for measurement, 
data for that packet can not be gathered. Thus, we only measure packets for 
which the following is true, X(t) < Y – r, where Y is the distance to 
destination, and r is the radio range. As in the previous section, we assume 
that when a packet is within radio range of the destination, the last hop is a 
guaranteed success.  

In Figure 53 we have plotted the distributions of X(t) < Y – r and the data 
from the ns-2 simulations at time t = 200 seconds. We observe a visible 
difference between the framework prediction and the ns-2 data. The main 
reason for the difference is that the forward-wait framework assumes that 
the node holding the packet does not move while it waits. The ns-2 data on 
the other hand, includes node movements during waiting. Obviously node 
movements can be in any direction, both towards and away from the source, 
but since we measure the absolute distance from the source we cannot tell if 
the packet has advanced towards the destination or not. What we clearly see 
is that the impact on node mobility while waiting cannot be ignored. A 
further discussion regarding the validity of the forward-wait framework 
due to this effect is provided in the next section. 
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Figure 53. Probability of requiring at least 200 seconds with respect to 

distance. 

From the results in this and the previous section, we conclude that the 
forward-wait framework can reasonably accurately predict the routing 
performance for LAROD, provided that representative forward, wait, and 
distance to destination distributions are used. We believe that these results 
extend to other geographic routing protocols in IC-MANETs. ß à ß
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In the previous section we have shown that the forward-wait framework can 
successfully predict simulation results. Let us now examine how well the 
assumptions used for building up the framework (see Section 5.1) are met. 
We consider first the assumption that forwarding takes no time and that 
packet movement is minimal in the waiting phase. Table 19 shows, 
respectively, the mean values of waiting times and forwarding distances, 
obtained from the mobility model in Section 5.2.1.1 and the LAROD ns-2 
evaluations, respectively. 

It is striking to observe the significant distance travelled during waiting in 
relation to the forwarding distance. An immediate question is how much 
this result influences the validity of the model. The answer is that the impact 
is in fact not significant – whereas some nodes move closer to the 
destination of a packet waiting to be forwarded, other nodes will move 
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away from the destination. Assuming directional uniformity of the 
movements, they cancel each other’s effect in the infinite case. In the finite 
case, the distance to a static destination will somewhat increase (on average) 
during a waiting phase. However, this increase is typically small enough to 
be negligible. 

Table 19. Average wait times and forward distances. 

Avg. 
node 
degree 

Avg. wait 
time 
(seconds) 

Wait 
distance 
(radio radii) 

Avg. fwd. 
dist. initial 
(radio radii) 

Avg. fwd. dist. 
after wait 
(radio radii) 

Avg. time 
fwd. chain 
(seconds) 

Poisson distributed nodes 
2 144 0.81 1.0 0.9 - 
3 97 0.54 1.6 1.3 - 
4 74 0.42 2.4 2.0 - 
5 60 0.34 3.7 3.1 - 

LAROD ns-2 simulations 
3.93 78.1 0.47 1.9 1.4 1.2 
 

We now consider the related assumption that time for forwarding is 
negligible. The time that a forwarding phase takes depends greatly on the 
communication technology and packet size. As the modeling approach in 
Section 5.2.1.2 does not include these aspects, we look in more detail into 
LAROD ns-2 simulations. From the simulation results in Table 6, we observe 
that the time consumed by forwarding is small (�  1.5%) in comparison to the 
waiting time. This confirms that the assumption in the framework holds. If 
this was not the case, Equation (5.5) would have to be adapted to include 
forwarding time. 

