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Resumo 

Resumo 

As Redes Tolerantes a Atrasos são caracterizadas por não terem conexões extremo a extremo 

permanentes e nesse sentido apresentam atrasos longos e variáveis, taxas de erros elevadas e 

conectividade intermitente. Nessas redes, uma mensagem que seja enviada de um ponto para outro 

pode demorar minutos, semanas ou até mesmo meses. O objetivo desta dissertação de mestrado foi 

desenvolver um novo protocolo de encaminhamento com características sociais para este tipo de 

cenários. Ao protocolo desenvolvido foi dado o nome de FinalComm. Este protocolo permite que os 

nós construam uma visão das comunidades existentes na rede. Com base nessa informação, sempre 

que um nó tem de decidir se envia uma mensagem para outro nó, ele será capaz de perceber se esse 

outro nó tem maior probabilidade de encontrar o destino da mensagem ou um nó da comunidade do 

destino do que ele. Para avaliar o desempenho deste protocolo, foi escolhido o simulador The ONE 

Simulator. Dois cenários diferentes foram usados e o desempenho do FinalComm foi também 

comparado com outros quatro protocolos nas mesmas condições. No final, o protocolo FinalComm foi 

aquele que alcançou uma maior taxa de entrega e um menor número de réplicas por mensagem. Para 

chegar a estes resultados, múltiplas simulações foram realizadas, uma vez que este protocolo tem um 

parâmetro (commfamiliar) que necessita de ser afinado para cada cenário testado. De forma a dar uma 

maior robustez ao FinalComm foi ainda desenvolvido um mecanismo dinâmico, em que o protocolo é 

capaz de alterar o valor de commfamiliar durante as simulações, adaptando-se automaticamente a um 

novo cenário. Os resultados mostram que a taxa de entrega é igualmente alta, mas o overhead 

aumentou. Contudo, este mecanismo dinâmico é a melhor forma de usar este protocolo num cenário 

novo. 
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Abstract 

Abstract 

Delay Tolerant Networks are characterized by not having permanent end-to-end connections and 

therefore having long and variable delays, high error rates and intermittent connectivity.  To send a 

message from one point to another, it can take minutes, weeks or even months. The scope of this 

master’s thesis was to develop a new routing protocol based in social aspects for those types of 

scenarios. The developed protocol was called FinalComm.This protocol permits nodes to build a view 

of the existing communities in a network. With the communities’ information, nodes are able to relay 

messages after computing if the neighbour will most probably first meet the destination or any other 

node from the destination’s community. To evaluate the performance of this protocol, The ONE 

Simulator was used. Two different scenarios were analysed and the FinalComm’s performance was 

also compared with four other routing protocols in the same scenario’s conditions. In the end, the 

FinalComm protocol was able to achieve a high delivery rate and an extremely low overhead. The results 

for both metrics were always higher and lower, respectively, than other tested protocols. To do this, 

multiple FinalComm’s runs had to be done, since this protocol has a parameter that should be tuned for 

each tested scenario, the commfamiliar threshold. In order to give more robustness to FinalComm, a 

dynamic tuning parameter approach was also developed. This approach allows FinalComm to 

automatically adapt to a new scenario, by changing the commfamiliar threshold itself. The results 

showed that the delivery rate is also high but the overhead increased. However, this dynamic approach 

is the best way to deploy this protocol in a new scenario. 
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Chapter 1 

Introduction 

1 Introduction 

This introductory chapter presents a brief overview of DTN’s evolution, the motivation to the topic, the 

scope of this master’s thesis and also explains how this document is structured.  
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1.1 Motivation 

It all started in the middle of the last century when the Soviet Union started to invest in a plan for 

launching the first artificial satellite to space. On October 1975, they actually were able to successfully 

launch a satellite to space, called Sputnik 1. After that, the United States of America (USA) decided that 

they should also start to compete with the Soviet Union in order to be a global power in this area. The 

result was the creation of the Advanced Research Projects Agency (ARPA), which today is known as 

Defense Advanced Research Projects Agency (DARPA) [1].  After some time, this governmental agency 

started to fund multiple companies, like the National Aeronautics and Space Administration (NASA), 

which was already researching areas related to the space, in order to develop an Interplanetary Internet 

(IPN). An architecture for an IPN started to be developed, but early on it was detected that the existing 

technology needed to be modified in order to support the space’s obstacles, namely the high 

propagation delays, packet corruption and frequent disconnections [2]. Researchers rapidly understood 

that the algorithms and the protocols used for terrestrial communications could not be the same ones 

used for space communications [3]. In the beginning of 21th century some of the ideas of IPN started to 

be applied to terrestrial communications and the term Delay-Tolerant Network (DTN) started to be used. 

As the challenges were huge, this research area attracted a lot of people. Everything had to be rethought 

to support the obstacles of a DTN and also to support a heterogeneity of resources, from powerful 

computers till tiny sensors [3]. The majority of obstacles associated with DTNs were already researched 

in other areas, but there was one obstacle that changed everything, which was the fact that end-to-end 

connectivity was uncertain. After multiple conferences and papers, nowadays there are multiple 

organizations focused in pushing forward this research area. Some of them are still focused on 

developing space communications but others only work with scenarios where there are few 

communications infrastructures and end-to-end connectivity does not exist all the time, which are the 

case of some developing countries. 

Taking the example of a least developed country (LDC), deploying a DTN can bring huge advantages. 

Let us think in the people that have least resources. It is possible that those people live in poorer areas 

where there are no communications infrastructures or the few ones that exist are so expensive that they 

cannot afford it. Figure 1 and Figure 2 show exactly what was described before. In LDCs the percentage 

of individuals that use the Internet is only 9.5% of all LDCs population. Even in a developing country, 

that percentage is around 35%. When comparing to developed countries, which have a percentage of 

82.2% of people with access to the Internet, the gap is huge. In terms of mobile broadband subscriptions, 

the numbers follow the same trend.  
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Figure 1 – Percentage of individuals using the Internet (extracted from [4]). 

 

Figure 2 – Mobile broadband subscriptions (extracted from [4]). 

Based on the numbers of Figure 1 and Figure 2, DTNs could be extremely useful for countries in Africa, 

Asia and also Middle East, as these areas are the ones that have the higher number of developing 

countries. In those cases, people by having a simple device like a smartphone, in which they just have 

to invest one single time and the cost is smaller than an annual subscription for Internet access, they 

can have access to emails, for example, if there is a DTN deployed. It is obvious that they do not receive 

emails instantly, but at least they are able to have access to more information without spending a huge 

amount of money. The number of people that have the possibility to be online, does not even represent 

half of the world population. 

Although in developed countries there are multiple efficient communications infrastructures, DTNs can 

also have a useful role in those countries. Even developed countries have remote areas, where typically 

the population does not have many resources. Or imagine for example a catastrophe in a developed 

country that brings communications down. It is important to have a backup system for some services, 

which could be a DTN. To sum, DTNs can be used in multiple scenarios through a fast and cheap 

deployment when comparing with more complex communications infrastructures. 

Another topic that permits DTNs to be essential in this technologic world is the fact that the number of 

devices capable of being connected to a network is increasing at a fast pace. Internet of Things (IoT) is 

a reality. According to [4], in 2016 there will be around 17,5 billion devices in the world while in 2020 it 

is estimated that this number will increase by an approximation margin of 43%, reaching 25 billion of 

devices. In this study, it is also predicted this numbers will be mainly due to devices that fit in two different 

categories, machine-to-machine (M2M) and connected consumer electronics. The M2M category 

corresponds to devices that are able to establish contact with other devices through a wired or wireless 

channel without the assistance of humans. For example, an Arduino equipped with sensors to monitor 
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the temperature of a room and transmit that data over a network could be an example of a device that 

fits into M2M category. On the other hand, connected consumer electronics category represents devices 

like TVs and digital boxes capable of being connected to a network. In Figure 3 this information can be 

visualized through a bar graphic. 

 

Figure 3 – Estimation of connected devices (billions) until 2020 (extracted from [4]). 

Through the last paragraphs and figures it was shown how important DTNs can be in multiples 

scenarios, but it also important that they are deployed in an efficient way, and by that it is meant that the 

algorithms developed are able to increase the number of packets that reach a destination in an 

intermittent end-to-end connection consuming the least number of resources possible, like energy and 

memory from devices.  

The current master’s thesis is precisely motivated by this vision of how useful DTNs can be in real 

scenarios of today’s world and by the fact that it is needed to find robust protocols that can perform well 

under different scenarios. Therefore, the scope of this master’s thesis is to provide a new routing 

protocol for DTNs based in the work that is already done by other researchers. It is also intended that 

this protocol should take into consideration some sort of relationship between nodes when it is deciding 

if a message should be sent from one point to another. Because of that, the developed routing protocol 

will fit in the category of social-based routing protocols. Lastly, the proposed protocol should be tested 

under several different scenarios and the results should be compared with other protocols under the 

same conditions. 

The work done is particularly relevant as it introduces a new routing protocol with social properties, a 

new approach to the way communities are created and updated, namely it considers that nodes can 

leave communities, and also a mechanism to automatically adapt the size of a node’s community in the 

proposed protocol. 

1.2 Structure of the Document 

This document is composed by the following six chapters: 

 Chapter 1 – Introduction; 
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 Chapter 2 – Delay Tolerant Networks; 

 Chapter 3 – The FinalComm Protocol; 

 Chapter 4 – Analysis of Results; 

 Chapter 5 – Conclusions. 

This present chapter provides a brief overview of DTN’s history evolution and also what makes DTNs 

being so important nowadays and in the future, based on studies from top reference companies. A 

description of this master’s thesis scope and a structure of the document is also presented.  

Chapter 2 contains a theoretical overview of DTNs, referring the traditional and social-based protocols 

used, why social-based protocols should be taken in consideration and where can those protocols be 

used, specifying real applications of it. In the end, a section explains the simulator that was chosen to 

gather results during this dissertation. 

Chapter 4 shows the proposed protocol in order to achieve better performance than other existing ones. 

In this chapter it is possible to find the global idea behind its implementation, the actual protocol’s 

architecture and how can it be tested in terms of performance using a simulator.  

Chapter 5 provides an analysis of results that were generated using the simulator, grouped by scenarios 

and protocols. In the end of each scenario’s analysis, a comparison between the proposed protocol and 

others is also presented. 

Lastly, chapter 6 presents the conclusion of this work and some considerations for future work in order 

to improve research in this area. 
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Chapter 2 

Delay Tolerant Networks 

2 Delay Tolerant Networks 

This chapter provides an overview of DTN’s fundamentals and its state of art.  
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2.1 Introduction 

DTNs, also known as Disruption Tolerant Networks, Intermittently Connected Networks or Opportunistic 

Networks, are similar to fully connected Computer Networks in a way that both are represented by nodes 

and those nodes can interact between them. 

DTNs are characterized by not having permanent end-to-end connections and therefore they have long 

and variable delays, high error rates, and intermittent connectivity.  To send a message from one point 

to another, it can take minutes, weeks or even months. At each time frame, the connections, or 

opportunities, that one node has to transmit a message may be different due to mobility of nodes. There 

is a dynamic topology and may be required for some intermediate nodes, which are part of the topology, 

to store messages, carry them and when adequate forward them to a next hop or destination if it is the 

case. This represents the concept of store-carry-and-forward [5]. Bearing this in mind, it is 

understandable why classical routing protocols for Mobile Ad-Hoc Networks (MANETs) are not suitable 

for DTNs [6]. 

Initially the protocols proposed for DTNs were not complex and they did not learn anything from the 

contacts with other nodes. Those protocols were able to achieve a high delivery success ratio but the 

number of replicas of one message in the network was also high. This is an important drawback, 

because nodes can represent, for example, mobile devices and it is known their resources are limited. 

In order to reduce the number of replicas, researchers started to introduce more complex mechanisms. 

They reached the conclusion that DTNs may benefit from learning some patterns over the time. 

Moreover, social-aware context is introduced. Protocols start to have into account social aspects, like 

knowing which nodes are more popular among others, and DTN’s protocols became more close to what 

happens between humans in a social perspective. In the end, the DTN routing problem presents a 

challenging task of finding the most suitable node to forward messages regarding the existing resources 

[6]. 

2.2 Routing Protocols 

From the research done, it is possible to summarize proposed protocols for DTNs in two big groups, 

Traditional and Social-based. The first category includes all protocols that do not consider relationship 

among nodes while the second includes protocols that try to explore those aspects assuming that nodes 

tend to have mobility patterns that are not random, but based on social factors. 

Similar to both approaches, nodes and connections between them can be represented as a graph (G), 

which is an abstract way in Computer Science to do it. Figure 4 is an example of a graph. Each dot 

represents a node or a vertice (V) and lines between two vertices are the connections or edges (E). An 

edge between two nodes can be addressed as {u,v}, denoting u as the tail and v as the head. With this 

representation it is intended to address a pair of node and the link between them. To sum it up, a graph 

can be represented as G = (V,E). It is also important to refer that in a graph there is always a two-way 
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connection between u and v, and therefore graphs are not the same as digraphs, in which each 

connection is one-way and can also be represented as G = (V, E).  

