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ABSTRACT 

Technology has reached a point where it has become feasible to develop unmanned aerial 
vehicles (UAVs), that is aircraft without a human pilot on board. Given that future UAVs can 
be autonomous and cheap, applications of swarming UAVs are possible. In this thesis we 
have studied a reconnaissance application using swarming UAVs and how these UAVs can 
communicate the reconnaissance data. To guide the UAVs in their reconnaissance mission we 
have proposed a pheromone based mobility model that in a distributed manner guides the 
UAVs to areas not recently visited. Each UAV has a local pheromone map that it updates 
based on its reconnaissance scans. The information in the local map is regularly shared with a 
UAV’s neighbors. Evaluations have shown that the pheromone logic is very good at guiding 
the UAVs in their cooperative reconnaissance mission in a distributed manner. 
 
Analyzing the connectivity of the UAVs we found that they were heavily partitioned which 
meant that contemporaneous communication paths generally were not possible to establish. 
This means that traditional mobile ad hoc network (MANET) routing protocols like AODV, 
DSR and GPSR will generally fail. By using node mobility and the store-carry-forward 
principle of delay-tolerant routing the transfer of messages between nodes is still possible. In 
this thesis we propose location aware routing for delay-tolerant networks (LAROD). LAROD 
is a beacon-less geographical routing protocol for intermittently connected mobile ad hoc 
networks. Using static destinations we have shown by a comparative study that LAROD has 
almost as good delivery rate as an epidemic routing scheme, but at a substantially lower 
overhead. 

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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1111 IntroductionIntroductionIntroductionIntroduction    

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 

development of cheap wireless technologies like GSM and Wi-Fi information 

is often available anytime and anywhere. The limitation of these technologies 

is that they require an infrastructure of base stations to function. In 

environments such as disaster areas or during wartime this type of 

infrastructure is generally not available, but information exchange is still 

desired. An option to communicate in these environments is to use long 

range radios that enable point-to-point communication. The problems with 

these 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 nodes were 

equipped with this type of radio 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 [45] and ZigBee [56], but the creation of larger ad-

hoc networks is still in the research domain. 

1.11.11.11.1 Mobile AdMobile AdMobile AdMobile Ad----hoc Networkshoc Networkshoc Networkshoc Networks    

A mobile ad-hoc network (MANET) is a self-organizing network where 

nodes with wireless radios cooperate to provide network connectivity. The 

opposite of an ad-hoc network is a managed network where network 

connectivity is provided by dedicated wireless access points. These access 

points are generally non-mobile fixed installations and they are 

preconfigured to efficiently share the wireless medium. Examples of 

managed networks are GSM and Wi-Fi hotspots. 



2 

 

A basic service required from any network is the ability to route messages1 

from source to destination. In wireline networks, such as the internet, routing 

is performed by dedicated equipment that exchange information with each 

other to build up a view of the network links between routers and end 

stations. This works well since links are stable and change infrequently. In 

MANETs links are less stable due to mobility, interference and fading. This 

means that the network layout is constantly changing and this has to be 

handled by the routing protocol. These constant network changes are 

challenging since it becomes practically impossible to distribute a consistent 

view of the network to all nodes. 

In IP based networking the IP address is both a machine unique identifier and 

a hierarchical location identifier. This means that the address is the mean to 

locate the node. In a network of mobile nodes hierarchical addressing is not 

practical since nodes would constantly have to change address due to node 

mobility. This means that each node will have to be a separate entry in a 

routing table resulting in large routing tables for large networks. 

The routing protocols suggested for MANETs can be classified into the two 

dimensions proactive–reactive and topological–geographic. Proactive 

protocols constantly maintain routing tables in the nodes while reactive 

protocols only acquire routing information when it is actually needed. 

Topological protocols build a view of the network based on how the nodes 

can communicate with each other while geographical protocols route 

information based on the geographical location of the nodes. 

The most widely accepted topology based routing protocols for MANETs are 

those accepted by the Internet Engineering Task Force (IETF). They have 

published two proactive routing protocols (Optimized link state routing 

(OLSR) [9], Topology dissemination based on reverse-path forwarding 

(TBRPF) [35]) and two reactive protocols (Ad hoc on-demand distance vector 

routing (AODV) [38], Dynamic source routing (DSR) [23]). They are currently 

working on replacing these protocols with one proactive and one reactive 

protocol. 

There have been some published reports on the relative performance of these 

protocols [8][18] and though far from conclusive they find that OLSR does 

                                                           

1
 In this thesis the words message and packet are generally used interchangeably. If there is a 

separation then a message is some coherent data that needs to be transmitted and a packet is the 

physical format of (a part of) a message that is transmitted in the network. 
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not perform well in mobile environments compared to AODV and DSR 

(TBRPF is not evaluated). The main reason is the functioning of the proactive 

OLSR. With mobile nodes the protocol has to spend a lot of effort trying to 

update the routing tables, tables that never will be accurate. 

To remove the need to maintain routing information in routing tables 

geographical routing protocols have been suggested where Greedy perimeter 

stateless routing (GPSR) [24] is the most widely known. Instead of 

maintaining a route to a destination a geographical routing protocol forwards 

packets to the geographical location of the destination by locally at each hop 

selecting a node that will reduce the distance to the destination. This 

generally means that no global routing information needs to be maintained 

by the nodes which it is good for highly dynamic environments. The Achilles 

heel of geographical routing is how to distribute node positions in the 

network so the sources know where the destinations are. For this there need 

to be a location service the sources can access. A main problem with location 

services is how to balance between the overhead of distributing the location 

information to location servers and the cost of a location query [10]. A related 

problem that has to be managed is node position errors in packets due to 

node movement.  

1.21.21.21.2 Intermittently connected MANETsIntermittently connected MANETsIntermittently connected MANETsIntermittently connected MANETs    

The routing protocols described in the previous section all assume that the 

node density is high enough to guarantee the existence of a contemporaneous 

path between any sender and receiver. A contemporaneous path is a 

sequence of wireless links between two communicating nodes such that they 

can communicate with each other instantaneously if the bandwidth was 

infinite and there were no transmission delays. If 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. 

An intermittently connected MANET is a network where the nodes are so 

sparse or moving in such a way that there exists at least two groups of nodes 

for which there is no contemporaneous path between the nodes. If the node 

movement is such that the intercontact times are unknown and unpredictable 

then the node contacts are called opportunistic. The enabler to route in 

intermittently connected networks is node mobility. To overcome 

communication gaps messages are stored in nodes and carried until they can 
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be forwarded. A consequence of this store-carry-forward principle is that 

delivery times will be longer than if a contemporaneous path existed2. 

Due to the long delays in these networks the connectivity assumptions made 

in most networks are no longer valid. As a consequence the responsibility for 

reliable transfers should be moved from the source-destination pair to a 

system of custodians. The reason to not use the source-destination pair as is 

normally done is that this generally requires many round-trip exchanges, 

exchanges that take much time. Instead the responsibility of reliably 

transferring a message is moved to the network and a system of custodians. 

In such a system a message is transferred between custodians that take over 

delivery responsibility of the message. 

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 [51]. The problem 

with this method is that it requires much bandwidth and storage resources. 

The other extreme is to keep 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) [13]. 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 Utility-

based Routing [46], MaxProp [3] and Context-aware routing (CAR) [30]. 

As for MANETs geographical routing can also be done in intermittently 

connected networks if the nodes are aware of their geographical position. 

Two examples of protocols that perform geographical routing in 

intermittently connected MANETs are Disruption-tolerant geographic 

routing for wireless ad hoc networks (DTGR) [27] and Motion vector (MoVe) 

[26]. 