Another assumption in Section 5.1 was that, at any given time, only one 
copy of a packet is routed. For LAROD, however, occasionally this is not 
true in our ns-2 simulation data. For such cases, we use the copy that 
reaches furthest towards the destination for deriving the forwarding 
distributions. Hence, the assumption can be respected by extraction of 
suitable traces from simulations (at the expense of being more or less 
optimistic). To analyze the delivery ratio of a routing protocol that routes 
multiple copies of a packet, the forwarding and waiting distributions can be 
extended by considering the first copy arriving at the destination and 
modeling the routing decisions made for those packets. 
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In Section 5.4 we showed that the forward-wait framework can accurately 
match the results by simulations. This establishes some trust in the 
capability of the framework in predicting routing performance. In this 
section we illustrate how the framework can be used in connection with a 
large scale deployment. For the illustrations we require data for multiple 
node densities. Since this data is only available for the model of routing and 
mobility from Section 5.2.1, we will in this section use the distributions 
derived in Section 5.2.2. ò ó � ó õ
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A first natural use of the framework is to predict the packet delivery ratio 
for large scenarios. This capability is illustrated in Figure 54 and Figure 55 
for the two scenarios presented in Section 5.3. The two figures show the 
delivery ratio for the two scenarios at a fixed node density of 4 (average 
node degree) for different number of nodes (100, 1000 and 10000 
respectively). The impact of the increased number of nodes at a constant 
node density is that transmission distances increase, which is seen in the 
figures by the need for a longer delivery time to achieve the same delivery 
ratio. Due to the slightly longer distance to destination the any-to-C&C 
scenario has a slightly lower delivery ratio compared to the any-to-any 
scenario at the same packet life time. 

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Packet life time (s)

D
el

iv
er

y 
ra

tio

 

 

n=100
n=1000
n=10000

 
Figure 54. Delivery ratio for different sizes of the any-to-any scenario with 

a constant average node degree. 
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Figure 55. Delivery ratio for different sizes of the any-to-C&C scenario 

with a constant average node degree. 

In a practical setting the scenario area is probably fixed, and the question 
that needs to be answered is the packet TTL and/or the number of radio 
equipped units (nodes) required to provide an acceptable delivery ratio. In 
Figure 56 and Figure 57 we provide the delivery ratio provided by the 
Forward-Wait framework for the two scenarios for different node densities 
at a constant area size. The area was set to 20 by 20 radio radii which means 
that an average node degree of 2 corresponds to an average of 255 nodes, 
and a node degree of 5 leads to 637 nodes. As indicated by the distributions 
in Section 5.2.2 a higher density means longer forwarding distances and 
shorter delays, which is here seen by a higher delivery ratio at a set packet 
time to live (TTL). 
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Figure 56. Delivery ratio for different node densities of the any-to-any 

scenario with a constant area size. 

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Packet life time (s)

D
el

iv
er

y 
ra

tio

 

 

c=5
c=4
c=3
c=2

 
Figure 57. Delivery ratio for different node densities of the any-to-C&C 

scenario with a constant area size. ò ó � ó �
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In addition to being predictive, the framework can be used to enable a 
source node to dynamically set the packet TTL to achieve a desired delivery 
probability.  To illustrate this, in Figure 58 we plot the relationship between 
distance to destination and TTL for various density levels with a 95% 
delivery probability Pd(t,d). 
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If the TTL is fixed, Pd(t,d) can be used to determine whether a packet shall be 
transmitted or if a required delivery probability is set. Figure 59 shows 
Pd(t,d) for the mobility and routing models for an average node degree of 4. 
For example, if the requirement of delivery probability is 95% or higher, 
then the packets to destinations that are over 6.5 radio radii away can be 
discarded if the TTL is set to 600 seconds. 
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Figure 58. TLL required for achieving 95% delivery guarantee for various 

density levels. 
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Figure 59. Delivery probability in distance and TTL. 
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We have presented and validated the forward-wait mathematical 
framework for geographic routing. The framework describes the probability 
of delivery as a function of the maximum allowed delivery time and the 
distance to the destination. As input, the framework uses scenario- and 
protocol-specific random variables characterizing the forwarding and 
waiting phases. Combined with a description of the distance to destination, 
the delivery ratio can be computed for any scenario size. The framework can 
also be used to dynamically assess delivery probabilities based on different 
packet life time settings. 

A major challenge in modeling routing performance is that the routing 
performance is scenario- and protocol-dependant. For the proposed 
forward-wait framework, the scenario and protocol specific elements are 
captured by the properties of the forwarding and waiting phases, and the 
distance to destination. For a specific scenario evaluated in ns-2 we 
determined these properties using two methods: (1) an abstract mobility 
model with Poisson distributed node placement and a routing protocol 
model, and (2) basic routing data from the ns-2 simulations. Comparing the 
two approaches, we observed that only with the latter input the forward-
wait framework could accurately predict the routing results from the ns-2 
simulations. This illustrates the difficulty of accurately describing node 
mobility and routing protocol using simple abstractions, and that if 
simplistic models are used, then the performance results are generally not 
reliable. 