  

Figure 4 – Example of a graph representation. 

According to [7], routing solutions for scenarios where nodes have mobility rely on the existence of 

wireless connections between them. Therefore, to represent mobility, a wireless graph should be 

created for each time frame or time epoch (TE). Each TE occurs when there is a change on the topology. 

Usually, that information is saved on a matrix G(TE). From Figure 5, we can see three different TE. 

Every time there is a connection between two nodes, that connection is introduced on the matrix using 

the binary number 1 on the corresponding matrix’s entrance. Otherwise, if there is not a connection, the 

binary number 0 should be filled in. 

 

Figure 5 – CG and its matrix at different TE (extracted from [7]). 

Based on [7], all protocols operate using the wireless graph (WG), as it is the only one that can represent 

the physical connections. The simplest approaches use this type of graphs just to know what are the 

nodes connected at a particular TE. To propose more complex protocols, the trick from researchers was 

to explore how that information was processed. In that way, contact graphs (CG) are introduced to 

predict some future encounters and to reduce the information stored and processed by nodes. Those 

types of graphs are calculated having into account multiples WGs. In the end, there will be just one 

contact matrix in which each entrance could take a value between 0 and 1, which is calculated by the 

aggregation of multiple WGs during different TEs. In Figure 5, as there are just 3 TE, the expression for 
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calculating the matrix is: 

𝐺(𝑐𝑜𝑛𝑡𝑎𝑐𝑡) =  
1

3
 ∑ 𝐺(𝑇𝐸)

3

𝑇𝐸=1

 (1) 

Then, from protocol to protocol it is established a reference value that determines if a node is going to 

send a message to another or not. In Figure 6 it is shown two contact graphs that were generated by 

considering different reference’s values, one for values higher than 
1

3
 and other for values higher or equal 

to 
1

3
. The results could be slightly different.  

 

Figure 6 - WG, CG and SG (extracted from [7]). 

Within this analysis, there is also a third type of graph, the social graph (SG). Social graphs represent 

social aspects between nodes that cannot be inferred by CG and may not represent a connection 

between them at every TE. The most important information that can be extracted from a SG is that 

nodes connected will have a higher probability of encounter based on social context. For example, from 

the SG above it is possible to say that nodes A and D belong to the same community as well as nodes 

C, E and B to another and there are no connections between those two communities. There is a higher 

chance of node A to meet node D than C, for example, which does not mean that A will never meet C. 

2.2.1 Traditional Protocols 

There are a lot of proposed protocols that fit into the traditional DTN routing protocol category. Some of 

them are really simple and do not do any type of math while others may do some calculations to better 

chose the relay nodes, which are the intermediate nodes between a source and a destination. Typically, 

these protocols are not efficient in terms of the amount of resources that they consume. 

The most direct and easy approach is to spread the message through all nodes until the destination is 

found, as it is defined by the Epidemic Protocol [8]. The basis of this protocol is diffusion. At a given time 

frame, each node that has a message to be delivered will replicate it to every available neighbour that 

is in its range if they do not have yet a replica. It will only stop when the destination is found or when the 

message reaches a predefined maximum hop count. It is known as a flooding protocol because the 

number of copies of the same message on the network is enormous. The results show that delivery 
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success ratio is high but the cost and the buffer space used by each node is also high.  

The Spray and Wait protocol [9] is another one that has also a direct approach. As the name itself 

suggests there are two different phases, the Spray phase and the Wait phase. If a node wants to send 

a message to a certain destination, the first thing to do is to spray that message to a number of other 

nodes. To do that there are two options, source spray and binary spray. In the first one, the source 

creates N replicas of the original message and sends them to N different nodes. In the second one, the 

source keeps N/2 replicas and distributes the remaining ones to the first encountered node. In the next 

step, the node that received N/2 replicas keeps N/4 replicas and sends the rest to the first encountered 

node. And so on until each node has only one copy that it keeps waiting to meet the destination. In terms 

of performance, and according to [7], is better than Epidemic in all aspects.  

The PRoPHET protocol [10], is a slightly complex protocol as it takes into account wireless graphs and 

goes further, calculating delivery probabilities of nodes. That probability is based on the total number of 

encounters and the age of that encounters. If an encountered node has a higher delivery probability 

than the node that carries the message, a replica of that message will be sent to the encountered node. 

As seen on [7], PRoPHET does not refer to contact graph, but what is done by it can easily fit within this 

approach. 

Besides Epidemic, Spray and Wait and PRoPHET there are more proposed protocols in the literature, 

like Direct Delivery (DD) [11] First Contact (FC) [12], MaxProp [13] among others. The first three 

protocols listed in this paragraph were the only ones explained in detail in this document as they are the 

most popular protocols that fit in this category. 

2.2.2 Social-based Protocols 

The protocols described in the previous section can already be used on a DTN. However, they will 

consume too much resources and they will not be appropriate for the majority of scenarios. In that way, 

more complex protocols started to emerge. Social-based approaches are currently a research area that 

is growing at a fast-pace due to the initial results that started to appear from different authors. Is it 

expected that the number of papers continue to increase in the following years. 

The available social-based protocols explore diverse social properties, also called social metrics, and 

usually they combine at least two of them to decide where to forward the messages. Those properties 

are explained next with further detail. It is important to say that it is possible to have two protocols based 

on the same properties but with different results in terms of performance. The explanation is easy. They 

can differ in terms of how they calculate that metrics, like how to determine the communities, in other 

words, different algorithms can be applied to reach the same global concept. 

Based on some surveys [5], [6], [14], [15] it is possible to enumerate at least five important social 

properties that protocols are based on, Community, Centrality, Similarity, Friendship and Selfishness. 

From time to time those categories are reviewed and it is not a static topic. Researchers are trying to 

identify more and more useful properties. 

One of the most important properties is Community. According to the dictionary and combining ecology 
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and sociology, Community represents a group of people who live relatively close and share the same 

interests. In DTN it is almost the same, but instead of people there are nodes/devices that are closely 

linked. When analysing social relationships between nodes, adding them to one or more communities 

is a good way of summarizing their interests. It is proven that a member of a community will most likely 

interact with members from that community than with strangers. In a dynamic topology, there are two 

types of algorithms that can identify that structure, divisive algorithms and agglomerative algorithms. 

While the objective of the first type is to find edges that link different communities and remove them to 

have separate clusters, which are a group of nodes, the second type adds edges between nodes until 

final communities are found. According to those surveys, agglomerative algorithms are better to identify 

overlapping communities. The most known algorithm to do that is known as k-clique [16]. In Figure 7, 

the constructive process of both algorithms is shown.  

 

Figure 7 - Constructive process of both algorithms (from (a) to (c)), divisive (on the left) and 

agglomerative (on the right) (Extracted from [5]). 

Another important property is Centrality, which represents a measure of how important a node is in a 

topology. That importance can be categorized in three different groups, degree centrality, betweenness 

centrality and closeness centrality. The first, and the simplest, refers to the number of links a node has 

and it can be calculated locally. Usually, nodes with the highest number of links are the ones other nodes 

want to deliver messages to. Due to their high number of connections, it is most likely the messages will 

reach the destination faster. The second, refers to the number of shortest paths from other nodes to the 

destination that crosses the node in inspection. As this metric needs to know all the network topology it 

cannot be used on dynamic topologies. Methods were developed to estimate the number of shortest 

paths that cross a node. Similar to degree centrality, the most central nodes are also the ones most 

wanted to forward messages. In the last type, the centrality of a node is calculated by inversing the 

average shortest distance from it to all other nodes. Again, as it is difficult to evaluate this on a dynamic 

topology, a local method is applied to approximate the value. Typically, in the centre of a graph it is 

possible to find nodes with higher closeness centrality. On one of the surveys, there is also a fourth type 

called bridging centrality, which identifies bridging nodes or edges, but as it is based on betweenness it 

is not included here as a main type. 

In terms of Similarity, this property describes how close nodes are from each other. Based on the Six 

Degrees of Separation theory [17], each person in the world is separated from others by a six degree in 
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the worst case. That means that through friends it is possible to meet anyone with at a maximum of six 

introductions. Therefore, this property allows estimating the probability of a node to encounter another 

in the future based on the number of common neighbours between them, the number of shared interests 

or the number of shared locations. 

Friendship is a property that can be easily understood by the name itself, representing if two nodes are 

friends or not. In DTNs, for a friendship relation between two nodes to exist, they have “to know” each 

other for a long time and maintain regular contact, which is translated into tracking the contact history 

or common interests announced by each node. Based on sociology context, nodes that are friends, 

share some interests, and therefore they will interact more often when comparing with strangers. 

The last property is Selfishness. Basically, protocols that have introduced selfishness are able to control 

selfish behaviours of nodes. In DTNs, as said before, the global concept of sending and receiving 

messages is store-carry-and-forward. Therefore, nodes will follow that global concept for messages for 

which the destination is not them. Similarly, to what happens with humans, a node may not have nothing 

to win if, for example, the node who it is sending the message to is a stranger or if that action will 

consume too much resources from him. That node can become selfish and decide to not cooperate in 

the global objective of DTN routing. The majority of algorithms used in protocols consider that nodes 

are willing to cooperate. Related to this topic there are different approaches. One tries to create 

mechanisms that incentivize nodes to cooperate (e.g. reputation rank). Others explore selfishness to 

select the types of messages that are sent (e.g. the most similar data of node’s common interests are 

sent to friends while the rest of messages are sent to strangers) and reduce the number of copies of 

those messages on the network. There is also an approach that tolerates selfish behaviours too and 

uses priorities on the messages [6]. Each time a message is forwarded, that priority is updated. Nodes 

have a buffer mechanism and when it is full and a message arrives, if that message has a higher priority 

comparing with the lowest message priority on the buffer, that message is stored and the other is 

dropped from the buffer.  

There are some authors that categorized existing protocols in their papers. In [6], authors divide 

protocols into two groups, protocols with positive and negative social effects. Positive social effects 

category includes protocols that are based in the following properties: Community, Centrality, Similarity, 

Friendship and Selfishness. From what was said before, Selfishness can also be a positive property and 

therefore this analysis seems to be incorrect from that point of view. In [5], authors firstly split protocols 

into unicast and multicast. Inside the unicast group, there are two main groups, Self-reported Routing 

and Detected Routing. Self-reported Routing refers to protocols that are based on data that do not 

depend on the topology’s dynamics and is known in advance. Detected Routing protocols are able to 

explore hidden information in daily activities of nodes. Usually, they analyse data over periods of time 

and calculate some metrics with it. They are able to obtain both static and dynamic social ties. Multicast 

is not explored in further detail. 

In the following sub-sections four different protocols are explained in further detail. Those protocols use 

some of the properties described before. As there are a lot more protocols, Table 1 shows a list of 

protocols that use the properties described in the last paragraphs. This table is based on [6] and [18], 
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but dLife [19], dLifeComm [19] and SCORP [20] protocols were added. 

Table 1 – List of some social-based routing protocols and its properties. 

 Properties 

Routing Protocol Community Centrality Similarity Friendship Selfishness 

BubbleRap [21] YES YES    

dLife [19]   YES   

dLifeComm [19] YES  YES   

SCORP [20]   YES   

SMART [22]     YES 

SSAR [23]     YES 

SimBet [24]  YES YES   

Friendship Based Routing [25] YES   YES  

Label [26] YES     

 

2.2.2.1 The BubbleRap Protocol 

The BubbleRap protocol [21] is based on two social proprieties, community and centrality, as seen in 

Table 1, in order to reduce the number of copies of the same message around the network but with a 

high delivery probability. According to [21], BubbleRap is based on Label [26] and Rank [27]  algorithms. 

The Label algorithm uses explicit labels in nodes to identify the communities they belong to, while the 

Rank algorithm forwards messages to nodes with higher centrality than the current node.  Generally 

speaking, a node belongs to a community and it is assumed that each one is part of at least one 

community. On the other hand, to identify the most popular nodes, the protocol uses betweeness 

centrality, which according to section 2.2.2 is a property difficult to estimate on a dynamic topology. 

Based on [6], each node has one global and one local centrality rank. 

According to [21], both Label and Rank algorithms have some limitations. The Label algorithm is not 

capable of forwarding messages away from the source when destination is socially far away and the 

Rank algorithm, in which each node does not have a view of global ranking, is not appropriate for big 

scenarios, as small communities will be difficult to reach. In order to suppress those drawbacks, 

BubbleRap’s authors proposed a new algorithm, called BUBBLE [21]. The forwarding mechanism works 

in a way that if a node wants to send a message to a certain destination, the first thing to do is to bubble 

this message to another node that has a higher global rank until the message reaches a node with the 

same label of the destination’s node community.  After that, global ranking will be no longer used and 

instead messages are bubbled up based on local ranks. In the end, messages will successfully reach 

destinations or they will expire. Comparing the BUBBLE to the Rank algorithm, nodes are able to 

consider global rankings even though they do not know the entire ranking table. Based on [21], this 

process can be matched to situations in real life. Imagine that someone, who studies on a particular 
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university, wants to send a message to someone, who is studying in another university, and he just 

knows the destination name. The first thing to do is deliver that message to a person around that is more 

popular. That person will do the same until the message arrives to someone who travels a lot between 

both universities. That person will be responsible to deliver the message to the destination’s community, 

in particular to someone who is popular. That one will bubble the message to someone more popular 

until the message reaches the destination or expires. This mechanism can be seen in Figure 8, in which 

the first arrow on the left represents the global ranking. 