1.31.31.31.3 Problem DescriptionProblem DescriptionProblem DescriptionProblem Description    

A challenging aspect in the study of routing algorithms is that the node 

mobility pattern affects the routing performance [21][28][41][55]. This means 

that a routing protocol should be tested in an environment that as close as 

possible resembles the environment it will be deployed in. To verify that a 

                                                           

2
 This assumes that the transfer rate using wireless transfers (wireless transfer rate * distance) is 

much higher than the rate using node mobility (speed * message size). 
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routing protocol is suitable for general use it should be tested under several 

reasonable, but characteristically different, environments.  

As the main scenario under which to evaluate routing we have chosen a 

reconnaissance mission in which a group of unmanned aerial vehicles 

(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 may not be any 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. [37]. Since most mobility models used in 

MANET research are either synthetic [4] or based on human mobility 

[20][25][41][49] we have had to develop a mobility model for this scenario. 

Depending on used node density and communication range the nodes 

moving under our mobility model will form an opportunistic intermittently 

connected network. The challenge is then to route messages in a reliable 

manner while limiting the use of system resources, such as storage, power 

and wireless bandwidth, in the realistic mobility scenarios envisioned. Since 

UAVs are location aware due to navigational requirements this could be used 

to perform geographical routing if the position of the destination is known. 

To conserve bandwidth and to make it possible to use our routing algorithm 

in energy-constrained systems we will explore the viability of beacon-less 

geographical routing in opportunistic intermittently connected MANETs. 

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 [15]: 

• 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 since beacon reception and due to 

fading. 
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1.41.41.41.4 ContributionsContributionsContributionsContributions    

The main contributions in this thesis are twofold; the study of mobility 

models and a proposed geographical routing algorithm for intermittently 

connected MANETs. 

A distributed pheromone mobility model for reconnaissance applications 

To evaluate our suggested routing protocol we have used a military 

reconnaissance scan scenario. The objective in the scenario is that a group of 

UAVs shall cooperatively scan an area regularly to detect units on the 

ground. Since it is probable that the units on the ground do not want to be 

detected by the UAVs they should not move in a deterministic pattern. 

To coordinate the UAVs we have designed a distributed pheromone mobility 

model. 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 would have 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 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 geographical routing protocol for intermittently connected 

networks 

Most 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 a lot of 

overhead, and the information gathered by beacons is always to some extent 

out of date. 

In this thesis we present location aware routing for delay-tolerant networks 

(LAROD). LAROD forwards messages using greedy geographical routing 

without the use of beacons and employs the store-carry-forward principle 

when a message cannot be forwarded due to network partitions. 
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LAROD is previously 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 

1.51.51.51.5 Thesis OutlineThesis OutlineThesis OutlineThesis Outline    

This thesis is organized as follows. In Chapter 2 other work relating to 

mobility models and routing in intermittently connected MANETs are 

presented. In Chapter 3 our distributed pheromone model is described and 

evaluated. In Chapter 4 LAROD is described and evaluated. Finally Chapter 5 

presents our conclusions and ideas for future work. 
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2222 BackgroundBackgroundBackgroundBackground    

This chapter gives an overview of the current state regarding mobility models 

for MANET research and routing in intermittently connected MANETs. 

2.12.12.12.1 Mobility ModelsMobility ModelsMobility ModelsMobility Models    

A natural way to simulate wireless networks is to place all the nodes in a 

Euclidian space and simulate the radio communication based on the nodes’ 

placement using a radio model. To control the placement and mobility of the 

nodes a model or real-world mobility trace is used. The mobility models used 

in ad hoc network research are usually synthetic constructs [4], but recently 

some mobility models have been suggested that are based on data from 

mobility traces [25][54]. The choice of mobility description is important in 

MANET routing research since it has been shown that the mobility affect the 

performance of routing protocols [21][28][32][41][55]. 

Even if a real-world trace has the actual movement of the nodes under study 

the problem is that a trace only represents one possible movement pattern. 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. [25] and Zhang et al. [54]. Even though the 

mobility models used by Marfia et al. [28] have not been validated against 

real traces the routing results reported illustrate the impact small differences 

in mobility can have on routing results. 

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 should move. The main difference between the 

two types is how they are verified. A descriptive model needs to be verified 
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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. A good example of descriptive mobility models are the vehicle 

models used by Marfia et al. in [28]. The pheromone models used by Sauter et 

al. [42] are on the other hand prescriptive since they are used to control how 

the nodes move to achieve a mission objective. 

2.1.1 Synthetic Mobility Models 

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 [22] to more realistic node 

movement like the obstacle mobility model [21] and vehicular mobility [32]. 

Many of the used mobility models are entity mobility models which mean 

that the nodes move independently. In reality the decision by a node of how 

to move is often influenced by other nodes. This fact has made people design 

mobility models like the reference point group mobility model [17] and 

pheromone based models like the ones suggested by Sauter et al. [42]. 

A survey of different mobility models used in MANET research can be found 

in [4]. 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. 

2.1.1.1 Random waypoint 

The most widely used mobility model is MANET research is the random 

waypoint mobility model [22]. In random waypoint a node randomly selects 

a destination and speed and then moves in a straight line to 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 a rectangular distribution. 

The simplicity of the model and its widespread use means that it has 

maintained its popularity, but there are problems with the model. Without 

reflecting too much on the properties of the mobility model many researchers 

initialize a simulation by distributing nodes randomly over the simulation 

area using a rectangular distribution. The problem with this is that the 

stationary distribution is not rectangular. In [33] Navidi and Camp showed 

that the stationary distribution is actually according to equation (1) assuming 
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a rectangular simulation area of unit size, no pause times and rectangular 

distributions in selecting speed and destination. 
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The node speeds are not uniform either, but instead distributed according to 

equation (2) with the same assumptions. The parameters of the equations are 

defined in Table 1. 
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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. 
 

These results mean that if a simulation is initialized by placing the nodes 

using a rectangular distribution the statistical mobility properties will 

continuously change until the steady state distribution is reached. This means 

that simulation results obtained from the beginning of the simulation will be 

different compared to results obtained late in a simulation. In [33] Navidi and 

Camp also derived expressions for the speed and x- and y-coordinates with 

pausing. 

2.1.1.2 Gauss-Markov 

Instead of determining the destination of a node you could regularly update 

the direction in which the node is moving. The Gauss-Markov mobility model 

[50][4] does this by updating the speed and direction of a node at fixed 

intervals. Equations (3) and (4) describe the updates and the parameters are 

defined in Table 2. 
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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. 

nd  Direction at step n. 

d  Average direction. 

xd  Random variable from a Gaussian distribution. 

α  Randomness factor. 10 ≤≤ α  

 

To ensure that a node does not move outside the simulation area the average 

direction is changed when the node approaches the edge according to Figure 

1. 

 

Figure 1. Change of average direction near the edges. 

270º 

90º 45º 

0º 

315º 225º 

135º 

180º 



 13  

 

2.1.1.3 Pheromone Based Mobility Models 

Animals like ants use pheromones to guide them to the locations they need to 

go to like food resources. The distributed nature of pheromone based systems 

and the observation that complex behavior can emerge from the simple 

control logic of the agents have made pheromone controlled mobility 

interesting to study. The viability of the principle has been shown by 

simulation and practical tests [12][37][42]. 

Sauter et al. [42] show by simulation that pheromone logic can be used for 

several types of surveillance and target acquisition and tracking scenarios. 

They have also shown by practical demonstration that the technique works in 

practice. To guide the vehicles several types of pheromones are used, both 

repulsive and attractive. Repulsive pheromones will make a vehicle avoid an 

area where 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 plans to move to. The pheromones 

placed diffuse, that is slowly spread in the local environment. This creates 

pheromone gradients that the vehicles use to guide their movement. 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. [37] 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 visiting 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 
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UAVs within communication range to update their maps. When a 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. [12] 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 Sauter et al. solution. 