While the proposed framework is believed to be general enough to apply to 
other geographic routing algorithms, further work is needed to provide the 
evidence for this. In addition to the validation of the framework to broaden 
its usefulness, the prediction accuracy could be improved by explicitly 
considering both time and motion in the models describing forwarding and 
waiting. 
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6 Where We are and 
Where We Can Go 

This chapter sums up the results of our work and reflects on future research 
directions. � à �
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Routing in mobile ad hoc networks is challenging due to the difficulty of 
maintaining accurate network state in a highly dynamic environment. If 
complete network connectivity cannot be provided, then it becomes 
impossible for the nodes to maintain an up-to-date view of the network 
state. One way to reduce the need for system state maintenance is to use 
geographic routing, that is sending packets towards the destination’s 
position. The routing protocol is then generally state-less, but it needs to be 
supported by a location service that can provide the position of a 
destination. 

In this thesis we have proposed LAROD-LoDiS, a geographic routing 
protocol and a location service for IC-MANETs. LAROD is a beacon-less 
geographic routing protocol that utilizes the store-carry-forward principle 
when greedy forwarding is not possible. To reduce routing delays, LAROD 
will start to route a packet towards the position indicated by the location 
service at the source node, even if this information has not been updated for 
a long time and is potentially incorrect. At each intermediate hop LAROD 
inquires the local location server if better information on the destination’s 
position is available, and if there is, it updates the position data in the routed 
packet. 

To always be able to provide location data to the routing protocol in a 
partitioned environment the location service LoDiS uses all nodes as 
location servers. By using a MANET gossip technique LoDiS can distribute 
location data to all location servers in the system at a low overhead. The 
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partitioned nature of the system will mean that some of the location data in 
a location server is somewhat inaccurate since it has not been possible to 
update it recently due to the absence of a contemporaneous path between 
location server and the destination. This information deficiency has to be 
addressed by the routing protocol (and it is done by LAROD). The LAROD-
LoDiS combination has been shown to have a high delivery ratio with 
moderate delays (up to 15 minutes) in the evaluated scenarios. It is first 
when the clusters consist of only a couple of nodes that LAROD-LoDiS fails 
to provide an acceptable delivery ratio. 

When studying the routing in IC-MANETs we found that how the nodes 
move greatly influences the routing, and for this reason we have developed 
a reasonably realistic mobility model that we used in our evaluations. As 
our main evaluation scenario, we have used a military reconnaissance 
mission that uses UAVs to detect enemy activities. To meet the mission 
objectives we have proposed the pheromone reconnaissance mobility model. 
By using distributed virtual pheromones the UAVs are in a robust and non-
deterministic way guided to areas not recently scanned. The model has been 
shown to provide good search coverage, even when the communication 
between UAVs is poor. While we have concentrated our efforts on a UAV 
reconnaissance scenario, the routing results presented should be applicable 
to many other types of environments. 

To be able to efficiently predict the routing performance of LAROD-LoDiS, 
and other geographic delay-tolerant routing protocols, we have created the 
forward-wait framework. The framework models routing as a sequence of 
forwarding and waiting phases. Each phase is described by a random 
variable that is scenario and routing protocol specific. Properties of these 
random variables have been established for the LAROD-LoDiS ns-2 
simulations and from simpler models that intend to describe the same 
setting as used for the ns-2 simulations. We have shown that the forward-
wait framework can accurately predict the results of simulations with 
properly selected random variables. The framework can be used to 
efficiently determine a suitable TTL and node density to achieve a minimum 
required delivery ratio. 
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This thesis has provided a first insight into geographic routing in IC-
MANETs. While we have obtained some interesting results, there are still 
many aspects to be explored. In this section we present some of the topics 
that we think warrant further study. 

We have shown that LAROD-LoDiS works well in a simulated environment, 
but how well these results transfer to a real environment is unknown. The 
problems with practical tests are their costs, difficulty to repeat a test with 
the same conditions, and the question whether the test conditions mimic real 
conditions well enough. Even given these obstacles we believe that practical 
tests can contribute with valuable insights. 

Some of the issues addressed by real-world tests could be met using high 
fidelity models. The model we think most important to study is the radio 
model. The main objective would be to determine to what extent an 
improved, and more computational intensive radio model impacts the 
routing results. Examples of radio models that could be explored are the 
Nakagami model [67] and log-normal shadowing [80]. 