 

Figure 8 – BUBBLE algorithm (extracted from [21]). 

The authors also proposed a slight modification to BUBBLE, which is the possibility of the initial sender 

to delete the message from its buffer after it is delivered to destination’s community. They called it 

BUBBLE-B algorithm while the described algorithm without this feature would be BUBBLE-A algorithm. 

According to [21], both algorithms have the same delivery ratio but BUBBLE-B is capable of reducing 

the number of messages on the network. 

Technically speaking, each node has the capability to detect the communities it belongs to and calculate 

its centrality values. Communities are detected by one of two possible ways, which are using labels or 

using a distributed mechanism. According to [21], the k-clique algorithm and Weighted Network Analysis 

(WNA) [28] are viable options as a distributed mechanism. Based on [16], a k-clique community is 

defined by a union of complete sub-graphs of size k (k-cliques). Two k-cliques are adjacent if they share 

k-1 nodes. The k-clique algorithm was designed for binary graphs but with a threshold for edges of the 

contact graphs, so it can be used in protocols for DTNs [21].  In Figure 9, it is possible to see an example 

of communities created by this mechanism, in which red nodes belong to different k-clique communities. 

In the second mechanism, a modularity value is calculated for each community in the network. According 

to [21], modularity corresponds to the difference between the equation (1) and the fraction of edges that 

are expected to be part of communities if the edges where assigned randomly, but with the degrees of 

vertices unchanged.  
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Figure 9 – Example of a k-clique community (k=4) (extracted from [16]). 

𝑄 =  ∑ [
𝐴𝑢𝑣

2𝑚𝑞

−
𝑘𝑢𝑘𝑣

(2𝑚𝑞)
2] 𝛿(𝑐𝑢 , 𝑐𝑣)

𝑢𝑣

 (2) 

Where: 

 Q: Modularity; 

 𝐴𝑢𝑣: Edge weight between u and v. If it does not exist it is equal to 0; 

 mq = 
1

2
∑ 𝐴𝑢𝑣𝑢𝑣  ; 

 𝑘𝑖: Degree of vertice i; 

 𝑐𝑖: Community of vertice i; 

 𝛿(𝑐𝑢, 𝑐𝑣): 𝛿-function. It is 1 if 𝑐𝑢 = 𝑐𝑣 and 0 otherwise. 

In terms of centrality, betweeness centrality will be locally estimated by considering degree centrality 

per unit-time slot, due to the correlation seen between them during experiments [21]. According to 

BubbleRap’s authors there are two ways of doing it, thought a single window (S-Window) approach or 

using a cumulative window (C-Window) approach. S-Window considers that at a given time, nodes, in 

order to forward messages, will check how many other nodes they have met in the previous unit-time 

slot, while in C-Window, nodes will calculate an average value for all the previous unit-time slots. 

As seen on [21], the core of BubbleRap protocol is an algorithm called DiBuBB, which is a modified 

version of BUBBLE. In it, BUBBLE is implemented in a distributed way, the mechanism used for 

detecting communities is k-clique, which has a detecting accuracy up to 85%, and it uses a C-Window 

approach to find centrality values. To calculate global and local ranks with C-Window approach it uses 

a unit-time slot of 6 hours, which means that during one period of 6 hours, nodes will be using values 

gathered from the previous period of 6 hours. 

According to [6], one of the drawbacks of this protocol is when the destination is part of a community in 

which every node has a low global rank. In this case, proper relay nodes may be difficult to spot. They 

propose adding a timeout for the bubble-up process and when it occurs change the forwarding strategy, 

which is not detailed in this survey. 
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2.2.2.2 The dLife and dLifeComm Protocols 

According to [19], the dLife Protocol was created to explore a limitation of several other approaches that 

were not able to consider that social structures, as community, can evolve with time. This protocol is 

intended to explore the user’s daily life routine, as they can be used to predict future interaction between 

nodes. The social property used is Similarity.  

The dLife Protocol uses social structures that can suffer changes with the time, reflecting better the 

node’s behaviour along the day. The information about those structures is present in a contact graph, 

where the weight of each edge represents how long a pair of nodes uv is in contact over different period 

of times [19]. From the authors’ perspective, using contact duration instead of contact history or contact 

frequency will increase the performance. In order to forward messages from a node to another dLife 

protocol uses two functions that are called Time-Evolving Contact Duration (TECD) and TECD 

Importance (TECDi). Nodes when using the first function are computing a metric that permits to 

determine social ties between nodes at a particular daily sample (∆𝑇𝑖) based on the Average Duration 

(𝐴𝐷(𝑢, 𝑣)) of contact between the pair of nodes u and v and in the following t-1 daily samples, in which 

t denotes the total number of samples considered. In [19], it is possible to see how TECD is 

mathematically calculated. On the other hand, TECDi will be used when nodes u and v have no social 

information in common with the destination. This function will calculate the importance of a node u 

among all the neighbours of that node in a daily sample. Again, further mathematical details can be 

found in [19].   

Based on [19], what happens in practice with dLife is that when a node wants to forward a message and 

finds a node in a daily sample, the sender will receive a list of all neighbours of that encountered node 

and the weights to reach them. If the weight from that node towards the destination is higher than the 

weight from the sender to the same destination, the sender will replicate the message. If not, the sender 

will receive the importance of the encountered node. If that value is higher than the sender’s importance, 

the message is replicated as well.  

The authors of dLife also created a slightly different version of it in order to have into account 

communities, which is dLifeComm. This version is also more appropriate for comparison with other 

social protocols, such as BubbleRap protocol, and is based on two social properties, Community and 

Similarity. To detect communities, dLifeComm uses the same algorithm as BubbleRap, the k-clique 

algorithm. The only difference here is that while BubbleRap detects communities and they remain fixed, 

in dLifeComm, communities are detected and changed over time. Comparing to dLife protocol, this 

version also uses the functions TECD and TECDi. However, TECD is used to forward messages in the 

same community while TECDi is used to forward messages based on the importance of nodes outside 

a community. dLifeComm also permits that nodes eliminate messages after they reach the destination’s 

community.  

Based on [19], what happens in practice with dLifeComm is that when a node wants to forward a 

message and finds a node in a daily sample, the sender will receive a list of all neighbours of that 

encountered node and the weights to reach them. If that encountered node belongs to the same 
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community where the message should be delivered to, the sender will replicate the message if the 

weight of that encountered node to the destination is higher than the weight from the sender to the same 

destination. If the encountered node belongs to a different community than the one the message should 

be delivered to, the sender will receive the importance of that node and a message will be replicated if 

the value is higher than the sender’s importance. 

2.2.2.3 The SCORP Protocol 

According to [20], it has been shown that protocols which focus on content and not on the host have 

better performance in challenging environments such as DTNs. It is a fact that people that share 

interests will have a higher probability of encountering each other than people with different interests 

during a daily routine. Because of that, the authors, who also proposed dLife and also dLifeComm, 

created a Social-Aware Opportunistic Routing Protocol (SCORP), which is based on one social property, 

Similarity. 

The SCORP protocol is able to consider the duration of contacts between nodes and link it to the 

interests of each one. To forward messages, nodes take into account what are the interests of other 

nodes they encounter. Similarly to what happens with dLife, this protocol uses some functions to 

calculate metrics. The corresponding mathematical expressions can be found in [20]. 

Based on [20], what happens in practice with SCORP is that when a node wants to forward a message 

and finds a node in a daily sample, the sender will receive a list of all interests of that encountered node, 

the weights to reach nodes with the same interests and a list of all messages that the encountered node 

carries in his buffer. The sender will forward a message if the encountered node has interest in that 

message or if the weight of that node to reach another node that has interest in the message is higher 

than the sender’s weight to reach any node with interest in it. 

2.3 Applications 

Nowadays, DTN’s applications are becoming more and more popular. Due to the characteristics of 

DTNs, their practical usage has to be well though. There are several examples of challenging scenarios 

that can better show how this works. In this section, some of them are explained in further detail. The 

following paragraphs are based on [5], [29], [30]. 

One application of DTNs is tracking wild animals. There is a well-known project within this research 

community that is the ZebraNet [31], started in 2004. In this project, the main practical objective is to 

provide biology researchers with information about Zebra’s mobility pattern in Kenya, Africa. To do that, 

engineers developed a system composed by tracking collars and base stations. Each Zebra carries a 

collar, which is composed by a Global Positioning System (GPS), a memory, a wireless transceiver and 

also a small Central Processing Unit (CPU). Collars use GPS to store periodically information about the 

location of Zebras. Base stations are deployed in cars, and used by researchers from time to time, to 

gather data from Zebras. Most probably, only some Zebras will pass within the range of those base 
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stations. That way, store-carry-and-forward should be used to achieve the objective. Every time a collar 

has the chance to forward local stored information to another one it will do it. Somewhere in time, that 

information will reach a base station. This follows an epidemic approach, where there is no criteria in 

forwarding messages. Similar to this project there is one intended to be used with whales, the Shared 

Wireless Infostation Model (SWIM) [32]. Instead of collars and mobile stations deployed when 

necessary, radio tags and mobile stations floating in water are used. In both cases collars and radio 

tags represent what is described in the previous sections as nodes. 

DTNs can also be used for military purposes, like in Airborne Networks (AN), which are defined as “an 

infrastructure that provides communication transport services through at least one node that is on a 

platform capable of flight”, according to [33].  As shown in Figure 10, there are several possible 

topologies for an AN, in which communications are made via air-to-air or air-to-ground. The purpose of 

an AN is to provide tactical information in a war zone. Infrastructure will forward messages between 

each other if they are within a certain range. It is possible to apply this concept to a scenario where 

multiple terrestrial brigades are deployed apart from each other and traditional communication systems 

between them fail, DTNs can save the day. If an airplane passes first near the first brigade and after 

some time near the second, that aerial infrastructure can represent an intermediate node, and messages 

will reach the destination within some delay. This example can be seen in Figure 11, in which 

Intelligence, Surveillance and Reconnaissance (ISR) feed represents the messages changed between 

infrastructures, which corresponds to nodes in this example. 

 

Figure 10 –  Example of AN topologies (extracted from [33]). 
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Figure 11 – Practical example of a military application (based on [33]). 

DTNs can also be used for deep space communications. The objective is to have inter-planetary 

communications, a sort of an Internet for space, as can be seen in Figure 12  (yellow triangles represent 

fixed stations, green circles correspond to geostationary satellites, grey rectangles are explorers, full 

edges represent continuous connectivity and dotted lines continuous connectivity). In fact, NASA has 

been testing this concept for years through an experiment called Deep Impact Network (DINET) [34]. 

The Multi-Purpose-End-to-End Robotic Operation Network (METERON) [35] is also another application 

of DTNs for space communication, which intends to create a network where rovers, a type of cars used 

for planetary explorations, can be controlled by astronauts from distance. NASA alongside with 

European Space Agency (ESA) have been able to control and drive a robot, a small LEGO car, using 

DTN protocols. The car was located at Earth and they were doing it from the International Space Station 

(ISS).  

 

Figure 12 – Example of an Inter-Planetary Internet. 
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2.4 The ONE Simulator 

Finding a universal routing solution for DTNs will be extremely difficult and therefore all the proposed 

protocols work better in particular scenarios, those that were firstly taken into consideration by the 

authors. Every time that a protocol is modified it should be tested. In terms of accuracy, the best 

approach would be to deploy it in a real scenario and let it run for weeks, months or even years. There 

are already some tests done this way, but it is not the fastest way to gather results. Having a simulator 

to create virtual scenarios and the possibility to test protocols with different configuration parameters 

seems to be better. The pros are not only linked with having results faster due to the computation power 

of computers. It permits also to control resources. Imagine what would be to deploy 1000 devices on a 

university campus. Most of research teams do not have enough resources to test a protocol this way, 

every time a modification is made or a different scenario is considered. 

In the literature is possible to find various simulators for DTNs, like the OMNeT++ [36], the ns Simulator, 

both versions ns-2 [37] and ns-3 [38], and The Opportunistic Networking Environment (ONE) Simulator 

[39]. They are all discrete event simulators and open-source, which is ideal for research. Due to the 

support available, those are currently the most popular ones. That support is not only given by the 

authors through the official website or wiki pages but also by experienced users through several blogs. 

In this master’s thesis, The ONE Simulator will be used as it is the only one that was created just for the 

purpose of DTNs. The number of default modules and user’s contributions compared to other simulators 

are superior. The other simulators permit to test DTNs but they were not initially designed for it.  