Additionally, the pheromones do not fade with time (dissipate) 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. 

2.1.2 Real-World Mobility Models 

To better 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. 

Due to the cost and difficulty of collecting traces the trace data will generally 

not be enough to run the amount of simulations needed to get enough 

confidence in the performance of tested routing protocols. For this reason it is 

generally good 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 nodes have. 
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2.1.2.1 Position Based Traces 

The best traces are those that collect the 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. For this reason large 

scale position based traces have not been collected by the research 

community. In [41] Rhee et al. collected traces from in total 44 individuals at 

five different sites. While this is a relatively small population they found that 

all walks had statistical features similar to those of Levy walks [43]. 

Instead of actually collecting node movement Hsu et al. [19] have performed 

surveys on the USC campus and have constructed a model mobility where 

nodes move between popular locations. They found that people tend to 

aggregate at popular locations and that ad hoc network connectivity between 

these locations is poor due to the low concentration of nodes between the 

popular locations. 

2.1.2.2 Node Connection Based Traces 

Instead of collecting node positions it is generally easier to collect node inter 

contact times (ICTs). 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 the 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 limit of such a model is that radio interference is generally difficult to 

represent in simulations using inter contact models. 

Examples of collected ICT traces are the studies by Su et al. [49] and Hui et al. 

[20][6]. Both groups recorded the 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 
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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. 

At the University of Massachusetts, Amherst, a testbed composed of 30 

busses has been constructed [3]. Each bus is equipped with a computer with 

two IEEE 802.11b interfaces and a GPS receiver. From this testbed they have 

collected actual contacts and transfer possibilities. This means that the traces 

contain the actual amount of data that can be transferred at each contact. The 

GPS traces collected contained several gaps where contact with the satellites 

had been lost due to placement constraint of the GPS receiver. To be able to 

use the GPS data the missing parts had to be reconstructed [2]. 

2.1.2.3 Base Station Based Traces 

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 anyway 

by the base stations. The disadvantage is that only approximate node location 

and node inter contact information is available. Two publicly available data 

sets from Wi-Fi base stations are from UCSD [29] and Dartmouth College 

[16]. 

In [44] Song et al. 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 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. In [25] Kim et al. 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 
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model was validated against walks from users holding both a phone and a 

GPS receiver. 

2.22.22.22.2 RoutingRoutingRoutingRouting    

Routing in connected mobile ad hoc networks has been studied extensively 

and routing protocols like AODV [38], DSR [23] and GPSR [24] have been 

suggested. All these protocols assume the existence of a contemporaneous 

path between sender and receiver. In networks without contemporaneous 

paths, but where node mobility can overcome partitions, a different type of 

routing algorithm is required. 

In RFC 4838 [5] Cerf et al. describe an architecture for delay-tolerant and 

intermittently connected networks (DTNs). Their architecture is designed for 

heterogeneous networks that are subject to long delays and/or discontinuous 

end-to-end connectivity. The architecture is based on asynchronous 

messaging and uses postal mail as a model of service classes and delivery 

semantics. The architecture makes 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 delays and disconnections in DTNs end-to-end reliability 

methods like acknowledgements and timed out retransmissions are not 

suitable for DTNs. To be able to offer reliable transfers in DTNs RFC 4838 

provide 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. 

The mobility of the nodes does mean 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 
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opportunistic. In this thesis we will study routing in DTNs with opportunistic 

contacts. 

An overview of different routing strategies in delay-tolerant networks can be 

found in Zhang’s survey [53]. 

2.2.1 DTN Routing in Opportunistic Networks 

Routing in DTNs 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 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. 

Three examples of location unaware routing protocols for this environment 

are Randomized Routing [46], Epidemic Routing [51] and Spray and Wait 

[47]. 

In Randomized Routing only a single copy of a packet is present in the 

network. When two nodes meet a packet is handed over to the other node at 

some set probability. This means that a packet randomly walks around in the 

network until it reaches the destination. This routing principle is better than 

keeping a packet at the source node until it comes in contact with the 

destination provided that the transmission speed is faster than the mode 

movement or if node movements are local. 

In Epidemic Routing (ER) all packets are distributed to all nodes in the 

network (or at least a considerably large subset of 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 

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 transmission rates. To better handle transmission in an overload situation 

Ramanathan et al. have proposed prioritized epidemic routing (PREP) [39]. 

The addition PREP does to ER is that it prioritizes packets when it comes to 
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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. 

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 then 

half of the packets 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 stores the packet within communication distance 

to the destination. A strength of Spray and Wait is that the transmission 

overhead of each generated packet is bounded. Spray and Wait can be an 

efficient protocol if the nodes that carry the packet cover a large part of the 

network with their mobility. To improve Spray and Wait Spyropoulos et al. 

[48] 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. 

If the nodes are location aware and the (approximate) location of the 

destination is known then the packets can be forwarded by geographic 

routing. Li et al. [27] have modified GPSR [24] to better handle temporary 

disruptions in relatively sparse networks (55 nodes/km² compared to our 

even sparser scenario that has 10-30 nodes/km²). By using temporary storage 

(up to 2 seconds) and having a set of possibly reachable neighbors they 

substantially increased the delivery ratio compared to GPSR. Their approach 

is geared towards handling short temporary disruptions due to obstructions, 

node mobility or interference, and not intended to handle substantial 

disconnections. 

LeBrun et al. [26] have performed geographical routing in a very sparse (0.3-

4.4 nodes/km²) delay-tolerant network with a stationary destination. In their 

motion vector (MoVe) routing algorithm 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 holder of the packet. To limit the overhead MoVe uses a 

request-response mechanism. This means that only nodes holding a message 

transmit HELLO messages. When another node hears a HELLO message it 
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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. 

2.2.2 Beacons-less Routing 

Most routing protocols require knowledge of a node’s neighbors to make 

their routing decisions. This information is generally gathered by the use of 

beacons, messages broadcasted regularly that will be heard by all nodes 

within communication distance. Knowledge of your neighbors makes more 

informed routing decisions possible, but beacons have their drawbacks. In 

[15] Heissenbüttel et al. describe the problems with beacons and present 

some remedies. The main problems with beacons are: 

• 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. These transmissions 

will cost a lot of energy and bandwidth. Given these problems with beacons 

alternatives to beaconing should be evaluated to see if better solutions can be 

found. 

There have been several suggestions for beacon-less routing protocols: 

• Beacon-less routing (BLR) [14] 

• Implicit geographical forwarding (IGF) [1] 

• Geographic random forwarding (GeRaF) [57][58] 

• Contention-based forwarding (CBF) [11] 

• Priority-based stateless geographical routing (PSGR) [52] 

• Guaranteed delivery beacon-less forwarding (GDBF) [7]. 

They all do geographical routing which means that the nodes have to be 

location aware and to select the forwarding node they use broadcasts and 

timers. Instead of selecting the forwarder from a list of neighbors and sending 

the data packet to the selected node, as done by most geographical routing 

protocols, they broadcast the data packet or a ready/request to send (RTS) to 

all neighbor nodes. All nodes in a defined forwarding area are eligible 

forwarders and set timers based on how good they are as forwarders where 

the best forwarder gets the shortest time. When a timer expires a node either 
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broadcasts the data packet or a clear to send (CTS). The 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 broadcasted and successful 

transfer is acknowledged upon previous holder overhearing the forwarder 

rebroadcast the message (BLR, CBF). GeRaF does not model on 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 and it 

makes 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 of the MAC protocol. We hope to 

be able to investigate this tradeoff in the future under realistic transmission 

models where interference and transmission errors are well modeled. 