As we have seen in the evaluations the node mobility greatly influences the 
routing result. This means that the choice of routing technology used in a 
specific system should be based on system connectivity properties. When 
developing a routing protocol it is then very important to know and 
describe how it is impacted by the system connectivity properties to provide 
systems designers with data to support their choice of routing technology. A 
routing protocol that is intended for general use should be evaluated in as 
many different system settings and environments as possible to show that it 
can maintain a good performance in a wide range of environments. The 
proposal and acceptance of a standardized test suite for ad hoc routing 
research would be very welcome. 

LAROD builds on the principle of greedy forwarding combined with the 
store-carry-forward principle when forwarding is not possible. This works 
well as long as there are no local minima (dead ends). If there are areas 
where nodes never travel, then packets should be routed around these areas. 
Many algorithms developed to negotiate local minima for geographic 
routing in MANETs require that the network is fully connected. One 
example is the perimeter forwarding employed by GPSR [54]. We know of 
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no attempt to solve the local minima problem for geographic routing in a 
DTN or an IC-MANET environment. The concept of greedily routable areas, 
such as in GRR [55], could be a viable approach. 

In the current evaluations of LoDiS we have assumed that location 
information on all nodes in the system can be put into one packet. If the 
system grows, then at some point this assumption is no longer valid and 
strategies for selecting the data to transmit needs designed and evaluated. If 
very large systems are expected (thousands of nodes) then location 
information distribution will become a very interesting and delicate 
problem. 

In this thesis we have not addressed security issues related to routing. We 
have assumed that all nodes in the system are benign and cooperative. This 
is a reasonable assumption in a closed system such as the military and in 
emergency services. A security mechanism that ensures that the nodes only 
accept data from trusted parties should be relatively simple to add provided 
that security credentials can be provided by a trusted element in advance of 
deployment. This of course assumes that the keys cannot be compromised. 
If keys can be compromised then we need to add a key revocation 
mechanism, a challenge in a disconnected system. Additional security 
challenges can be added depending on the assumptions regarding the 
system environment. 

While the forward-wait framework is believed to be general enough to 
apply to other geographic routing algorithms, further work is needed to 
provide the evidence for this. In addition to an extended validation of the 
framework, the benefit of explicitly considering both time and motion in the 
models describing forwarding and waiting should be studied. 

While the forward-wait framework models location service by an increased 
delivery distance, a more detailed description of the LoDiS location errors 
would be welcome. In its essence it would describe how fast information can 
be disseminated in an IC-MANET. 

In our reconnaissance scenario we have not addressed the issue of 
determining a reasonable receiver of reconnaissance data. Information on 
nodes interested in reconnaissance data could be distributed by some kind 
of publish-subscribe scheme. This scheme would need to address the 
problems inherent in an IC-MANET, that is the delay before a subscription 
request is received by a information publisher or broker. 
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7 Acronyms 
Acronym Description 

ACM Association for computing machinery 
AODV Ad hoc on-demand distance vector routing 
BGR Blind geographic routing 
BLR Beacon-less routing 
CBF Contention-based forwarding 
C&C Command and control 
cdf Cumulative distribution function 
CTS Clear to send 
DLS DREAM location service 
DSCP Differentiated services codepoint 
DSR Dynamic source routing 
DTN Delay-tolerant network, Disruption-tolerant network 
ER Epidemic routing 
FOPEN Foliage penetration 
GDBF Guaranteed delivery beacon-less forwarding 
GeRaF Geographic random forwarding 
GPS Global positioning system 
GPSR Greedy perimeter stateless routing 
GSM Global system for mobile communications 
HYMAD Hybrid DTN-MANET 
IC-MANET Intermittently connected MANET 
ICT Inter-contact time 
IEEE Institute of electrical and electronics engineers 
IGF Implicit geographical forwarding 
IP Internet protocol 
IPN Interplanetary network 
LAROD Location aware routing for delay-tolerant networks 
LoDiS Location dissemination service 
MAC Medium access 
MANET Mobile ad hoc network 
MoVe Motion vector 
ns-2 Network simulator version 2 
OR Opportunistic routing 
pdf Probability density function 
PGR Predictive graph relay 
PREP Prioritized epidemic routing 
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Acronym Description 

PRoPHET Probabilistic routing protocol using history of encounters 
and transitivity 

PSGR Priority-based geographical forwarding 
RFC Request for comment 
RTS Ready/request to send 
Rwp Random waypoint 
SLS Simple location service 
TRANSIMS Transportation analysis and simulation system 
TTL Time to live 
UAV Unmanned aerial vehicle 
UCSD University of California, San Diego 
URI Uniform Resource Identifier 
US United States 
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In percolation theory there are some different ways to describe the critical 
density at which the system percolates. In this appendix we will give an 
overview of how these densities relate to each other for the two-dimensional 
case with a constant radius. 