The following paragraphs are mainly based on [39], which is a paper that describes how The ONE 

Simulator, designed and implemented by Ari Keranen, can be used for evaluating DTN protocols. This 

simulator will be briefly described. 

The ONE simulator is an agent-based discrete event simulator. In it the agents are called nodes, the 

same described in the previous sections, and they are capable of simulating the store-carry-and-forward 

concept. Nodes have a set of capabilities (radio interface, storage, movement, energy consumption), 

which can be configurable: some through parametrization and others through modules. When 

downloaded the simulator will have a pre-defined number of modules, which can also be modified. To 

modify them it is needed some programming knowledge. Everything within this simulator is written in 

Java, a high-level language. Besides, it is also possible to add new modules, but an integration phase 

will also be needed. This simulator could have some limitations, but what is already done is excellent 

for getting important results in this researching area. Another important thing to mention is that it is not 

yet finished and neither will be. The creator started by doing the core and some functionalities and with 

time users contributions started and will continue to appear.  

The principal functions of this simulator are the modelling of node movement, inter-node contacts, 

routing and message handling for simulation. Lower layers of communication are not fully modelled and 

thus wireless link characteristics are simpler. Two nodes can communicate if they are within a certain 

radio range and that communication will follow a pre-defined data rate. At the end of each simulation, 
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there is a report to be further analysed in order to produce results. Although some minor modifications 

can be done in all four categories, the focus of this thesis will be the routing category. Figure 13 shows 

a simple overview of this simulator.  

 

Figure 13 – Overview of The One Simulator (based on [39]). 

Movement models are used to describe the mobility of nodes and they consist in a set of algorithms and 

rules. There are several options of modelling mobility with this simulator: 

 Create a model; 

 Load external models. 

 Use of default models; 

o Random Models; 

o Map-based Models; 

o Human-based Models. 

The ONE already comes with a framework that permits users to create their own models and also with 

an interface to load external models from other sources. Programs like TRANSIMS[40] or BonnMotion 

[41] can generate models. It is also possible to use GPS traces available at CRAWDAD [42]. Usually, 

external traces should be firstly converted using scripts. The diversity of models already implemented 

in the ONE seems to be enough to test protocols in different scenarios. To start, there are two 

implementations of random models, Random Walk (RW) and Random Waypoint (RWP). According to 

[43], nodes in the RW move randomly on the network, which means that they have random destinations. 

Each time there is a new destination, a random direction and speed is chosen from a predefined range. 

Each node acts independently, and even direction and speed are independent from past assigned 

values. It is also said that this model can generate unrealistic movements. The RWP adds a random 

pause time on top of RW and direction, speed and pause time are obtained through a uniform 

distribution. As the RW model, in the RWP destinations are randomly assigned during the simulation 

and nodes move to there at a constant random speed. When reached, they stay at the destination for 

moments until a new destination is assigned. Again, it will also produce an unrealistic human’s 

movement. The strategy of map-based models is to restrict node’s movement to a pre-defined set of 

paths on a map, which could represent streets. In this simulator, there are three types of those models, 
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Random Map-Based Movement (MBM), Shortest Path Map-Based Movement (SPMBM) and Routed 

Map-Based Movement (RMBM). From [43], the MBM model is based on the RW and thus nodes move 

in a random way on pre-defined paths on the map. When a path is selected, they follow it and when the 

end is reached, they turn back or when an intersection is found, they turn. It is also possible to restrict 

zones of the map to a group of nodes, which introduces a more realistic approach. In this way, pedestrian 

and vehicles can be distinguished. The SPMBM model is an improved version of the MBM. The 

difference is that nodes follow Dijkstra, a shortest path algorithm, to reach a destination. It also 

introduced Points of Interest (POI) in the map, which can represent common places in a city, like 

supermarkets, stations and so on. Each POI can have different probabilities of being chosen than 

destinations that are not considered as a POI. The RMBM model, also based on the MBM, introduces 

pre-defined routes, which some nodes may follow. Those routes are composed by multiple points, in 

which nodes will stay for a while, representing for example stops. From a point to the next, the shortest 

path will be used. A drawback of map-based models is that they do not create inter-contact time and 

contact time distributions that could really shape real traces. By default, there is a map of Helsinki city, 

Finland, that map-based models can use. It is also possible to generate scenarios using OpenJUMP 

[44], a Geographic Information System (GIS) software. Finally, in terms of Human-based models there 

is only one already implemented on the ONE, the Working Day Movement Model (WDM), which could 

also be called Working Day Mobility Model. As the name suggests this is a more realistic approach. To 

do that, this model considers three phases during a working day, sleeping, working and going out with 

friends after work. To each one, a different model is applied. This model also introduces the possibility 

of a node to travel alone or in groups and can have into account communities and social ties.  

Event Generators represent how messages are generated in the simulator. In the ONE, there are two 

possibilities, one to be the simulator itself to generate messages and other to load an external event file. 

When the simulator generates messages, it is possible to choose source, destination, size of messages 

and also the interval between messages. When sending messages, they can flow in just one direction 

or there can be information for the destination node to respond to it. There is also a possibility to generate 

event files within the simulator. 

Routing corresponds to the way messages will be forwarded until a message reaches a destination. By 

default, the simulator comes with a bunch of traditional protocols already implemented, which are 

Epidemic, Spray and Wait, PRoPHET, DD, FC and MaxProp. Some of those protocols are already 

described on section 2.2.1. New routing modules should be created to include different protocols and 

they have to be prepared to receive messages and know how to handle them. In terms of social-based 

protocols there is no protocol already implemented by default. However, there are some user’s 

contributions. It is possible to find dLife, dLifeComm and SCORP on the simulator’s official page and 

also BubbleRap through a search engine. After having those modules, they should be integrated which 

can take some time. Apart from what will be inside the routing module, everything else works the same 

way and the routing module does not need to know how other modules work.  

Finally, Visualization and Results permits to visualize results through reports that are generated using 

the report module. There are several types of reports by default, but it is possible to create new ones 
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with the information that the user wants. Those reports can then be visualized through separate text 

files. However, it is possible to create a script in order to convert the information that is present on a text 

file to a graphic. 

In terms of simulation, when it comes to start one, the user has two different options, select the Graphical 

User Interface (GUI) or the batch mode, which can be both run from a shell or from an integrated 

development environment (IDE), like Eclipse [45]. The GUI is shown in Figure 14. By using the GUI, 

users have the possibility to visualize a lot information which includes being able to see a particular node 

of their choice, follow nodes trajectory, see what is happening with messages, pause the simulation, 

apply filters to select the events to be seen on event log panel, among other features. For beginners, it 

could be important to start by using the GUI as it gives them a better view of what is exactly happening 

with nodes and messages. It is also advised that beginners should create breakpoints along the code 

by using an IDE before running the simulation and then follow the GUI and the code at the same time. 

The disadvantage of using the GUI is the time spent in simulations. As there is a graphical interface, the 

consumed time of a simulation compared with the batch mode is higher. Therefore, after getting used 

to The ONE, a user should start to use the batch mode. 

 

Figure 14 – GUI of The ONE Simulator. 

Figure 15 shows the aspect of the batch mode run from Eclipse. Here, users do not have any special 

features. They can just see the simulation’s time. However, there are two main advantages of using the 

batch mode. From one hand, and as it was said before, the time that is spent in one simulation is lower 

than when compared with the GUI. On the other hand, it is possible to instruct the simulator to run 

several simulations at once. What will happen is that when one simulation finishes the simulator 

automatically starts another one and so on. Gathering results could take some time and batch mode 

can help the user reducing it. The user will still be able to introduce breakpoints in the code if an IDE is 

used. 
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Figure 15 – Batch mode in Eclipse. 

As seen in the last paragraphs, The ONE Simulator is a powerful framework with the possibility to add 

new functionalities to meet user’s requirements. Besides what was described before, there are a lot of 

other features not explored in this document. Those features are described and analysed in [39]. 

 



 

26 

 

 

 

 

 

 

 

 

 

 

 



 

27 

 

 

 

 

Chapter 3 

FinalComm Protocol 

3 FinalComm Protocol 

This chapter describes what is the main idea behind the FinalComm, a social-based routing protocol for 

DTNs, how it is implemented and how it will be evaluated in terms of performance. 
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3.1 The Concept 

FinalComm is a social-based routing protocol for DTNs. The name refers to the main mechanism that 

is implemented, which is giving more information about the existing communities to nodes, especially 

the community to where the message should be relayed. In terms of properties, this protocol uses two 

of them, Community and Similarity. To develop the FinalComm protocol, the starting point was the 

BubbleRap protocol, mainly due to the drawback that was described on Chapter 2.2.2.1 in terms of 

global centralities of the nodes.  

The main idea behind this approach is that nodes should have a bigger vision of the network, even 

though that vision could not always be the most updated one. In the case of FinalComm, having a bigger 

vision of the network means that nodes have to store other’s nodes communities. This is done every 

time a node meets another. In that connection, node A will store node B’s community, as it is the most 

updated information that node A can get, and vice-versa. After that, both nodes will look to the other 

node’s community storage to see if there is more recent informant about existing communities. Besides, 

it is also intended to change the way nodes are part of a community. In the proposed protocol, node B 

belongs to node’s A community if the total contact time between A and B is superior or equal to a 

threshold (commfamiliar), having in mind all the contact time with all other nodes in the network that A 

has had.  

With this implementation, it is expected that nodes will be more efficient when forwarding messages by 

having into account the community of the node that should receive a certain message. It is also expected 

that the number of successful delivered messages (3) and overhead (4) should increase and decrease, 

respectively. In the next section, this protocol is further detailed. 

𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 =  (
𝑚𝑒𝑠𝑠𝑎𝑔𝑒𝑠 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑

𝑚𝑒𝑠𝑠𝑎𝑔𝑒𝑠 𝑐𝑟𝑒𝑎𝑡𝑒𝑑
) (3) 

𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 =  (
𝑚𝑒𝑠𝑠𝑎𝑔𝑒𝑠 𝑟𝑒𝑙𝑎𝑦𝑒𝑑 − 𝑚𝑒𝑠𝑠𝑎𝑔𝑒𝑠 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑

𝑚𝑒𝑠𝑠𝑎𝑔𝑒𝑠 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑
) (4) 

 

3.2 The Protocol 

As said before, the starting point is the BubbleRap protocol, but in terms of implementation is was 

followed what was already done by PJ Dillon [46], from the University of Pittsburgh. His contribution was 

really important, as he developed a community module on top of the default version of The ONE 

Simulator that can be found at the official website [47]. With that module, it is now possible to easily 

create new protocols that use community properties. Besides having a module ready to simulate, he 

also developed an implementation of the BubbleRap protocol, which was used here as the starting point 

from a technical point of view.  

This section presents the pseudo-code of the four most important algorithms in the following order: 
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 Algorithm 1 – shouldSendMessageToHost; 

 Algorithm 2 – shouldDeleteSentMessage; 

 Algorithm 3 – newConnection; 

 Algorithm 4 – connectionLost. 

Algorithms 1 and 2 represent the core of the FinalComm protocol while algorithms 3 and 4 are part of 

the process of creating and updating communities, which are then used by the protocol. All of them 

should be seen from a single node’s perspective. Besides, it is also important to refer these algorithms 

assume that nodes are fully cooperative. 

Algorithm 1, called when two nodes meet, is responsible for checking if the messages that are stored in 

node’s buffers should be sent to the other node. Imagine this example where node A meets node B and 

has messages in his buffer. For every message m, node A uses the Algorithm 1 to make a decision in 

terms of forwarding. The first thing that node A does is to check if node B is destination of m. If so, he 

forwards m to B but if not A will continue the checking steps. This first check is the same that is done in 

BubbleRap [46], dLife [47] and dLifeComm [47] protocols. Then, node A checks whether B has already 

m in his buffer. If node B has m on its buffer, A does not send m to B. Otherwise, A continues the 

checking. This part of the algorithm was based on the dLife [47] and dLifeComm [47] protocols. After 

this, A checks whether just one of them belongs to the same community as the destination node of m. 

If it is B, A sends m to him, but if it is A he keeps m in its buffer. Again, this is extracted from the 

BubbleRap [46] protocol. If both A and B belong to the same community as the destination node of m, 

the number of times that each one has met with the destination is computed by using a function called 

MeetingsWithDestination. Node A only forwards m to B if B has encountered the destination more times. 

If both A and B belong to different communities and neither of those communities is the same as the 

community of the destination node of m, it is computed the number of times that each node has met 

nodes from the destination’s community. Node A only forwards m to B, if A has met that community less 

times. All of this is different from other protocols and it is considered the core of the FinalComm protocol. 

At the end, there is a mechanism that was extracted from BubbleRap [46] protocol. In it, it is computed 

the global centrality (degree) of nodes by using the function ComputeGlobalCentrality. After that 

computation, node A replicates m to B if B has higher global centrality than him. Otherwise, A decides 

to just keep m in its buffer. However, this piece of code is only used if both nodes belong to different 

communities, not the same as the destination node’s community, and at least one of the nodes does 

not have any contacts with other nodes in his history. This mechanism will only be used at the beginning 

of the simulations and not many times during that initial period. 