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 2a-c). The longest distance 

for all the shapes is normally the assumed communication distance. BLR, IGF 

and CBF use these types of forwarding areas. 

Holder

Sector
(a)

Holder

Reuleaux
(b)

Holder

Circle
(c)

Holder

Progress
(d)  

Figure 2. Forwarding areas. 

In GeRaF, PSGR and GDBF all nodes that provide progress are eligible 

forwarders (see Figure 2d). 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 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. 
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The different protocols use different criteria for the characteristics of a good 

forwarding node. CBF, GeRaF, PSGR and GDBF 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. 
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3333 Reconnaissance Reconnaissance Reconnaissance Reconnaissance 

MobilityMobilityMobilityMobility    

Since the performance of routing algorithms will change depending on the 

scenario and scenario parameters [21][28][55] it is important to carefully select 

a mobility model that represents the environment a routing protocol is 

intended to work in. We have chosen to create a mobility model that could 

represent how UAVs move when performing reconnaissance of an area.  

3.13.13.13.1 ScenarioScenarioScenarioScenario    

The main scenario used to evaluate the suggested routing protocols is a 

military reconnaissance scan scenario. The objective is to scan an area 

regularly using multiple UAVs. Since it is probable that the units on the 

ground do not want to be detected by the UAVs there may not be any 

apparent pattern to when a UAV will scan 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. [37]. 

To collect the reconnaissance data the UAVs have a camera directed 

downwards covering a rectangular image centered at the UAV. The images 

captured are then processed by the UAV. If something of interest is detected 

then this information needs to be sent to a unit that can act on the 

information. For the routing simulations in chapter 4 we have used four 

stationary receivers, but other configurations are conceivable including 

mobile receivers. 

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 
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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 that 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 3. The parameters are based on reasonable assumptions 

made by domain experts. 

Table 3. Scenario parameters 

Radio range 8000 m 

UAV flight speed 150 km/h (81.0 knots) 

UAV flight altitude 3500 m (11 000 feet) 

UAV turn radius 500 m 

Camera coverage area 2000x1000 m 
 

3.23.23.23.2 Random Mobility ModelRandom Mobility ModelRandom Mobility ModelRandom Mobility Model    

As a comparative baseline for the main mobility model described in the next 

section we have created a simple random mobility model. The random model 

is a Markov process [36] where the UAVs regularly decide whether to go 

straight ahead, turn right or turn left. For our simulations this decision is 

taken every other second with the probabilities given in Table 4. 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 in [50][4] this model has no mean direction and the directional 

change is given as three discrete values, not a continuous distribution. 

Table 4. Random action table. 

 Probability of action 

Last action Turn left Straight 
ahead 

Turn right 

Straight ahead 10% 80% 10% 

Turn left 70% 30% 0% 

Turn right 0% 30% 70% 
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3.33.33.33.3 Distributed Pheromone Repel Mobility Distributed Pheromone Repel Mobility Distributed Pheromone Repel Mobility Distributed Pheromone Repel Mobility 

ModelModelModelModel    

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. 

When a UAV moves around it places pheromones on the areas it has scanned 

with its camera. Since it is not possible to place these pheromones in the 

environment as would be done in a natural system the UAV places 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 pheromones placed will slowly fade away. 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 pheromone map. The broadcast frequency 

and size of the map broadcasted needs to be adjusted to limit the bandwidth 

required for the transfer of the pheromone information. The actual 

parameters used can be found in Table 5. 

Table 5. Pheromone map parameters. 

Grid element size 100 m 

Transfer map size 5000x5000 m 

Transfer interval 10 seconds 
 

Figure 3 to Figure 6 illustrate the difference between the local pheromone 

map held in 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 time out of one hour. 

Also drawn on the maps is the path of the UAVs whose local pheromone map 

is shown. The pheromone maps are taken from simulations where the 

probability of a successful transfer of pheromone data was set to 50%. 

As we will show in the evaluations in section 3.4 there is no real benefit for a 

UAV to have access to the global pheromone map. The important thing is to 

have a reasonably accurate pheromone map in the UAVs vicinity. 
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Figure 3. Local pheromone map after 3600 seconds of simulation. 

 
Figure 4. Global pheromone view after 3600 seconds of simulation. 
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Figure 5. Local pheromone map after 7200 seconds of simulation. 

 
Figure 6. Global pheromone view after 7200 seconds of simulation. 
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As with the random model a UAV decides to turn left or right or go straight 

ahead every other second. But instead of making this decision with fixed 

probabilities, the probabilities are based on the pheromone smell in three 

evaluation areas. Each area is a circle and they are placed as shown in Figure 

7. To get the pheromone smell from the time stamps 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 (5) with parameters as defined in 

Table 6. 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 7. Pheromone search pattern. 

Table 6. Pheromone parameter definition. 

Parameter Description 

sarea Total smell in an area (left, center, right) 

stotal sleft + scenter + sright 

selement Smell in a pheromone map element 

telement Timestamp in a pheromone map element 

t Current time 

dtime_out Pheromone fade away time 
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Since a UAV should go to places not recently visited it should prefer areas 

with a low pheromone smell. For that reason the probability of action is 

defined as specified in Table 7. If no pheromone smell is reported for any 

direction then a random direction is chosen as in the random 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 7. UAV pheromone action table. 

Probability of action 

Turn left Straight ahead Turn right 

(stotal – sleft) / 
(2 * stotal) 

(stotal – scenter) / 
(2 * stotal) 

(stotal – sright) / 
(2 * stotal) 

3.43.43.43.4 EvaluationEvaluationEvaluationEvaluation    

As described in section 3.1 the main objective of the reconnaissance scenario 

is to scan all parts of an area regularly. If the area is large and the requirement 

of how often each part of the area shall be scanned is low the 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 mobility model. 

The area over which reconnaissance should be performed was set to a 90x90 

km square and 90 UAVs were used. Initially all UAVs started from the center 

of the south edge moving north. This start will challenge the mobility model 

to get the UAVs to spread out over the entire reconnaissance area. 

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 model with no 

wait times. The reason to include random waypoint is that it is the most 

commonly used mobility model in ad-hoc networking research. The mobility 
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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%. 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. 

3.4.1 Scan Coverage 

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 8 to Figure 14. The figures show the average coverage 

from the 50 runs and the 95% confidence interval. In Figure 15 the averages 

from some of the runs are collected for easier comparison.  

The absolute maximum scan speed is 0.083 km²/second/UAV according to 

equation (6) and the data from section 3.1. Given the area of 8100 km² and 90 

UAVs the fastest time to cover the whole area (which is in practice 

impossible) is 18 minutes (1056 seconds). Adding the overhead of turning and 

additional requirements like randomness a coverage time of 40 minutes (2400 

seconds) should be feasible. Extrapolating the steepest part of the coverage 

curve of the pheromone and random waypoint mobility models the coverage 

time is a little more than 40 minutes. 

Scan speed = UAV speed * scan area width (6) 

Comparing Figure 8 and Figure 9 we see that using a global pheromone map 

does not give any better results than using a distributed pheromone map. 

This means that the UAVs manage to distribute the local information needed 

for the mobility decisions. Looking at Figure 10 we see that if only 50% of the 
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transmitted pheromone maps are received then the UAVs still have enough 

information to efficiently scan the area. When the transfer probability drops 

to 10%, Figure 11, then it takes substantially more time to reach a steady state 

and a slightly lower steady state coverage is achieved. But considering the 

large loss of information the result is still good. 

In Figure 13 we see the problem with not having pheromones that can guide 

the nodes to previously uncovered areas. With the random mobility model it 

takes much time for the UAVs to become evenly spread out over the area. In 

simulations with a smaller area, but with the same node density the random 

mobility model achieved a steady state coverage of about 90±8% with a 95% 

confidence interval. Adding only local pheromone information as reported in 

Figure 12 the coverage improves, but not enough to provide acceptable 

results. 