Percolation theory normally studies when areas intersects, which for circular 
areas means when the center points are within two radii of each other. In ad 
hoc networks we are instead interested in when two nodes are within each 
others radio range. This difference means that the natural way to describe 
the percolation threshold differs somewhat in these two research fields. For 
example, the average node degree is four times greater than the filling factor 
used in continuum percolation theory since the filling factor is computed 
based on when the circles of two nodes intersect and the node degree is 
based on when nodes are within communication range of each other. 

The table below summarizes the most common parameters in percolation 
and ad hoc network research, and how they relate to each other. From these 
relationships we can derive the average node degree, c, from the volume 
fraction, 5 , assuming that 5  has been derived using the unit disc radius for 
intersection analysis (R=1) to )1ln(4 ϕ−−=c . 

Table 20. Percolation theory and ad hoc network parameters, and their 
relationships. 

Parameter Description Relationship 

R Radius of discs for 
intersection analysis. 

 

r Nominal radio range. r = 2R 6
 Poisson process density.  7  Node density. Equals to the Poisson process 

density for Poisson distributed 
nodes. 5  Volume fraction. Fraction of 

the area covered by discs. 
For Poisson distributed nodes: 
1-e-

8 9
R ([65], Definition 5.1) 

c Average node degree. : ; r² 
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To be able to use Spray and Wait [95][97] as a comparative baseline to 
LAROD we needed a Spray and Wait implementation in ns-2. Spray and 
Wait was originally evaluated using a custom event-driven simulator with a 
slotted MAC protocol. An existing implementation of Spray and Wait for ns-
2 by Abdulla and Simon [1] has been consulted and found to have some 
deficiencies (reliable transfers are assumed, a node only uses local 
knowledge in the sending node to determine if a packet shall be sprayed at 
an encounter, and when receiving a sprayed packet for a second time a node 
silently drops it and the total number of sprayed copies is reduced). We 
have therefore implemented a move faithful implementation of the 
algorithm in ns-2. To clarify some implementation details we have been in 
contact with the first author of Spray and Wait, and we have received the 
following clarifications. 

• In the original simulations it was assumed that the MAC layer 
performed beaconing to advertise a node’s presence. 

• At each encounter the nodes exchange information on held 
messages in order to know which packets to exchange. 

When implementing Spray and Wait in ns-2 with IEEE 802.11 as MAC layer 
a number of implementation choices had to be made for issues that were 
abstracted away in the original implementation. We have generally 
preferred a simpler solution over a complex one when possible, without 
sacrificing the protocol’s performance. This has led us to keep as little state 
in the nodes as possible, and let events initiate actions. An example is the 
decision not to maintain a neighborhood list. The main design choices and 
their rationale are presented in Table 21. 
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Table 21. Spray and Wait implementation choices and rationale. 

Choice Motivation 

Each node regularly sends a beacon. Needed to determine when a node is 
in the neighborhood. 

Message transfers are initiated when 
a node hears a beacon. 

Simplifies protocol design, and 
improves the probability that the 
node will still be in the neighborhood 
when a message is transmitted. 

After receiving a beacon there is a 
reserved time (the Query phase) for 
exchanging information on data 
messages to transfer. 

Needed to increase the probability 
that the queries and responses are 
not delayed due to congestion. 

Messages are only transferred to the 
node sending the beacon. 

Simplifies protocol design. 
A node receiving the beacon will 
soon emit its own beacon and then 
messages will be transmitted to it.  

Each node maintains information 
regarding the nodes that it knows 
currently hold copies of messages 
that it holds. 

Needed to reduce the amount of data 
exchanged in the Query phase. 

 

 
Figure 60. Packet exchange 
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The overall scheme for the implementation of Spray and Wait in ns-2 is 
illustrated in Figure 60, which describes the packet and message exchange 
sequence. A node receiving a beacon packet responds with a query packet if 
it has some data messages the beaconing node might be interested in. A 
query can contain up to 100 message ids. As a response to a query packet 
the beaconing node replies with a query response packet detailing the data 
messages it is interested in. For the other data messages the beaconing node 
details why it did not request it. The reply can either be that it already has 
the message or that the message has been received by the destination. 