 

Algorithm 1 - shouldSendMessageToHost 

 

Input: Message m, Node otherHost, Node myHost; 

Output: Boolean “answer”. 

 

----------------------------------------------------------------------------------------------------------------------------- ----------- 

if otherHost is the destination of m then 

       myHost sends m to otherHost 1 & 2 

1: BubbleRap 

2: dLife & dLifeComm 

3: New 
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       return true 

----------------------------------------------------------------------------------------------------------------------------- ----------- 

----------------------------------------------------------------------------------------------------------------------------- ----------- 

if otherHost has already m then 

       myHost keeps m in buffer (do not send m to otherHost) 

       return false 

----------------------------------------------------------------------------------------------------------------------------- ----------- 

if otherHost belongs to the community of destination node of m and myHost do not then 

       myHost sends m to otherHost 

       return true 

 

if myHost belongs to the community of destination node of m and otherHost do not then 

       myHost keeps m in buffer (do not send m to otherHost) 

       return false 

----------------------------------------------------------------------------------------------------------------------------- ----------- 

if myHost and otherHost have already had at least one contact in their history then 

if myHost and otherHost belong to the same community as the destination’s node of m then 

myHost_cnt = MeetingsWithDestination(m, myHost_connHistory); 

otherHost_cnt = MeetingsWithDestination(m, otherHost_connHistory); 

if myHost_cnt is superior or equal than otherHost_cnt then 

 myHost keeps m in buffer (do not send m to otherHost) 

return false 

  if myHost_cnt is inferior than otherHost_cnt then 

myHost sends m to otherHost 

return true 

else 

myHost_cnt = MeetingsWithDestinationComm(m, myHost_connHistory, 
myHost_community); 

otherHost_cnt = MeetingsWithDestinationComm(m, otherHost_connHistory, 
otherHost_community); 

  if myHost_cnt is inferior than otherHost_cnt then 

myHost sends m to otherHost 

          return true 

  else 

   myHost keeps m in buffer (do not send m to otherHost) 

   return false 

----------------------------------------------------------------------------------------------------------------------------- ----------- 

myHost_globalCentrality = ComputeGlobalCentrality(); 

otherHost_globalCentrality = ComputeGlobalCentrality(); 

if otherHost_globalCentrality is superior than myHost_globalCentrality then 

       myHost sends m to otherHost 

       return true 

else 

       myHost keeps m in buffer (do not send m to otherHost) 

       return false 

 

 

After a node deciding that he should send a message to another node, he has to check if that exact 

message needs to be deleted or not from his buffer. To do that, the FinalComm protocol uses a different 

mechanism than the BubbleRap protocol. That mechanism is shown in Algorithm 2. In the BubbleRap 

2 

1 

3 

1 
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protocol, a node will delete a message from his buffer if that message was delivered to another node 

that belongs to the same community as the destination node of message m or the destination itself. In 

the FinalComm protocol, a node will only delete a message from its buffer if that message has been 

relayed by any of the mechanisms referred in Algorithm 1 except when it is relayed by using the global 

centrality feature. In this case, the node will never delete a message from its buffer. This mechanism is 

important to be referred because it is responsible in part for the overhead.  

 

Algorithm 2 - shouldDeleteSentMessage 

 

Input: Message m, Node otherHost, Node myHost; 

Output: Boolean “answer”; 

 

if m has been relayed by using the global centrality feature then 

 return false 

else 

 if m has not been relayed then 

  return false 

 else 

  return true 

 

 

On the other hand, a message will also be deleted from a buffer if it reaches the Time-to-Live (TTL) 

established or if a new message arrives and the buffer is full. In this last case, the older messages 

present in the buffer are dropped until there is enough room for the new one. These two mechanisms 

are not unique to the FinalComm protocol. They are used by every protocol tested in The ONE Simulator.   

Besides algorithms 1 and 2, the FinalComm protocol is also composed by other algorithms, which are 

almost the same ones that can be found in the implementation of the BubbleRap protocol. 

Algorithms 3 and 4, which are part of the community mechanism, were implemented from scratch. In 

fact, the starting point was a drawback that was found during the first simulations of the BubbleRap 

protocol for this master’s thesis. According to Chapter 2.2.2.1, the BubbleRap protocol uses the k-clique 

algorithm to create communities. However, neither [21] nor PJ Dillon’s implementation [46] considers 

the dynamics of a community in terms of a node no longer being part of one community. The same 

happens with dLifeComm’s implementation [47] as it uses the same community algorithm 

implementation as the BubbleRap protocol. The pseudo-code of k-clique’s implementation can be seen 

on Annex A. In order to better describe what happens in real life, a different, but simpler, mechanism to 

build communities and keep them updated was implemented. 

When two nodes meet, before starting to exchange messages between them based on the idea behind 

the FinalComm protocol, it is important to do some checks and also share information about known 

communities. Therefore, in Algorithm 3 nodes A and B start by checking if each node that belongs to 

their community should stay in it based on the commfamiliar threshold and by using the function 

PercentageOfContactTimeWithHost. If it happens that a node does not meet this threshold criteria, node 

A/B removes that node from his community. After that, a node does a similar check in order to decide if 
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the other node that he is meeting should be part of his community. To do it, node A/B uses again the 

function PercentageOfContactTimeWihHost and compares the result with the commfamiliar threshold. 

Node A only adds B if that result is superior or equal to the threshold and the same happens with B in 

terms of A. Finally, nodes change their network’s view and the most recent data will be kept by each 

one on their storage community. To see who has the most recent view of a community that already 

registered on at least one of the storages of nodes A and B, a function called 

CommunityLastRegistryTime is used for each known community. Older data is deleted. 

 

Algorithm 3 - newConnection 

 

Input: Message m, Node otherHost, Node myHost; 

Output: (none); 

 

for all nodes that belong to myHost’s community do 

 percentage_result = PercentageOfContactTimeWithHost() 

 if percentage_result is inferior than commfamiliar_threshold then 

  remove node from myHost’s community 

for all nodes that belong to otherHost’s community do 

 percentage_result = PercentageOfContactTimeWithHost() 

 if percentage_result is inferior than commfamiliar_threshold then 

  remove node from otherHost’s community 

if otherHost does not belong to myHost’s community then 

 percentage_result = PercentageOfContactTimeWithHost() 

 if percentage_result is superior than commfamiliar_threshold then 

  add otherHost to myHost’s community 

  for all nodes that belong to otherHost’s community do 

   percentage_result = PercentageOfContactTimeWithHost() 

   if percentage_result is superior than commfamiliar_threshold then 

    add node to myHost’s community 

if myHost does not belong to otherHost’s community then 

 percentage_result = PercentageOfContactTimeWithHost() 

 if percentage_result is superior than commfamiliar_threshold then 

  add myHost to otherHost’s community 

  for all nodes that belong to myHost’s community do 

   percentage_result = PercentageOfContactTimeWithHost() 

   if percentage_result is superior than commfamiliar_threshold then 

    add node to otherHost’s community 

update otherHost’s community in myHost’s network_view 

update myHost’s community in otherHost’s network_view 

for each community that exists in otherHost’s network_view do 

 if myHost’s network_view does not contain an entry for that community then 

  add community to myHost’s network_view 

 else 

  myHost_time = CommunityLastRegistryTime() 

  otherHost_time = CommunityLastRegistryTime() 

  if otherHost_time is superior than myHost_time then 

update myHost’s network_view of that community with otherHost’s 
network_view of that community 

for each community that exists in myHost’s network_view do 
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 if otherHost’s network_view does not contain an entry for that community then 

  add community to otherHost’s network_view 

 else 

  myHost_time = CommunityLastRegistryTime() 

  otherHost_time = CommunityLastRegistryTime() 

  if myHost_time is superior than otherHost_time then 

update otherHost’s network_view of that community with myHost’s 
network_view of that community 

return 

 

 

After some time, a connection between two nodes will be lost. When that happens, it is necessary to 

update some information about each node’s perspective of his community, which is done by using 

Algorithm 4. The process is identical to what happens with Algorithm 3 when a percentage value is 

calculated using the function PercentageOfContactTimeWithHost, previously described. In this 

algorithm, node A checks whether B should be added to his community or if B should stay as part of his 

community.  

 

Algorithm 4 - connectionLost 

 

Input: Node otherHost, Node myHost; 

Output: (none); 

 

if myHost’s community contains otherHost then 

 percentage_result = PercentageOfContactTimeWithHost()  

if percentage_result is superior than commfamiliar_threshold then 

 return 

else 

 remove otherHost from myHost’s community 

else 

 percentage_result = PercentageOfContactTimeWithHost()  

if percentage_result is superior than commfamiliar_threshold then 

 add otherHost to myHost’s community 

return 

 

 

In the community mechanism that was presented it can happen that node A sees node B as part of his 

community, but node B does not, due to having different contacts with other nodes. Their total contact 

time with nodes will be different. However, this can describe what happens on some social online 

networks nowadays. For example, in Facebook [48] one person can be followed by another, without 

adding or also following her back, and still be able interact with each other. To sum, there is no problem 

in having this approach in this community mechanism. 

Annex B presents a simple block diagram that explains how nodes decide whether to forward or not the 

messages they are carrying in their buffers and also which messages should be replicated or just 

transferred. 



 

34 

3.3 A dynamic parameter tuning approach 

Protocols like BubbleRap, dLifeComm and also FinalComm have some parameters, related to the way 

cluster or communities are built, that need to be tuned in order to achieve the best performance possible. 

However, it is only possible to detect the best values for those parameters if multiple simulations are 

done, which is not practical. Besides, even when that threshold is found, all the nodes will be using that 

value with no exception. What if that value is not the most adequate one for every node? In order to 

understand if there is the possibility to create a dynamic mechanism to adjust the commfamiliar 

parameter in the FinalComm protocol, minor changes will be done to the algorithm that is responsible 

for creating communities in it.  

In this new approach, nodes will start by having the commfamiliar threshold set to a certain value that 

works well. Then, the objective is to give nodes a chance to regularly change this threshold after a period 

of time. Two different periods of update time are going to be used, half a day and a day. In practice, 

when the update time comes, a node will check how many nodes it actually has on its community and 

also how many other nodes it knows that exist on the network. Then, with that information, it computes 

a percentage value: 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 =  
𝑛𝑜𝑑𝑒𝑠 𝑖𝑛 𝑐𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦

𝑡𝑜𝑡𝑎𝑙 𝑛𝑜𝑑𝑒𝑠 𝑘𝑛𝑜𝑤𝑛
×100 (5) 

If the value is inferior to a certain percentage, the threshold should be increased in order to add more 

nodes to its community. If the value is superior to a certain percentage, the number of nodes in its 

community should decrease and therefore the threshold will be raised. The ranges of percentages that 

will be tested to decide if there is any change will be 15%-20%, 20%-25%, 25%-30%, 30%-35% and 

also 35%-40%. When the threshold is being updated, if its value is inferior to 2%, the increments and 

the decrements will be 0.10%. Otherwise, 1.00% will be used. The commfamiliar threshold can never 

take values inferior to 0.1% and superior to 100%. Besides, everything that was described on the 

previous section remains the same.  
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Chapter 4 

Analysis of Results 

4 Analysis of Results 

This chapter shows the scenarios tested and the results that were obtained through simulation. For each 

scenario it is possible to find a subsection which describes the settings used, a subsection that describes 

the results for each evaluated protocol and also a subsection in which all protocols are directly 

compared.  
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4.1 How to evaluate FinalComm performance 

To evaluate the performance of the FinalComm protocol, The ONE simulator was used. In this simulator, 

two different scenarios were chosen in order to get a better perception about how this protocol can be 

efficiently deployed. An analysis of how the commfamiliar threshold influences the protocol will also be 

presented. However, this is not enough as its performance can only be considered good or bad in a 

certain scenario if there is something to be compared. To take conclusions about the performance of 

the FinalComm protocol, other protocols will also be tested under the same scenario conditions. The 

protocols chosen are: Epidemic  [8], BubbleRap [21], dLifeComm [19] and also dLife [19]. The first was 

chosen because it is a reference protocol in the majority of research articles on this area. It has a decent 

delivery performance but it also creates a huge overhead. That way, it will be possible to understand if 

the FinalComm protocol is able to reduce the overhead and at the same time stay close to the Epidemic’s 

delivery performance or even present better results. The second and the third protocols were chosen 

mainly because they also use the community property to relay messages. Besides, as the FinalComm 

protocol uses some of their features it will be interesting to compare the results. Finally, the dLife protocol 

is chosen due to its good delivery performance and also its capability of reducing the overhead 

substantially. Although it does not use the community property, it will be a good protocol to be compared 

with the FinalComm protocol.  

The dynamic parameter tuning approach will be also tested with the objective of understanding if nodes 

that are using the FinalComm protocol benefit from having different values for the commfamiliar 

threshold and from updating that threshold automatically. This approach will be also called dynamic 

mechanism. 