In Figure 14 the properties of the random waypoint mobility model becomes 

relatively clear. The initial coverage rate is good since the nodes move out 

from the start position to different points in the area. The reason that the 

coverage stabilizes around 84% is due to the steady state distribution of the 

nodes. Since more nodes are present in the central parts of the reconnaissance 

area than at the edges the areas close to the edges do not get scanned 

regularly enough. 
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Figure 8. Pheromone mobility coverage with global pheromone map. 



32 

 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time (seconds)

C
ov

er
ag

e

 
Figure 9. Pheromone mobility coverage with 100% transfer probability. 
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Figure 10. Pheromone mobility coverage with 50% transfer probability. 
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Figure 11. Pheromone mobility coverage with 10% transfer probability. 
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Figure 12. Pheromone mobility coverage with 0% transfer probability. 
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Figure 13. Random mobility coverage 
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Figure 14. Random Waypoint mobility coverage 
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Random Waypoint

 
Figure 15. Comparison of average coverage. 

3.4.2 Scan Characteristic 

The random and pheromone 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. In Figure 16 to Figure 22 the average probability distributions and the 

95% confidence interval of the three models are shown. 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 question is then; what is the desired distribution? To this question there 

is no definite answer, but a uniform distribution (the horizontal dashed line 

from 0 to 2160 seconds) 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. What is very obvious 

from these graphs is that as long as the nodes can exchange some pheromone 

information the pheromone model manages quite well to avoid rescanning a 

recently scanned area (does not peak for low time between scans). As we saw 

in the scan coverage graph no model manages to achieve 100% coverage. This 

is here seen by that the function is not zero after one hour. 

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 the three hours the 

maximum, median and minimum uncovered area for the 50 runs are shown 

in Table 8. These numbers clearly show the ability of the pheromone model to 
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cover the complete area. The concentration of the nodes to the central parts of 

the area by the random waypoint mobility model is exhibited by the 

relatively large values for the never scanned area. 

Table 8. Never scanned area 

 Max Median Min 

Pheromone global 0.04% 0.01% 0.00% 

Pheromone 100% 0.07% 0.01% 0.00% 

Pheromone 50% 0.09% 0.01% 0.00% 

Pheromone 10% 3.66% 0.18% 0.02% 

Pheromone 0% 13.52% 4.73% 1.93% 

Random 29.76% 20.50% 13.21% 

Random Waypoint 6.79% 5.20% 3.80% 
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Figure 16. Pheromone mobility with global pheromone map. 
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Figure 17. Pheromone mobility with 100% transfer probability. 



36 

 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

0

5

10

15
x 10

−4

Time until next scan (seconds)

P
ro

ba
bi

lit
y 

de
ns

ity

 
Figure 18. Pheromone mobility with 50% transfer probability. 
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Figure 19. Pheromone mobility with 10% transfer probability. 
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Figure 20. Pheromone mobility with 0% transfer probability. 
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Figure 21. Random mobility. 
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Figure 22. Random Waypoint mobility. 

3.4.3 Communication 

Reconnaissance data has no value if it cannot be transmitted to where it is 

needed and nodes can only transmit data between each other if they are 

within radio range. With the used node density of 0.011 nodes/km² 

communication would be impossible if the nodes were evenly distributed in a 

regular grid since they then would have a distance of about 9.5 km to their 

closest neighbor which is larger than the radio range of 8 km. 

In Figure 23 to Figure 29 the average number of partitions and 95% 

confidence interval for the three mobility models are illustrated. A partition 

consists of the UAVs that can pair-wise establish a contemporaneous path 

with each other, either directly or via peers. 
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In Figure 23 to Figure 26 we see that the pheromone mobility manages to 

spread the nodes well since we have a high number of partitions. With the 

low (10%) transfer probability it just takes some more time to reach the 

spread. In Figure 28 we again observe that the UAVs moving under the 

random mobility model have not yet reached a steady state. The same 

conclusion is also valid for nodes moving under the pheromone mobility 

model but where no pheromone data is exchanged between the nodes (see 

Figure 27). For the random waypoint mobility model the increased density of 

nodes in the central parts of the simulation area leads to a lower number of 

partitions compared to the pheromone mobility model as shown in Figure 29. 

With an average of about 30 partitions for configurations with good coverage 

the existence of a contemporaneous path between two random nodes is not 

likely. To be able to send the information to any selected peer delay-tolerant 

routing principles need to be used. This is the topic of the next chapter where 

delay-tolerant routing on nodes that move under the pheromone mobility 

model is further studied. 
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Figure 23. Pheromone mobility with global pheromone map. 



 39  

 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

5

10

15

20

25

30

35

40

45

50

Time (seconds)

P
ar

tit
io

ns

 
Figure 24. Pheromone mobility with 100% transfer probability. 
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Figure 25. Pheromone mobility with 50% transfer probability. 
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Figure 26. Pheromone mobility with 10% transfer probability. 
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Figure 27. Pheromone mobility with 0% transfer probability. 
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Figure 28. Random mobility. 
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Figure 29. Random Waypoint mobility. 
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4444 RoutingRoutingRoutingRouting in DTNs in DTNs in DTNs in DTNs    

Routing in opportunistic DTNs is challenging since it is generally not possible 

to establish a contemporaneous path between source and destination. Using 

the store-carry-forward principle it is possible to transfer messages between 

nodes by exploiting node mobility. The main difficulty is then to decide when 

and to whom to forward a message that a node is carrying. 

In this chapter we describe and evaluate our proposed routing algorithm 

LAROD (location aware routing for opportunistic delay-tolerant networks). 

LAROD is evaluated against two other routing protocols described in 

sections 4.2 and 4.3. 

4.14.14.14.1 LARODLARODLARODLAROD    

LAROD is a geographical routing protocol for DTNs that combines the 

geographical beacon-less routing with the store-carry-forward principle. In its 

essence LAROD uses greedy packet forwarding when possible. 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 reduce system wide overhead LAROD uses the same basic beacon-less 

routing strategy as BLR [14] and CBF [11] (see section 2.2.2). Instead of 

forwarding a packet to a neighbor based on location data received from 

beacons a custodian simply broadcasts a message when it wants to transmit 

it. The “best” forwarding node receiving the message then forwards the 

message in the same manner. The custodian that sent the message will 

overhear this transmission and conclude that the forwarder has taken over 

custody of the packet. If no such transmission is heard the node regularly 

broadcasts the message until a forwarder becomes available due to node 

mobility. 
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Figure 30. LAROD forwarding areas. 

To select the “best” node to forward a message among all nodes receiving it a 

forwarding area and timer delay function is used. The nodes that are eligible 

to forward a packet are determined by a forwarding area related to the node 

performing the broadcast. In [14] Heissenbüttel et al. recommended a circle as 

the best forwarding area (see Figure 30a). Our simulations have shown that 

this area is too small due to the low density of nodes we use. Instead all 

nodes that provide some minimum progress (dprogress) towards the destination 

are eligible as forwarders (see Figure 30b). An implication of using this larger 

forwarding area is that multiple copies of a packet can be active since all 

nodes in the forwarding area might not hear the broadcast made by the best 

forwarder. This should not be seen as a problem, since it enables exploration 

of multiple paths to the destination. 

All nodes receiving the packet in the forwarding area are tentative 

forwarders and to select the best forwarder they all set a delay timer when to 

rebroadcast the packet. The node with the timer that expires first will 

rebroadcast the packet. This broadcast will be heard by the old custodian and 

most of the other tentative forwarders. Overhearing the transmission they 

will relinquish custody of the packet. Since the forwarding area chosen is 

larger than the transmission range it is possible that several nodes take over 

custody of the packet. 