To limit contention that might delay the transfer of a query packet, and its 
response packet, no data messages may be sent to the beaconing node for 
some set time after a beacon was received (in our simulations we have used 
0.15 seconds). Additionally the query is randomly delayed for some time 
after the beacon is received (we have used up to 0.10 seconds). Except for 
this, the MAC layer is responsible for handling contention and the routing 
agent sends messages to the MAC layer whenever it has something to send. 

After the query phase, the nodes having data messages to send to the 
beaconing node start to transmit these. When the beaconing node has 
received a message it responds with an acknowledgement to tell the 
querying node that the message was received. 

On a wireless medium transmissions can fail due to interference or other 
factors and even with relatively reliable MAC layers such as IEEE 802.11 
packets might be lost. The impact of lost messages for our implementation 
of Spray and Wait is detailed in Table 22. The only loss whose impact is 
worse than a delay in the spreading of messages is the loss of an ack packet. 
When an ack packet is lost then more copies of a packet will be distributed 
in the network than what was intended, which results in higher (and 
unnecessary) resource utilization. 
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Table 22. Impact of lost packets on Spray and Wait. 

Packet type Impact 

Beacon, Query 
or Response 
packet 

No messages can be exchanged. New message exchange 
possibility when the next beacon is transmitted. 

Message packet The message was not exchanged. New message 
exchange possibility when the next beacon is 
transmitted. 

Ack packet The querying node does not know that the message was 
received by the beaconing node, and it will keep the 
copies that are now taken by the beaconing node. This 
means that extra copies of messages are injected into the 
network unnecessarily. 

 

We believe that the proposed realization of Spray and Wait is a fair 
realization of the original design in a full packet level implementation. We 
have put considerable effort into making the design as efficient as 
reasonably possible to keep the previously presented attractive properties of 
Spray and Wait.  O P Q R S T U V W V X Y Z V [ \ ] V U V ^ _ \ _ U `
For an implementation of Spray and Wait the two parameters L (number of 
spray copies), and beacon interval, have to be determined. Intuitively the 
higher L is set the better the delivery ratio should become, but at a higher 
overhead. A shorter beacon interval will definitely increase the overhead, 
and a too long beacon interval will probably reduce the delivery ratio due to 
missed communication opportunities. There is probably some beacon rate 
where the delivery ratio will no longer go up with an increased beacon rate. 

The optimal Spray and Wait parameters depend on the network properties. 
For the determination of the parameters in this section we have used the 
evaluation scenario for LAROD-LoDiS. The main parameters are 
summarized in Table 23. 
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Table 23. Scenario parameters 

Scenario name 
Parameter Reconnaissance Slow Rwp Fast Rwp 

Mobility model Pheromone 
reconnaissance 

Random 
waypoint 

Random 
waypoint 

Simulation area 2000x2000 
meters 

2000x2000 
meters 

2000x2000 
meters 

Number of nodes 80 80 80 
Radio range 250 meters 250 meters 250 meters 
Node speed 1.4 m/s 1.4 m/s 1.0-10.0 m/s 
Node pause time - 0.0 seconds 0.0 seconds 
 

Establishing the best number of spray copies (L) has not been trivial. For the 
slow random waypoint and the reconnaissance scenario, the packet delivery 
ratio clearly increases with an increased L. The cost of increasing L for the 
overhead is also noticeable. When different values of L were examined with 
the fast random waypoint scenario, then the overhead was substantially 
higher compared to the slow random waypoint scenario. The reason that we 
get an increase in effort for higher speeds is that during a transfer of a set of 
data messages the nodes move out of each other’s transmission range, and 
the sending node tries to transfer messages to a node that cannot receive 
them. Avoiding such partial transmissions needs a specific mechanism to 
take account of the contact window, which is not available in Spray and 
Wait [86]. The studies we made clearly indicate that L is a scenario 
dependant parameter. We have chosen to use L = 10 and 20 as described in 
Table 24. These choices are not far from the choice of L (10 and 16) in the 
original evaluation of Spray and Wait. 