As known, The ONE Simulator is able to provide a lot of parameters for further analysis. In this master’s 

thesis the parameters that are going to be evaluated are the delivery rate (3), the overhead created (4), 

the average latency of messages, which corresponds to the average time that a message takes from 

the node that creates it to its destination node, and the average number of hops that a message needs 

to take before reaching the destination. In protocols that uses the community property to relay 

messages, it will be also analysed the number of communities and the average number of nodes per 

community at the end of a simulation. Simulations with a warmup time of one day will be considered too. 

The warmup time corresponds to a simulation interval, from the beginning of the simulation, in which 

statistics, like delivery rate, overhead, among others, will not be taken into account. This particular 

warmup time of one day was chosen to analyse if protocols that uses the community property and 

protocols that are based on daily routines can benefit from it. It is expected that one day will be enough 

to ensure that communities are already created and daily routines are detected. 
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4.2 Scenario 1 

The first scenario used in this master’s thesis represents the downtown area of Helsinki, Finland, as 

shown in Figure 16. Usually, this is the scenario that comes by default with The ONE simulator. However, 

slight changes were made and those are presented in 4.2.1. It will be also possible to see how the 

protocols enumerated in 4.1 perform under these conditions. 

 

Figure 16 – Downtown area of Helsinki, Finland, at The ONE Simulator. 

4.2.1 Settings  

The following settings represent the core of this scenario. They were chosen to create a virtual scenario 

that approximates a real one. These settings were used with every single protocol tested, without making 

any changes between them. 

As said before, the map chosen is the downtown area of Helsinki, which implies that a map is imported 

to the simulator. In that particular map, it is possible to distinguish what are the roads, the main roads 

and the pedestrian paths in this city, but those cannot be visually differentiated in Figure 16.  

On top of the map, six different groups of nodes were created, representing pedestrians, cars and trams, 

with a total number of nodes of 126.  Table 2 describes how nodes are distributed per group, what are 

their speeds, what is the dimension of node’s buffer and also how many communications interfaces are 

used per group. In terms of the speed, it is possible to see that there is a range for them, which could 

imply that from simulation to simulation the results could differ. In fact, nodes will select a value between 
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those limits, but as those values are calculated in the same way from simulation to simulation, the results 

will be similar. The buffer size represents the space available at a node to store information, in this case 

just messages. In terms of the buffer, it is important to refer that every time a message arrives at a node 

and there is no more space available, the node will search for the oldest messages in the buffer and 

simply remove them until there is enough space for the incoming one. In this scenario, the trams are the 

groups which by far have the better storage capacity, ten times superior to cars and pedestrians’ storage 

capacity. In terms of interfaces, all the groups use a Bluetooth interface to communicate, with a constant 

speed of 250 Kbps and a communication range of 10 meters, which are typical values for an interface 

like this. In the case of group 4 there is also another interface deployed, a high speed interface, 

representing a Wi-Fi interface, with a constant speed of 10 Mbps and a communication range of 10 

meters. The value of the Wi-Fi’s speed is limited to 10 Mbps as in a real scenario, nodes would be 

sharing resources and it could not happen that all Wi-Fi router’s resources were allocated to a single 

node. On the other hand, establishing a communication range of 10 meters to this interface does not 

seem adequate, as, for example, the signal of a traditional 2.4 GHz access point (AP) can reach up to 

100 meters outdoors. However, being close to an AP ensures that the user has a higher throughput and 

10 Mbps cannot be reached when a user is 100 meters away from an AP. On the other hand, as this 

simulator does not have into account attenuations from, for example, buildings that separate different 

roads, limiting this range was the best way found to be as realistic as possible. Regarding this, it is also 

important to say that the simulator is prepared to analyse a single connection between nodes at a time, 

meaning if a node encounters two other nodes, the simulator will first analyse one and then the other, 

not the two at the same time. Finally, it was established that every message on a node’s buffer would 

have 300 minutes to live, which corresponds approximately to 18 000 seconds. 

Table 2 – Node’s settings description for Scenario 1. 

Group #Nodes Speed [m/s] Buffer Size [MB] Interfaces TTL [min] 

1: Pedestrians (p) 40 0.5 to 1.5 5 1 

300 

2: Cars (c) 40 2.7 to 13.9 5 1 

3: Pedestrians (w) 40 0.5 to 1.5 5 1 

4: Trams (tA) 2 7.0 to 10.0 50 2 

5: Trams (tB) 2 7.0 to 10.0 50 1 

6: Trams (tC) 2 7.0 to 10.0 50 1 

 

In this particular scenario, nodes have different types of routes, which are assigned by group. Those 

routes follow a particular movement model and destinations are selected based on a predefined seed, 

which means that is possible to maintain the same pattern on node’s movement from simulation to 

simulation if the seed is the same. Groups 1, 2 and 3 use the SPMBM model, described on section 2.4. 

From all of these groups, nodes from group 2 were the only ones restricted to use a certain set of paths, 

namely road paths, due to the fact that they were introduced in this simulation to represent cars. On the 

other hand, the pedestrians from groups 1 and 3 were able to navigate in the entire simulated map, 

considering that there are paths only accessible by pedestrian and every car path has a sidewalk. In 

terms of the groups 4, 5 and 6, the nodes used the RMBM model, described on section 2.4. In this case, 
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each group had different routes, corresponding to two trams’ routes. Nodes from this group were 

restricted to use only these routes to circulate. 

To generate messages during this simulation’s scenario, the Message Event Generator that the 

simulator provides was used. In this scenario, every 60 seconds a new message with a size of 200 kB 

is created, starting at the beginning of the simulation. The user has to choose which nodes will be 

considered as candidates to be the source or the destination of messages. If a range of nodes is to be 

considered, the first and the last node of that range need to be introduced, as every node as a unique 

ID. For example, in Scenario 1 there are 126 nodes and to consider all of them, only node 0 and node 

125 need to be provided. Then, it is the simulator that randomly chooses the source and destination of 

the messages while creating them. The simulator randomly chooses the source and destination of 

messages using a random number generator with a seed derived from the nodes’ group prefix. So, 

having a group of nodes with the same group prefix and range of nodes ensures that, from simulation 

to simulation, the sequence of sources and destinations are identical. Within this scenario, 16 666 

messages were created in total. These parameters differ from the default settings. 

In order to gather more consistent results every time a protocol is tested for a set of conditions, four 

simulations with different seeds were run. In this way, it is possible to present an average value with a 

confidence interval associated. In all cases, a 95% confidence interval is used. 

Finally, this scenario’s settings were put into simulation during 1 000 000 seconds, which corresponds 

approximately to eleven days and a half. For every protocol, the influence of a warmup time, which 

corresponds to one day is also contemplated. 

4.2.2 Epidemic Protocol 

From theory, it was known that the Epidemic Protocol is a good protocol to be compared with others as 

it is able to achieve a decent delivery rate with a trade-off of a high overhead. After testing the Epidemic 

Protocol under the conditions of the Scenario 1, the protocol was able to deliver 10 796 of the 16 666 

created messages, which corresponds to a delivery rate of 64.78 %. To achieve this value, an overhead 

of 290.74 was needed, meaning that for every message created there were approximately 291 copies 

of that same message on the network. Besides, the messages took an average of 3016.05 seconds to 

reach the destination, with an average hop count of 4.19. These results are shown in Table 3 and confirm 

the initial prediction. 

Table 3 – Epidemic Protocol under Scenario 1. 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

64.78 ± 0.35 290.74 ± 2.04 3016.05 ± 35.77 4.19 ± 0.03 

4.2.2.1 Influence of warmup time 

The Epidemic Protocol has a simple structure and does not contemplate communities neither takes into 

account daily routines. A node just replicates messages every time he is on range with another node. 
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In this way, it was not expected that this protocol would be influenced by a warmup time. 

As expected, running the Epidemic Protocol with a warmup time of one day did not change the results 

significantly. In fact, if the results are seen from a delivery rate perspective, the protocol performs better 

without a warmup time, but as the variation is so small, not even 1%, those differences are negligible. 

Table 4 shows all the results using the warmup time and again a decent delivery rate is achieved with 

the typical Epidemic trade-off of a high overhead. 

Table 4 – Influence of warmup time in the Epidemic Protocol under Scenario1. 

Warmup 

Time [days] 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

1 64.36 ± 0.48 289.68 ± 2.36 3026.99 ± 29.22 4.17 ± 0.02 

4.2.3 BubbleRap Protocol 

The performance of the BubbleRap protocol can be influenced by the scenario itself but also by a set of 

parameters that are initially established, the number of k-cliques (k) and the cumulative time threshold 

that is used to decide if a node can be part of other’s nodes community (called familiar threshold), both 

described in Annex A. In the following sections, these two parameters are analysed in order to find the 

best configuration of the BubbleRap protocol for scenario 1.  

4.2.3.1 Influence of the k parameter 

The k parameter was tested by ranging its value from 2 to 6 and establishing the familiar threshold 

parameter at 700. The protocol was not tested for k = 1, as it was known that this would represent that 

every node would become part of other node’s community after a single meeting between them. At the 

end of a simulation, we would have a single community, containing all the simulated nodes. On the other 

hand, the values superior to 6 were not tested, as k = 3 or k = 4 typically result in a better protocol 

performance. The familiar threshold stayed at 700 for the analysis of the k parameter as it was known 

that for that threshold the distribution of nodes per community described better the reality. In terms of 

the results, the differences are so small between each case that it is difficult to spot a pattern, as shown 

in Table 5. The best delivery rate case, and having into account the typical values for k, is when k takes 

the value of 3, mainly due to the distribution of nodes per community at the end of the simulation time. 

The delivery rate is around 58% while the number of replicas that are created per message reaches 

approximately 60. In terms of average latency, a message takes on average 5684.41 seconds to reach 

its destination, crossing only on average 1.52 nodes. As this protocol uses the community property to 

relay messages, it is interesting to see that increasing the value of k increases as well the number of 

different communities registered at the end of the simulation. It makes sense, as with high values of k, 

the nodes will only add others if there is a strong relationship between them. This relationship is 

measured through the number of k-cliques. It is also important to refer that the number of different 

communities and the nodes per community does not seem to interfere directly in the delivery rate under 

the conditions of scenario 1. It is also curious to see that the average nodes per community for k = 3 is 

27.09 with a confidence interval of 37.25. This interval does not make sense at first sight, as the values 
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for the average number of nodes per community could reach a negative value. That did not happen. 

What this means is that there were a considerable number of communities with a low number of nodes 

and another considerable number of communities with a high number of nodes. To reduce this 

confidence interval, the number of simulation runs would have to be significantly increased. However, 

this was not done as the other parameters besides the ones related to community were really good in 

terms of confidence intervals. The same is applied for other k parameter values in which this happens. 

Table 5 - Influence of the k parameter in the BubbleRap Protocol under Scenario 1. 

k 
Delivery 

Rate [%] 
Overhead 

Average Latency 

[s] 

Average 

Hop Count 

Number of 

Communities at 

the end 

Average Nodes 

per Community 

at the end 

2 56.62 ± 0.21 60.45 ± 0.64 5788.26 ± 96.01 1.52 ± 0.02 38.50 ± 1.26 6.62 ± 20.41 

3 57.62 ± 0.50 59.57 ± 0.96 5684.41 ± 54.75 1.52 ± 0.02 66.00 ± 7.02 27.09 ± 37.25 

4 57.62 ± 0.52 59.66 ± 1.05 5658.99 ± 63.11 1.52 ± 0.02 123.50 ± 0.98 12.57 ± 14.34 

5 57.60 ± 0.53 59.68 ± 1.03 5653.40 ± 62.20 1.52 ± 0.02 123.25 ± 1.23 6.18 ± 3.93 

6 57.60 ± 0.52 59.68 ± 1.03 5653.89 ± 63.17 1.52 ± 0.02 123.50 ± 0.98 6.02 ± 3.77 

4.2.3.2 Influence of the familiar threshold parameter 

To study the influence of the familiar threshold parameter, the k parameter was fixed at 3 and the familiar 

threshold parameter was varied from 50 to 1300 seconds. Values inferior to 50 and superior to 1300 

seconds were excluded as it was known from an initial phase, in which this protocol was tested without 

saving the results, that those values would result in an average number of nodes per community that do 

not represent well communities after a certain simulation time, mainly due to the k-clique algorithm, 

which does nothing to remove nodes from communities. For this particular simulation time, values too 

low would mean that nodes after meeting one time would be part of the same community and values 

too high would mean that nodes do not know any other nodes in their communities. The results are 

shown in Table 6. Similarly to what happened in the previous section, the results are did not change 

much. The best performance, in terms of delivery rate and overhead, tend to be close to the extremes 

of the familiar threshold parameter tested, reaching the lowest result when that parameter takes the 

value of 600. The difference between the lowest and the highest value for the delivery rate is around 4 

percentage points, with a maximum value of 60.66% for the familiar threshold equal to 1300. The 

overhead has a minimum value of 52.96 and a maximum value of 60.66. For the average latency and 

the average hop count, all the results are close to 5750 seconds and 1.47 hop counts, respectively. That 

means varying this parameter will influence the delivery rate and the overhead by a small difference. It 

is also possible to detect that increasing the familiar threshold parameters leads to having more 

communities with less nodes each at the end of the simulation. The familiar threshold values that better 

describe different community are 600 and 700. In both cases, the average number of nodes per 

community is not too low neither too high. However, those two cases were the only ones that needed 

more runs in order to lower the confidence interval and have more consistent results. 
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Table 6 - Influence of the familiar threshold in the BubbleRap Protocol under Scenario 1. 