The delay function that computes the actual delay (tdelay) is defined in equation 

(7) with the equation parameters defined in 0. The vectors and distances used 

in the equation are illustrated in Figure 31. Depending on the relative position 

of the receiver, custodian and destination the delay is computed based on one 

of three cases. The delay for all three cases has a linear component and a 

random component. When the custodian is so close to the destination that the 

destination should have received the packet all tentative forwarders calculate 

the linear delay based on the distance between the tentative forwarder and 

the destination (first row in equation (7)). In all other cases the delay is based 

on the distance from the custodian along the line connecting the custodian 
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and destination. Nodes not on the line get their distance by perpendicularly 

projecting their position on to the line. Nodes with a computed distance of 

less than dzero have a linear component with a maximum delay (tlmax) at the 

custodian and zero delay at dzero (last row in equation (7)). The dzero distance 

should be set close to the expected radio range. For nodes with a distance of 

more than dzero the linear component is zero (line two in equation (7)). The 

reason to have this case is that due to radio propagation factors nodes further 

away than the expected radio range can receive a packet. To prevent 

simultaneous transmission from nodes whose linear delay is zero all cases 

add a small random delay (0 to trmax) to the computed linear delay. trmax should 

be set much smaller than tlmax to make the impact of the random factor small 

on the linear factor. To be able to calculate the delays all LAROD data packets 

contain the position of the source, destination and last forwarder (custodian). 

For BLR Heissenbüttel et al. recommended the inverse function, that is short 

steps. This was done to be able to transmit at low power in the unicast phase 

to increase total system bandwidth. Since there is no unicast phase in LAROD 

it exploits the benefits of long steps. 

In the case that the custodian does not hear a rebroadcast it will perform a 

new broadcast after some time (trebroadcast). To stop transmission when a packet 

has reached its destination the destination broadcasts an acknowledgement 

packet. This packet is rebroadcasted by all custodians and tentative 

custodians hearing it will stop their retransmissions. All nodes hearing an 

acknowledgement packet will store the packet until the packet times out (tTTL). 

If a node receives a packet for which it previously has received an 

acknowledgement then it broadcasts an acknowledgement to stop the 

transmission of the packet. 

To prevent that a packet indefinitely tries to find a path to its destination all 

packets have a time to live (TTL) expressed as a duration (tTTL). When the TTL 

expires a packet is deleted by its custodian. For a full description of the 

routing protocol see Figure 32. 

LAROD is based on the principle that the custody of a packet is moved to the 

most recent node that accepted the packet. This means that the protocol is not 

robust to node loss. If a node fails for some reason then all packets that the 

node holds will be lost unless they happened to be duplicated due to 

diverging paths.  
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Table 9. LAROD parameter definitions. 

Parameter Description 

tdelay Delay until node shall broadcast received message. 

tlmax Maximum linear delay. 

trmax Maximum random delay. 

trebroadcast 
Delay until node shall rebroadcast a message for which 
it has not overheard a transmission by a forwarder. 

tTTL Maximum time a packet is permitted to live. 

dzero Distance from custodian to have zero linear delay. 

dprogress Minimum progress required to be an eligible forwarder. 

n
r

 Vector from sender to potential custodian. 

d
r

 Vector from sender to destination. 

r
r

 Vector from potential custodian to destination. 

X Uniform random variable in range [0, 1]. 
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Figure 31. Illustration of vectors used for delay time computations. 
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Source node at data packet generation 
 Broadcast data packet 
 Set up timer for rebroadcasting packet to trebroadcast 

Destination node at data packet reception 
 The packet is received for the first time 
  Deliver data packet to application 
  Broadcast ack packet  
 A duplicate data packet is received 
  Broadcast ack packet 

All intermediate (non-destination) nodes at data packet 
reception 
 If an ack has been received for the packet 
  Broadcast ack packet  
 Else if the node is in the forwarding area 
  If the node does not have an active 3 copy of the packet 
   Set up timer for rebroadcast to tdelay 
  If the node has an active copy of the packet 
   Do nothing 
 Else 
  Remove active copy if it has one 

At ack packet reception 
 If the node has an active copy of the packet 
  Remove active copy 
  Broadcast ack packet 
 Else 
  Do nothing 

When a data packet rebroadcasting timer expires 
 If the packet’s TTL has expired ( tTTL) 
  Remove packet 
 Else 
  Broadcast data packet 
  Set up timer for rebroadcasting the packet to trebroadcast 

Figure 32. LAROD pseudo code. 

                                                           

3
 A node has an active copy of a packet if it has a copy of the packet waiting on a timer to be 

rebroadcasted. 



46 

 

4.24.24.24.2 Broadcast DelayBroadcast DelayBroadcast DelayBroadcast Delay----tolerant Routing tolerant Routing tolerant Routing tolerant Routing 

(BDTR)(BDTR)(BDTR)(BDTR)    

To be able to estimate the delivery rate of a delay-tolerant routing protocol 

which searches all possible paths to a destination we propose BDTR. BDTR is 

a flooding based routing protocol that limits the flooding to an area centered 

round the source and destination. In contrast to epidemic routing [51] it does 

not use beacons to find its neighbors. Instead it uses the same principle as 

LAROD does, when it has something to send is simply broadcasts the 

message. All nodes within the flooding area that receive the message will 

rebroadcast it after a short random delay. By this mechanism all nodes in the 

partition of the source node should quickly receive a copy of the message and 

if there is a contemporaneous path to the destination in the broadcast area the 

packet will soon reach the destination. To overcome partitions all nodes in the 

flooding area regularly rebroadcast the data packet. When the packet reaches 

the destination an acknowledgment packet is sent and it is in turn 

rebroadcasted by all nodes that have received the data packet. As for LAROD 

a node will store the acknowledgement packet until the data packet times out 

(tTTL) and if a node receives a data packet for which it has received an 

acknowledgement packet it will broadcast an acknowledgement packet. For a 

full description of the routing protocol and the parameters see Figure 33 and 

Table 10. 

Table 10. BDTR parameter definitions. 

Parameter Description 

tdelay Delay until node shall broadcast received message. 

trebroadcast 
Delay until node shall rebroadcast a message for which 
it has not overheard a transmission by a forwarder. 

tTTL Maximum time a packet is permitted to live. 

 

For the simulations the flooding area used was a circle with a diameter 

slightly larger than the distance between source and destination. This area 

means that not all possible paths are searched, but it gives a good balance 

between search space size and limiting the overhead. Tests with the complete 

simulation area as broadcast area have shown that the overhead was 

prohibitive and that it affected the ability to search all paths even at the low 

loads used in our simulations. 



 47  

 

BDTR is a simple protocol and robust in the sense that several nodes have an 

individual packet and try to forward it to the destination. This means that 

failure of a single node does not impact the routing to a great degree. The 

rebroadcast and resend strategies used by BDTR means that it will quickly 

saturate the wireless medium in dense networks or networks that transmit 

large amounts of data. This means that BDTR by design in not suited for 

these environments. 

Source node at data packet generation 
 Broadcast data packet 
 Set up timer for rebroadcasting packet to trebroadcast 

Destination node at data packet reception 
 The packet is received for the first time 
  Deliver data packet to application 
  Broadcast ack packet  
 A duplicate data packet is received 
  Broadcast ack packet 

All intermediate (non-destination) nodes at data packet 
reception 
 If an ack has been received for the packet 
  Broadcast ack packet  
 Else if the node is in the flooding area 
  If the node does not have an active 4 copy 
   Set up timer for initial rebroadcast to tdelay 
  If the node has an active copy 
   Do nothing 
 Else 
  Do nothing 

At ack packet reception 
 If the node has an active copy of the packet 
  Remove active copy 
  Broadcast ack packet 
 Else 
  Do nothing 

When a data packet rebroadcasting timer expires 
 If the packet’s TTL has expired ( tTTL) 
  Remove packet 
 Else 
  Broadcast data packet 
  Set up timer for rebroadcasting the packet to trebroadcast 

Figure 33. BDTR pseudo code. 