The delivery ratio does go down with an increased beacon interval, but the 
relationship is not that strong. The relationship is somewhat stronger for the 
fast random waypoint scenario. The overhead is definitely impacted by the 
beacon interval, and an interval shorter than 20 seconds is not 
recommended. To improve comparability with LAROD-LoDiS we have 
chosen the LoDiS broadcast interval of 40 seconds for the Spray and Wait 
beacon interval, see Table 24. 

Table 24. Spray and Wait parameters. 

 Reconnaissance Slow Rwp Fast Rwp 

L 10, 20 20 10 
Beacon interval 40 seconds 40 seconds 40 seconds 
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In illustrating the complexity of determining forwarding distance 
analytically, it is instructive to make a couple of major simplifications. First, 
we assume that the nodes are Poisson distributed, and secondly, that the 
destination is infinitely far away. With these assumptions, the progress 
forwarding area has a constant shape. Yet, an analytical derivation of the 
forwarding distance is still practically unfeasible. For the first hop from the 
source, it is trivial to establish whether or not a packet can be forwarded, 
and the probability distribution of the progress if forwarding takes place. 
For the possible second hop, the distribution becomes harder to derive. 
Depending on the location of the custodian after the first hop, there are three 
different cases, as illustrated in Figure 61. Under the assumption of perfect 
custodian selection, the intersection of the two forwarding areas does not 
contain any other node. Although the process is cumbersome, it is feasible to 
derive analytical expressions on a case-by-case basis. However, with a chain 
of forwarding operations, the derivation becomes overwhelmingly complex 
and practically unfeasible. This justifies the use of Monte Carlo simulations 
to determine the distributions of the forwarding phase. 

(a) (b) (c)
 

Figure 61. An illustration of the custodian location after first hop. 
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In this appendix we will provide a short introduction to continuous random 
variables and their properties. A more full and rigid description of random 
variables can be found in a standard probability theory text book such as An 
Intermediate Course in Probability by Allan Gut [33]. 

A random variable describes an event with an unknown outcome. While the 
outcome is unknown, the probability of a specific outcome might be known. 
We use the notation P(expression) to describe the probability that the 
expression is true. A commonly used, and convenient, description of a 
random variable is the cumulative distribution function (cdf). The cdf of the 
random variable X is the probability that it will have the value x or lower, 
and it is defined in Equation (2.5). A related property is the probability 
density function (pdf) which is the derivative of the cdf for all points where 
the cdf is continuous, and it is defined in Equation (2.6)4. From their 
definitions the cdf is an increasing function that goes from 0 to 1, and the 
pdf is always positive or zero. 

)(),( xXPxXcdf ≤=  -� <x<�  (2.5) �
∞−

=
x

dyyXpdfxXcdf ),(),(  -� <x<�  (2.6) 

Random variables can be used in mathematical expressions where the result 
is a new random variable. The pdf of a sum of two independent random 
variables is according to Equation (2.7), and if a random variable is 
transformed by a strictly monotone function y=g(x) where its inverse exists, 
x=g-1(y), then the resulting pdf is according to Equation (2.8). � �∞

∞−

∞

∞−

−+⋅⋅=+ dxdyzyxyYpdfxXpdfzYXpdf ))((),(),(),( δ  (2.7) 

( ) )())(,(),( 11 yg
dy

d
ygXpdfyXgpdf −− ⋅=  (2.8) 

                                                        

4
 In statistics cdf(X, x) is often denoted FX(x) and pdf(X, x) fX(x). 
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In this appendix we derive the distance distribution for the two scenarios 
described in section 5.3. In the derivation of the density function we make 
use of the relationships below. � �

−+⋅⋅=+ dxdytyxyBpdfxApdftBApdf ))((),(),(),( δ  � �
−−⋅⋅=− dxdytyxyBpdfxApdftBApdf ))((),(),(),( δ  

dy

dx
xXpdfyXfpdf ⋅= ),()),(( , where f(x) is a continuous and strictly 

increasing or decreasing function of x in the range where pdf(X,x) > 0. � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� �   � � � � � ¡ ¢ £ � � � � � � � � � � ¤ ¥ � ¤ � �
In this section we derive the source-destination distance density function for 
two uniformly distributed nodes within a square area. Let the positions of 
the two nodes A and B be represented by random variables defined below, 
where k is the side length of the square. 

A = (XA, YA) 

B = (XB, YB) ¦§¨ ≤≤
====

otherwise0

0/1
),(),(),(),(

kxk
xYpdfxXpdfxYpdfxXpdf BBAA  

The random variable representing the distance between the two nodes has 
then the following expression. 