Familiar 

threshold 

[s] 

Delivery 

Rate [%] 
Overhead 

Average 

Latency [s] 

Average 

Hop Count 

Number of 

Communities 

at the end 

Average 

Nodes per 

Community at 

the end 

50 60.28 ± 0.59 58.26 ± 0.85 5870.59 ± 50.11 1.36 ± 0.00 1.00 ± 0.00 126.00 ± 0.00 

100 60.46 ± 0.47 54.95 ± 0.95 5859.82 ± 47.64 1.37 ± 0.00 1.00 ± 0.00 126.00 ± 0.00 

200 59.93 ± 0.59 52.96 ± 0.99 5876.23 ± 56.74 1.40 ± 0.01 1.00 ± 0.00 126.00 ± 0.00 

300 59.07 ± 0.67 55.76 ± 1.20 5836.30 ± 41.01 1.47 ± 0.01 1.00 ± 0.00 126.00 ± 0.00 

400 58.01 ± 0.73 58.04 ± 1.20 5795.22 ± 77.46 1.53 ± 0.01 1.00 ± 0.00 126.00 ± 0.00 

500 56.83 ± 0.69 59.94 ± 1.08 5784.08 ± 89.62 1.58 ± 0.00 1.50 ± 0.56 125.75 ± 0.51 

600 56.47 ± 0.41 60.66 ± 0.84 5746.24 ± 60.04 1.56 ± 0.01 42.25 ± 1.85 12.26 ± 26.83 

700 57.60 ± 0.53 59.59 ± 0.93 5689.82 ± 64.78 1.52 ± 0.02 66.25 ± 6.62 27.51 ± 37.33 

800 58.49 ± 0.43 58.76 ± 0.94 5667.97 ± 50.97 1.48 ± 0.02 122.50 ± 0.98 4.27 ± 3.47 

900 59.25 ± 0.48 57.92 ± 0.84 5679.97 ± 43.95 1.45 ± 0.01 120.75 ± 0.94 2.35 ± 1.37 

1000 59.89 ± 0.47 57.31 ± 0.88 5695.69 ± 44.09 1.43 ± 0.01 116.00 ± 3.39 1.84 ± 1.04 

1100 60.21 ± 0.51 56.98 ± 0.79 5711.69 ± 51.01 1.42 ± 0.01 113.75 ± 4.03 1.48 ± 0.78 

1200 60.43 ± 0.61 56.83 ± 0.92 5717.26 ± 43.39 1.41 ± 0.01 114.25 ± 3.14 1.32 ± 0.65 

1300 60.66 ± 0.69 56.55 ± 1.04 5730.30 ± 39.52 1.41 ± 0.01 115.00 ± 2.77 1.22 ± 0.56 

 

The BubbleRap protocol shows better performances results under the conditions of scenario 1 when 

the k parameter takes the value of 3 and the familiar threshold parameter the value of 1300. These 

values will be used to compare the BubbleRap protocol with other protocols, but having only an average 

number of nodes per community of 1.23 at the end of the simulation may mean that nodes, after some 

simulation time, mostly relay messages by using the global centrality feature of the BubbleRap protocol. 

4.2.3.3 Influence of warmup time 

Before running the simulations, it was expected that having a warmup time of one day would result in a 

better performance of the BubbleRap protocol, as after that time the communities would be already 

populated with some nodes. However, the results from Table 7 and Table 8 do not confirm that 

prediction. The results in terms of delivery rate, overhead, average latency and average hop count are 

very similar to the ones without a warmup time in both tables. This could only mean that the BubbleRap 

protocol with its k-clique algorithm does not need that much time to have communities populated and 

start relaying messages based on that information. In those tables, the average number of communities 

and the average number of nodes per community at the end of a simulation are not shown as the results 

would be the same shown in sections 4.2.3.1 and 4.2.3.2. Even though, in Table 7 the best case 

corresponds to k = 4, it was taken the decision of using the value of 3 to create Table 8, as the difference 

is approximately 0.02% and in this way Table 8 could be directly compared with Table 6. The best 

combination of parameters for the BubbleRap protocol under the conditions of Scenario 1 with a warmup 

time of one day were k = 3 and the familiar threshold equal to 1300. The results related to the number 
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of communities and the average number of nodes per community at the end of the simulations are not 

shown as they are identical to those of Table 5 and Table 6. 

Table 7 – Influence of warmup time on BubbleRap’s parameter k under Scenario 1. 

Warmup Time 

[days] 

k 
Delivery Rate 

[%] 

Overhead Average Latency [s] 
Average Hop 

Count 

1 

2 56.30 ± 0.16 42.89 ± 0.95 5955.38 ± 108.30 1.40 ± 0.02 

3 57.41 ± 0.46 42.03 ± 1.01 5855.95 ± 69.04 1.40 ± 0.02 

4 57.42 ± 0.47 42.15 ± 1.13 5826.76 ± 70.60 1.40 ± 0.02 

5 57.39 ± 0.48 42.15 ± 1.12 5820.15 ± 68.27 1.40 ± 0.02 

6 57.40 ± 0.48 42.15 ± 1.13 5820.28 ± 69.45 1.40 ± 0.02 

 
Table 8 – Influence of warmup time on BubbleRap’s familiar threshold under Scenario 1. 

Warmup Time 

[days] 

Familiar 

threshold 

Delivery Rate 

[%] 

Overhead Average Latency [s] 
Average Hop 

Count 

1 

50 60.26 ± 0.52 58.27 ± 0.90 5856.10 ± 56.69 1.37 ± 0.01 

100 60.55 ± 0.41 54.92 ± 0.90 5841.85 ± 46.64 1.37 ± 0.01 

200 59.96 ± 0.60 52.64 ± 1.04 5875.54 ± 51.91 1.40 ± 0.01 

300 59.16 ± 0.66 55.29 ± 1.17 5827.05 ± 49.59 1.46 ± 0.01 

400 58.16 ± 0.80 57.54 ± 1.24 5775.46 ± 73.63 1.53 ± 0.01 

500 56.75 ± 0.68 59.63 ± 1.07 5774.61 ± 84.33 1.58 ± 0.01 

600 56.50 ± 0.40 60.44 ± 0.84 5753.20 ± 56.45 1.56 ± 0.01 

700 57.77 ± 0.54 59.30 ± 0.98 5681.51 ± 58.62 1.52 ± 0.02 

800 58.66 ± 0.43 58.50 ± 0.94 5667.23 ± 50.96 1.47 ± 0.02 

900 59.37 ± 0.48 57.64 ± 0.84 5686.47 ± 43.95 1.45 ± 0.01 

1000 60.07 ± 0.47 57.13 ± 0.88 5699.83 ± 44.09 1.43 ± 0.01 

1100 60.25 ± 0.51 56.68 ± 0.79 5714.73 ± 51.01 1.42 ± 0.01 

1200 60.58 ± 0.61 56.52 ± 0.92 5713.66 ± 43.40 1.41 ± 0.01 

1300 60.89 ± 0.69 56.18 ± 1.04 5724.50 ± 39.52 1.41 ± 0.01 

4.2.4 dLifeComm Protocol 

Before running the dLifeComm protocol it is possible to set values for two different parameters that could 

change the performance of this protocol. Those parameters are the same as for the BubbleRap protocol 

(previous section), as the algorithm to build communities is also the same. As the performance of this 

protocol can change from scenario to scenario depending on those two parameters, it is important to 

find the better setup to make a fair comparison between protocols. 

4.2.4.1 Influence of the k parameter  

The first parameter that is analysed is the k parameter. To do this analysis, the familiar threshold was 
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fixed at 700 seconds for the same reason stated in the BubbleRap protocol’s section. Then, the objective 

was to vary the k parameter and find which value results in a best performance. The range of values 

that k took in this analysis are the ones used in 4.2.3.1. due to the same reasons. The results are shown 

in Table 9. In terms of the delivery rate, it is possible to see that the protocol performs better with lower 

values for k, especially when k = 2, in which a delivery rate of 67.21% is achieved. Between the 

maximum and the minimum value for the delivery rate there is a difference of approximately 6%. In the 

best delivery rate’s case, the number of copies of the same message that were needed is approximately 

121 on average. It seems that lowering the k parameter brings more overhead, but also a better delivery 

rate. It is also curious to see that in the case of k = 2, the messages took less time to reach the 

destination, but crossed more nodes. In terms of formed communities at the end of the simulation, the 

results follow the same trend as the ones analysed in 4.2.3.1. It makes sense, as both protocols use the 

k-clique algorithm to form communities. 

Table 9 – Influence of the k parameter in the dLifeComm Protocol under Scenario 1.  

k 
Delivery 

Rate [%] 
Overhead 

Average Latency 

[s] 

Average 

Hop Count 

Number of 

Communities 

at the end 

Average Nodes per 

Community at the 

end 

2 67.40 ± 0.84 120.73 ± 13.06 4954.98 ± 196.75 2.57 ± 0.09 38.25 ± 1.23 6.11 ± 19.51 

3 65.07 ± 0.51 112.65 ± 12.57 5230.13 ± 163.80 2.29 ± 0.11 62.50 ± 4.42 24.30 ± 35.01 

4 63.67 ± 0.42 112.66 ± 13.04 5280.61 ± 168.48 2.19 ± 0.11 123.50 ± 0.98 12.50 ± 14.53 

5 63.51 ± 0.32 112.93 ± 13.17 5268.68 ± 174.27 2.19 ± 0.11 123.25 ± 1.23 6.18 ± 3.94 

6 63.49 ± 0.33 112.93 ± 13.13 5268.97 ± 174.19 2.19 ± 0.11 123.50 ± 0.98 6.02 ± 3.77 

 

Towards this results, k = 2 for a familiar threshold of 700 seconds is the best option, as the increase in 

the overhead comparing with the other cases is not significant. 

4.2.4.2 Influence of the familiar threshold parameter 

After having established the k parameter at the value of 2, the influence of the familiar threshold 

parameter needed to be analysed under this scenario. Again, the familiar threshold parameter ranged 

from 50 to 1300 seconds. The range of values for this parameter is based on the same reasons 

described on 4.2.3.2. The best performance in terms of delivery rate was achieved by having the familiar 

threshold at the value of 50 seconds. Even though this was the lowest value tested it does not 

correspond to the highest overhead, which was obtained when the familiar threshold was at 400. 

Besides this, it is clear that increasing the familiar threshold increased the time that a message took 

from the source until reaching its destination and decreased the average number of nodes crossed by 

messages. From the highest to lowest value for the average number of hop counts there is a difference 

of 32% approximately, which in practice corresponds to a difference of one node. It makes sense due 

to the fact that having a highest familiar threshold leads to having less nodes in a community, as seen 

in Table 10. That way, affecting the size of a community will also affect the performance of the 

dLifeComm protocol. The dLifeComm protocol tends to perform better if the number of different 
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communities and the average number of nodes per community is low and high, respectively, at the end 

of the simulation. This happens clearly due to the fact that the k-clique algorithm does not have a feature 

to remove nodes from a community. Therefore, having a low familiar threshold with a high simulation 

time will lead to one single community composed by every existing node at the end of the simulation. 

Once again, the confidence intervals for some cases would require more runs as it was already 

described on 4.2.3.2. 

Table 10 - Influence of the familiar threshold in the dLifeComm Protocol under Scenario 1. 