                                                           

4
 A node has an active copy of a packet if it has a copy of the packet waiting on a timer to be 

rebroadcasted. 
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4.34.34.34.3 Broadcast Routing (BR)Broadcast Routing (BR)Broadcast Routing (BR)Broadcast Routing (BR)    

To evaluate how often a contemporaneous path exists between a source-

destination pair a simple broadcast routing scheme was used. BR is identical 

to BDTR except that the nodes do not continuously resend packets, they are 

only re-broadcasted once. For BR we have used the entire simulation area as 

broadcast area. 

4.44.44.44.4 EvaluationEvaluationEvaluationEvaluation    

The above routing protocols have been implemented in a modified version of 

ns2 2.30 [34]. The main changes to the simulator are: 

(1) addition of the main algorithm LAROD, and the new baselines (BDTR 

and its instance BR), 

(2) addition of the pheromone repel mobility model, 

(3) support for application level broadcasts, 

(4) an application to generate and consume events. 

As wireless communication technology we use IEEE 802.11 as implemented 

in ns2 2.30 with default parameters using the two-ray ground radio 

propagation model. 

For the evaluation we use the scenario described in section 3.1 but we have 

scaled the parameters to match the default radio range in ns-2. In Table 11 the 

parameters are given both as the values used in the simulations and what 

they correspond to in the scale used in section 3. The scale change makes 

comparison with other studies easier since they generally use ns-2 with 

default parameters. When scanning the area a UAV flies over it may detect 

something that needs to be communicated to a ground unit that can act on it. 

In the current simulations we have had four stationary ground units. The 

generation of detect events and selection of receiver are both random 

functions. 

For the routing experiments we are interested in the performance when the 

nodes are at the mobility model’s steady state. For this reason the UAVs are 

initially randomly distributed over the reconnaissance area. The simulation is 

then run for 1 hour without detect-event packets being generated to populate 

the pheromone repel model with data. The detect events are then enabled for 

1 hour and the simulation ends after all detect-event packets have timed out. 

In the evaluations each data point is the average result of ten simulations. 
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Table 11. Scenario parameters 

Parameter ns-2 Real-world 

Reconnaissance area 2000x2000 meters 64x64 kilometers 

Placement of ground units Center of each quadrant  

Node density 10-30 (20) nodes/km2 0.010-0.029 (0.020) nodes/km2 

UAV speed 0.8-2.0 (1.4) m/s 92-230 (161) km/h 

Packet time to live (t
TTL

) 200-600 (400) seconds  

Detect data generation rate 12-120 (36) pkt/hour/UAV  

Radio range 250 meters 8000 meters 
 

The node speed used in our simulations might seem low compared to the 

node speeds in other MANET papers [24][27], but it is actually close to the 

average speed used in most simulations. The speed presented in most papers 

is the top speed for the random waypoint mobility model. According to the 

equations in [33] for a top speed of 20 m/s and minimum speed of 0.1 m/s 

with no pause time 49.8% of the nodes would on average move slower than 

1.4 m/s. Adding the fact that most simulations use pause times this means 

that they have large number of relatively stable nodes that can be used to 

create stable routes. 

In Table 12 and Table 13 the parameter values used for LAROD and BDTR 

are given. BR uses the same initial rebroadcast delay as BDTR. For values 

where a range is given the actual value used is randomized in the range using 

a rectangular distribution. 

Table 12. LAROD parameter values. 

Parameter Value 

tlmax 1.0 seconds 
trmax 0.2 seconds 
trebroadcast 8.0-12.0 seconds 
dzero 240 meters 
dprogress 10 meters 

Table 13. BDTR parameter values. 

Parameter Value 

tdelay 0.8-1.2 seconds 
trebroadcast 8.0-12.0 seconds 
Flooding area diameter Source-destination distance + 100 meters 
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The goal of the evaluations is to measure the ability of LAROD to efficiently 

and reliably perform routing in a mobile and intermittently connected 

network. We have measured the delivery ratio (proportion of packets 

delivered to the destination) and overhead (average number of packet 

transmissions per generated data packet) for the different protocols while 

changing the node density, node speed, packet life time and network load. To 

gain further insight in the delivery properties we also study the accumulated 

delivery ratio against delivery delay for some selected data points. 

4.4.1 Node density 

The higher the node density the more connected the network will be and the 

easier it is to find a path between two nodes. As can be seen from the delivery 

ratio of BR in Figure 34 the node density has a dramatic impact on the 

existence of contemporaneous paths between source and destination. By 

using store-carry-forward both LAROD and BDTR can overcome 

communication gaps and they significantly improve the delivery ratio 

compared to BR. 

Even if LAROD and BDTR give about the same delivery ratio the overhead of 

BDTR is much higher as can be seen in Figure 35. At low node densities a 

BDTR packet is only receive by a few nodes since fewer nodes are in the 

broadcast area. Additionally the clusters of connected nodes (partitions) will 

contain fewer nodes. Both these factors result in fewer transmissions 

generated at low node densities. As the node density increases more nodes 

will receive a BDTR packet and the number of transmissions increases. The 

reason the transmissions fall at higher node densities is that packets will be 

delivered faster to the destination due to increased connectivity. This means 

that the packet will live a shorter time in the network, reducing the number of 

transmissions. For LAROD increased density means that fewer rebroadcasts 

are required to overcome partitions and thus the overhead is lower for higher 

node densities. 

Studying the delay curves in Figure 36 we see that even with similar eventual 

delivery ratio LAROD and BDTR have different delay properties. For higher 

node densities the wider search of BDTR results in lower average delivery 

delay since BDTR finds paths that LAROD does not. At low node densities, 

on the other hand, there are so few paths available that both BDTR and 

LAROD seem to find similar paths. 
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Figure 34. Delivery ratio for different node densities. 
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Figure 35. Overhead for different node densities. 
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Figure 36. Delay for different node densities. 
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4.4.2 Node speed 

A higher node speed should give a higher delivery ratio since the increased 

mobility will change the network topology at a higher pace enabling 

messages to bridge communication gaps faster. In Figure 37 we see that this is 

the case for both LAROD and BDTR. It is interesting to note that the delivery 

ratio for BR increases somewhat with higher mobility. This probably comes 

from the fact that BR has a short random delay between message reception 

and the resending of a packet. During this time the nodes will move making 

it possible to reach nodes that were not reachable at packet reception. 

In Figure 38 we see that increased node speed decreases the overhead for 

BDTR and LAROD. This is a natural consequence of the improved delivery 

ratio at higher node speeds. Since most packets will be delivered before their 

expiry time fewer packets will be active in the network at higher delivery 

ratios and thereby reducing the number of rebroadcasts. 

Looking at the delay curves for LAROD and BDTR in Figure 39 we see that 

LAROD essentially has the same delivery ratio independent of speed after 10 

seconds. This is essentially the delivery of packets to nodes with a 

contemporaneous path from the source. After that node mobility is required 

to close partition gaps which is done faster at higher speeds. For BDTR the 

initial delivery ratio (first 10 seconds) is significantly affected by the node 

speed. The reason is probably that with higher node speeds nodes receiving a 

packet do scatter a bit more before a packet is rebroadcasted than with lower 

speeds resulting in less interference. As for the node density DBTR has a 

slightly better delivery ratio due to that more paths are searched.  
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Figure 37. Delivery ratio for different node speeds. 
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Figure 38. Overhead for different node speeds. 
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Figure 39. Delay for different node speeds. 