( ) ( )22
BABA YYXXBAD −+−=−=  

The density function of D, pdf(D,d), can then be derived as follows. 



146 APPENDIX 5 

 

©ª©«¬ ≤<−
≤≤+

=

=©©©©©©
©©®¯©©©©ª©©

©©«¬
≤<⋅

≤≤⋅

=

=−−⋅⋅=−=−° ° ° °
+

otherwise0

0//1

0//1

otherwise0

0
11

0
11

))((),(),(),(),(

2

2

0

kdkdk

d-kkdk

kddx
kk

d-kdx
kk

dxdydyxyXpdfxXpdfdYYpdfdXXpdf

k

d

dk

BABABA δ

 

±²³ ≤≤−=−
otherwise0

0/2/2
),(

2 kdkdk
dXXpdf BA  

( ) ( ) ( )

´́µ́́¶· ≤≤−
=

=⋅−=−=−

otherwise0

0
11

2

1
,,,)(

2
2

22

kd
kdk

d
dXXpdfdXXpdfdXXpdf BABABA

 



 DISTANCE DISTRIBUTIONS BETWEEN PAIRS OF NODES 147  

 

( ) ( )( ) ( )( ) ( )( )

¸̧̧̧¹̧̧
¸̧º»

<<−−+−¼¼½¾¿¿ÀÁ
−

−

≤≤+−

=

=ÂÂÂÂÂÃ
ÂÂÂÂÂÄÅÂÂÂÂÂÆ

ÂÂÂÂÂÇÈ
<<ÉÉÊËÌÌÍÎ +−−+ÏÏÐÑÒÒÓÁ

−

≤≤ÉÉÊËÌÌÍÎ +−
−

+ÏÏÐÑÒÒÓÁ
−

=

=ÂÂÂÂÃÂÂ
ÂÂÄÅÂÂÂÂÆÂÂ

ÂÂÇÈ
<<ÏÏÐÑÒÒÓÁ −ÏÏÐÑÒÒÓÁ −

≤≤ÏÏÐÑÒÒÓÁ −ÏÏÐÑÒÒÓÁ −

=

=−+⋅−⋅−=−+−

−

−

−

−

−

ÔÔ Ô Ô

otherwise0

2
42

2

2
tan

2

0
4

otherwise0

2
22

tan
2

0
22

tan
2

otherwise0

2
1111

0
1111

))((,,,

22
43

2

22

2
1

2

2
432

22
433

1
2

2

0

433
1

2

22
22

2

0
22

2222

2

2

2

2

kdk
k

d

k

kd

kkdk

dk

k

kd
k

d

k

d

k

kdk
k

x

k

x

k

xd

xd

x

k

kd
k

x

k

x

k

xd

xd

x

k

kdkdx
kd-xkkxk

kddx
kd-xkkxk

dxdydyxyYYpdfxXXpdfdYYXXpdf

k

kd

d

k

kd

d

BABABABA

π

δ

( ) ( )( )

ÕÕÕÕÖ
ÕÕÕÕ×Ø

<<ÙÙÚÛÜÜÝÞ −−+−ÙÙÚÛÜÜÝÞ
−

−⋅

≤≤ÙÙÚÛÜÜÝÞ +−⋅

=

=⋅−+−=

−

otherwise0

2
42

2

2
tan

2
2

0
4

2

2,),(

4

2

3

22

222

22
1

2

4

2

32

222

kdk
k

d

k

kd

kkdk

dk

k
d

kd
k

d

k

d

k
d

ddYYXXpdfdDpdf BABA

π

 

ß à á â ã ä å æ ç è é ê ã ä å æ ë ä ì í æ ä î è ï ê æ ð ê ê è çñ è ä ò î ë ó ô õ ã ä å æ ë ä ì í æ ê ö ÷ î ö ê ç è ö ç ø æ ç æ ä é÷ î ö ê
In this section we derive the source-destination distance density function 
between a uniformly distributed node within a square area and a node 
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located at the center of one of the square edges. Let the positions of the two 
nodes A and B be represented as defined below, where k is the side length of 
the square. 

A = (XA, YA) 

B = (k/2, 0) ùúû ≤≤
==

otherwise0

0/1
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kxk
xYpdfxXpdf AA  

The random variable representing the distance between the two nodes has 
then the following expression. 
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