4.4.3 Time to live 

Increasing packet life time should increase the delivery ratio since more time 

is allowed for node mobility to bridge network voids. A longer life time will 

on the other hand also mean that the overhead will increase since more 

rebroadcasts will occur due to that packets will try to reach the destination 

for a longer time. 

In Figure 40 we see the expected delivery rate improvement for both LAROD 

and BDTR. Since BR is not affected by packet life time the delivery rate is 

basically constant. In Figure 41 we see a significant increase in the overhead 

for BDTR as the packet life time is increased. The overhead using LAROD 

also increases, but at a much lower rate. 
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Studying the accumulated delivery ratio related to delivery delay LAROD 

have essentially identical curved independent of time to live (TTL) value. For 

BDTR the impact of the higher network load associated with a high TTL 

value is obvious in Figure 42. This means that even if the eventual delivery 

ratio is higher for a TTL of 600 seconds than 200 seconds the time to deliver a 

packet will generally be longer. 

As TTL is a tunable protocol parameter the question is which value to choose. 

For data with a clear freshness requirement the TTL should match the 

requirement if it does not result in an unacceptably high network load. For 

other types of data the main limitation on a high TTL is acceptable network 

load and resource consumption to deliver a packet. 
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Figure 40. Delivery ratio for different packet life times. 

200 250 300 350 400 450 500 550 600
0

50

100

150

200

250

300

350

Packet life time (s)

T
ra

ns
m

is
si

on
s 

pe
r 

da
ta

 p
ac

ke
t

 

 

LAROD progress
BDTR circle
BR all

 
Figure 41. Overhead for different packet life times. 
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Figure 42. Delay for different packet life times. 

4.4.4 Network load 

To investigate the scalability of the routing protocols when it comes to 

network load different event generation rates were tested. Ideally a fully 

scalable protocol will give the same result independent of network load. In 

Figure 43 we see that the delivery ratio of BDTR drops as the load increases 

while it stays constant for LAROD. The problem for BDTR is that the network 

becomes congested and that several transmissions fail due to collisions. This 

clearly shows that the broadcast strategy of BDTR has scalability issues. For 

LAROD the critical load level is not yet reached and as a result the delivery 

ratio is stable. In Figure 44 we see the consequence of the lower delivery ratio 

on the load for BDTR. As the delivery ratio decreases and delivery times 

increases the packets live longer in the network and as a result the per packet 

overhead increases. 

As LAROD has not reach a point where congestion becomes a problem all 

LAROD delay curves are essentially identical to the 20 nodes/km² curve in 

Figure 36. For BDRT on the other hand the effect of congestion is very 

obvious in the delay curves in Figure 45. As the load increases more collisions 

will occur and delivery takes more time. 
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Figure 43. Delivery ratio for different network loads. 

20 40 60 80 100 120
0

50

100

150

200

250

300

350

Load (pkt/hour/UAV)

T
ra

ns
m

is
si

on
s 

pe
r 

da
ta

 p
ac

ke
t

 

 

LAROD progress
BDTR circle
BR all

 
Figure 44. Overhead for different network loads. 
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Figure 45. Delay for different network loads. 



 57  

 

5555 ConclusiConclusiConclusiConclusionsonsonsons and Future  and Future  and Future  and Future 

WorkWorkWorkWork    

5.15.15.15.1 ConclusionsConclusionsConclusionsConclusions    

Routing in mobile ad hoc networks is challenging since the network layout is 

constantly changing and constant distribution of the current network layout 

to all nodes in the network is generally too costly. For this reason 

geographical routing protocols are generally well suited for MANETS since 

they are essentially stateless. The ability to use geographical routing does rely 

on the nodes being location aware and that the (approximate) location of a 

destination is known. 

Depending on node density and node movement groups of nodes may be 

separated from each other so that communication between nodes in different 

partitions using contemporaneous paths is not possible. Due to node mobility 

communication is still feasible by utilizing the store-carry-forward principle. 

When message progress is not possible by wireless transfer the message is 

stored in a suitable node until node mobility provides opportunities for 

further wireless progress. 

In this thesis we have studied communication in a reconnaissance scenario in 

which a group of UAVs cooperatively shall detect units on the ground. To 

guide them in a distributed and robust way we have designed a distributed 

pheromone model where the UAVs are guided by virtual pheromones. This 

model has been shown to provide good search coverage even when 

communication between UAVs is poor. What the model also showed was that 

with the assumed system parameters the connectivity between the UAVs was 

low. This means that regular MANET routing protocols do not work since 

they assume the existence of contemporaneous paths. 

Since the UAVs are location aware we have explored the feasibility of 

combining greedy geographical routing with the store-carry-forward 

principle. To avoid position inaccuracies introduced by beacon based 
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geographical protocols we used the ideas from beacon-less geographical 

routing protocols from MANET research and designed a routing protocol for 

intermittently connected networks, LAROD. Our simulations have shown 

that the delivery rate of LAROD is close to the delivery rate of an epidemic 

routing protocol under the overload limit, that is the best possible result 

achievable. Moreover, we have shown that the overheads measured in terms 

of transmissions are considerably lower even under high load scenarios. 

5.25.25.25.2 Future WorkFuture WorkFuture WorkFuture Work    

A main constraint in our work is that we have assumed that the destinations 

are static and that their positions are known to all sources. We wish to 

remove this limitation by introducing a distributed location service in the 

network. By this service the nodes can acquire a position or position estimate 

of a node. Due to propagation delays, especially noticeable in intermittently 

connected networks, the geographical routing needs to be able to handle 

incorrect position information. One option could be to dynamically update 

the positions in the packets as more accurate information of node location is 

available at forwarders closer to the destination. 

Another aspect we want to explore is how a UAV determines the nodes that 

are interested in the intelligence it gathers. By some kind of publish subscribe 

system the destinations should be able to inform UAVs of the data they are 

interested in. 

On the radio level we wish to explore the difference between broadcast 

transmissions as used by LAROD and CTS/RTS with reliable data transfer. 

What we are interested in exploring is how the reliable data transfer in the 

CTS/RTS scheme affects the transfer probability. To properly explore the 

tradeoffs the currently used two ray-ground radio model probably needs to 

be replaced by a more realistic model like Nakagami [31] or log-normal 

shadowing [40]. 

To become widely accepted a routing protocol should work well in a wide 

range of environments. For this reason we intend to evaluate our suggested 

routing algorithms under several different mobility models. At the same time 

we will also continue to develop our scenario to become as realistic as 

reasonably possible. 
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6666 AcronymsAcronymsAcronymsAcronyms    

Acronym Description 

AODV Ad hoc on-demand distance vector routing 
BDTR Broadcast delay-tolerant routing 
BLR Beacon-less routing 
BR Broadcast routing 
CAR Context-aware routing 
CBF Contention-based forwarding 
CTS Clear to send 
DSR Dynamic source routing 
DTGR Disruption-tolerant geographic routing for wireless ad hoc 

networks 
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 
ICT Inter contact time 
IEEE Institute of electrical and electronics engineers 
IETF Internet Engineering Task Force 
IGF Implicit geographical forwarding 
LAROD Location aware routing for delay-tolerant networks 
OLSR Optimized link state routing 
MANET Mobile ad-hoc network 
MoVe Motion vector 
PREP Prioritized epidemic routing 
PSGR Priority-based geographical forwarding 
RFC Request for comment 
RTS Ready/request to send 
TBRPF Topology dissemination based on reverse-path forwarding 
TTL Time to live 
UAV Unmanned aerial vehicle 
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