Familiar 

threshold 

Delivery 

Rate [%] 
Overhead 

Average 

Latency [s] 

Average Hop 

Count 

Number of 

Communities 

at the end 

Average Nodes 

per Community 

at the end 

50 71.57 ± 

0.15 

145.26 ± 

3.86 

3172.68 ± 

78.20 

3.11± 0.05 1.00 ± 0.00 126.00 ± 0.00 

100 70.87 ± 

0.71 

142.71 ± 

1.32 

3262.76 ± 

49.16 

3.07 ± 0.01 1.00 ± 0.00 126.00 ± 0.00 

200 68.69 ± 

0.51 

151.62 ± 

1.13 

3455.81 ± 

16.78 

3.03 ± 0.01 1.00 ± 0.00 126.00 ± 0.00 

300 66.49 ± 

0.61 

162.42 ± 

1.25 

3667.43 ± 

47.47 

3.00 ± 0.02 1.00 ± 0.00 126.00 ± 0.00 

400 65.34 ± 

1.09 

164.90 ± 

7.76 

3936.61 ± 

70.31 

2.94 ± 0.02 1.00 ± 0.00 126.00 ± 0.00 

500 65.28 ± 

0.98 

148.35 ± 

10.50 

4252.46 ± 

65.51 

2.83 ± 0.03 1.25 ± 0.49 125.88 ± 0.44 

600 66.45 ± 

1.47 

127.06 ± 

12.53 

4722.40 ± 

151.13 

2.71± 0.05 29.25 ± 2.58 31.63 ± 40.18 

700 67.08 ± 

0.84 

119.51 ± 

12.97 

4974.49 ± 

187.90 

2.55 ± 0.08 38.25 ± 1.67 6.63 ± 20.48 

800 66.68 ± 

0.53 

113.11 ± 

11.61 

5188.05 ± 

143.88 

2.36 ± 0.09 56.50 ± 4.63 21.03 ± 35.87 

900 65.42 ± 

0.61 

110.17 ± 

12.88 

5310.63 ± 

187.32 

2.19 ± 0.11 112.75 ± 5.21 26.85 ± 25.00 

1000 64.81 ± 

0.63 

110.31 ± 

12.52 

5224.85 ± 

164.98 

2.10 ± 0.12 101.00 ± 3.75 4.63 ± 4.26 

1100 65.14 ± 

0.60 

109.77 ± 

12.70 

5220.53 ± 

183.56 

2.08 ± 0.12 100.00 ± 3.20 1.56 ± 1.30 

1200 65.29 ± 

0.56 

109.34 ± 

12.70 

5221.77 ± 

183.61 

2.07 ± 0.12 104.00 ± 1.39 1.29 ± 0.80 

1300 65.52 ± 

0.59 

109.03 ± 

12.66 

5230.13 ± 

175.45 

2.07 ± 0.12 109.00 ± 0.80 1.18 ± 0.58 

 

After this analysis, it is clear that the best combination of parameters within this protocol corresponds to 
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having the familiar threshold parameter at the value of 50 and the k parameter at 2. However, 

establishing this familiar threshold parameter means that after some time the protocol is relaying 

messages inside a single community as every node will be part of it. Due to the high delivery rate, this 

is the case that will be compared with other protocols. 

4.2.4.3 Influence of warmup time 

Identical to the BubbleRap protocol, it was expected that introducing a warmup time of one day would 

benefit the dLifeComm protocol as this protocol is based on daily routines, but the results from Table 11 

and Table 12 do not confirm that. With or without a warmup time of one day, the results are quite similar. 

This strengthens what was said in 4.2.3.3, as the dLifeComm protocol also uses the k-clique algorithm 

to build communities. The best combination of parameters for the dLifeComm protocol for a warmup of 

one day were k = 2 and the familiar threshold equal to 100. However, as the difference between the 

familiar threshold equal to 50 and equal to 100 is so small, it was decided to choose the first case. This 

way, it will be possible to compare directly the cases with and without a warmup time. The results related 

to the number of communities and the average number of nodes per community at the end of the 

simulations are not shown as they are identical to those of Table 9 and Table 10. 

Table 11 - Influence of warmup time on dLifeComm’s parameter k under Scenario 1. 

Warmup Time 

[days] 

k Delivery Rate [%] Overhead Average Latency 

[s] 

Average Hop 

Count 

1 

2 67.44 ± 0.91 114.33 ± 14.83 4975.24 ± 202.73 2.61 ± 0.09 

3 64.77 ± 0.62 109.24 ± 13.81 5234.18 ± 167.65 2.29 ± 0.12 

4 63.30 ± 0.48 109.33 ± 14.48 5295.16 ± 181.28 2.18 ± 0.12 

5 63.10 ± 0.38 109.43 ± 14.62 5280.70 ± 187.20 2.18 ± 0.12 

6 63.09 ± 0.39 109.45 ± 14.58 5280.52 ± 187.08 2.18 ± 0.12 

Table 12 - Influence of warmup time on dLifeComm’s familiar threshold under Scenario 1. 

Warmup 

Time 

[days] 

Familiar 

threshold 

Delivery Rate 

[%] 
Overhead Average Latency [s] 

Average Hop 

Count 

1 

50 71.74 ± 0.47 147,31 ± 1.20 3034.23 ± 26.12 3.14 ± 0.01 

100 71.79 ± 0.41 146.98 ± 1.06 3074.34 ± 31.23 3.14 ± 0.01 

200 68.81 ± 0.64 156.72 ± 1.44 3223.22 ± 24.61 3.13 ± 0.01 

300 66.27 ± 0.80 168.80 ± 1.89 3476.49 ± 63.81 3.12 ± 0.02 

400 64.97 ± 1.17 171.62 ± 8.83 3731.76 ± 77.38 3.04 ± 0.02 

500 64.92 ± 1.01 151.88 ± 11.67 4087.01 ± 90.16 2.93 ± 0.02 

600 66.29 ± 1.67 126.98 ± 14.22 4635.25 ± 169.78 2.79 ± 0.06 

700 67.26 ± 0.89 117.04 ± 14.43 4948.17 ± 204.44 2.61 ± 0.09 

800 66.63 ± 0.64 110.04 ± 12.81 5184.94 ± 154.83 2.40 ± 0.11 

900 65.36 ± 0.64 106.37 ± 14.16 5306.47 ± 197.87 2.18 ± 0.12 
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1000 64.54 ± 1.13 105.97 ± 14.38 5218.07 ± 191.55 2.07 ± 0.13 

1100 65.03 ± 0.68 106.25 ± 14.03 5214.13 ± 197.70 2.06 ± 0.13 

1200 65.25 ± 0.65 105.60 ± 14.03 5216.98 ± 198.96 2.05 ± 0.13 

1300 65.45 ± 0.67 105.26 ± 18.19 5223.45 ± 189.57 2.03 ± 0.14 

4.2.5 FinalComm Protocol 

To run the FinalComm protocol, a value for the commfamiliar threshold parameter needs to be set. It 

should be between 0 and 1, representing a percentage scale. As this parameter is able to influence the 

performance of the protocol, the best case scenario should be found in order to compare with other 

protocols.  

4.2.5.1 Influence of the commfamiliar threshold parameter 

As said before, the values that the commfamiliar threshold parameter could cover range from 0 to 1. In 

this analysis, both extremes were excluded. The value 0 due to the fact that it was known this would 

mean one single community during the entire simulation and the value 1 due to the opposite reason, 

during a simulation there would exist as many communities as nodes, each one with just the node itself. 

The results are presented in Table 13 and show that there is a linear pattern in terms of delivery rate. 

By increasing the commfamiliar threshold, the delivery rate tends to decrease for values superior to 

0.8%. From 0.1% to 0.8%, the results are quite similar in terms of delivery rate, overhead, average 

latency and average hop count, even though there are significant differences in the number of different 

communities and the average number of nodes per those communities at the end of the simulations. 

This range contains the commfamiliar thresholds in which the performance was close to the maximum 

value detected. The best case in terms of performance was obtained when the commfamiliar threshold 

took the value of 0.6%. The protocol for this threshold was able to achieve an approximate delivery rate 

of 84% with a small overhead of almost 5.  Still, the differences between all thresholds from 0.1% to 

0.8%, not considering the community’s aspects, are very small. For the values superior to 0.9%, 

inclusive, the performance started to go down. From Table 13, it is possible to conclude that 

communities with more than approximately 38 nodes at the end of the simulations, considering the lower 

and higher bounds of the confidence intervals for the cases in which the commfamiliar threshold takes 

the values 0.8% and 0.9%, respectively, will lead to a better protocol’s performance. Otherwise, the 

FinalComm protocol’s performance is affected and the number of messages successfully delivered is 

lower. Taking into account that this scenario just considers 126 nodes, a community should be 

composed by at least 30% of existing nodes in order to be possible for the FinalComm protocol to 

achieve its best performance. It is also important to remember that with the community’s algorithm used 

by the FinalComm protocol a node A can see a node B as part of his community, but the other way 

around is not necessarily true. This can explain why, for example, when the threshold takes the value 

of 0.6% the number of communities and the average number of nodes per community at the end of the 

simulation are 126 and 105.20, respectively. On the other hand, the overhead and the average latency 

does not seem to follow a linear pattern, showing some oscillations when the threshold increases. 
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However, the average hop count decreases with the increasing of the threshold’s value. Reducing the 

number of nodes per community leads to a situation where the nodes are more rigorous when relaying 

messages, keeping the messages more time with them. In that way, the hops for a message to reach a 

destination will be lower. Values superior to 1.5% are not shown in Table 13 as the average number of 

nodes per community at the end of the simulation is getting close to 1 and the delivery rate was not 

getting better with less nodes in a community. 

Table 13 - Influence of the commfamiliar threshold in the FinalComm Protocol under Scenario 1. 

Commfamiliar 

threshold [%] 

Delivery 

Rate [%] 
Overhead 

Average 

Latency [s] 

Average 

Hop 

Count 

Number of 

Communities at 

the end 

Average Nodes 

per Community at 

the end 

0.10 84.15 ± 

0.12 

5.09 ± 

0.04 

5951.10 ± 

65.73 

4.27 ± 

0.03 

3.00 ± 1.31 125.33 ± 3.42 

0.20 84.15 ± 

0.12 

5.08 ± 

0.04 

5949.12 ± 

68.98 

4.27 ± 

0.03 

6.00 ± 1.73 112.83 ± 19.38 

0.30 84.15 ± 

0.14 

5.08 ± 

0.04 

5947.56 ± 

71.04 

4.26 ± 

0.03 

28.00 ± 4.57 123.39 ± 8.32 

0.40 84.15 ± 

0.11 

5.08 ± 

0.04 

5958.01 ± 

65.21 

4.26 ± 

0.03 

77.00 ± 4.57 122.62 ± 7.05 

0.50 84.05 ± 

0.24 

5.07 ± 

0.05 

5987.84 ± 

50.17 

4.24 ± 

0.03 

95.00 ± 1.31 116.11 ± 7.15 

0.60 84.27 ± 

0.42 

4.95 ± 

0.03 

6054.07 ± 

59.90 

4.17 ± 

0.05 

126.00 ± 0.65 105.20 ± 18.37 

0.70 84.24 ± 

0.59 

4.75 ± 

0.07 

6104.27 ± 

36.89 

4.04 ± 

0.03 

126.00 ± 0.00 78.66 ± 20.45 

0.80 84.12 ± 

0.11 

4.57 ± 

0.03 

6188.25 ± 

38.42 

3.90 ± 

0.03 

125.00 ± 0.65 50.80 ± 12.45 

0.90 82.50 ± 

0.14 

4.52 ± 

0.03 

6438.37 ± 

48.70 

3.78 ± 

0.01 

124.00 ± 0.65 30.27 ± 6.52 

1.00 76.48 ± 

0.42 

4.79 ± 

0.06 

6690.24 ± 

105.27 

3.68 ± 

0.01 

123.00 ± 0.65 18.18 ± 6.73 

1.10 69.48 ± 

0.59 

5.26 ± 

0.05 

6598.16 ± 

91.74 

3.62 ± 

0.01 

123.00 ± 0.00 11.55 ± 6.07 

1.20 64.98 ± 

0.98 

5.60 ± 

0.11 

6645.42 ± 

38.13 

3.60 ± 

0.01 

121.00 ± 1.13 7.91 ± 4.83 

1.30 63.70 ± 

0.23 

5.63 ± 

0.05 

6521.70 ± 

79.81 

3.47 ± 

0.03 

118.00 ± 1.31 5.54 ± 3.67 

1.40 63.21 ± 

0.36 

5.51 ± 

0.13 

6457.44 ± 

42.78 

3.36 ± 

0.02 

121.00 ± 0.65 4.21 ± 2.80 

1.50 63.82 ± 

0.55 

5.38 ± 

0.14 

6337.23 ± 

22.24 

3.27 ± 

0.02 

121.00 ± 1.31 3.19 ± 2.16 
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After testing the FinalComm protocol under the scenario 1, it was clear that the best configuration 

possible is by having the commfamiliar threshold parameter at the value of 0.7%. This is the value that 

will be used to compare protocol performance. 

4.2.5.2 Influence of warmup time 

As it is known, the FinalComm protocol uses the community property to relay messages. In that way, it 

was expected that with a warmup time of one day this protocol would show a better performance, as the 

communities would be already populated. Not considering the initial change of messages between 

nodes, the results should show some improvements. However, for the majority of cases it did not happen 

as can be seen in Table 14. Even in those cases where the results are mathematically higher, the 

differences can be ignored due to being so small. Besides, the patterns detected in the previous section 

remain the same and the best case was detected when the commfamiliar threshold took the value of 

0.7%, with a delivery rate of 84.50%, an overhead of 4.50, an average latency of 6 000 seconds, 

approximately, and an average hop count close to 4. There are no results in terms of communities’ 

number and size, as the results would be identical to the ones shown in Table 13. The warmup time 

does not influence that. Overall, all the confidence intervals are not exaggerated, which means that 

varying the seeds did not significantly influence the simulations.  

Table 14 - Influence of warmup time on FinalComm’s commfamiliar threshold under Scenario 1. 

Warmup Time 

[days] 

Commfamiliar 

threshold [%] 

Delivery Rate 

[%] 

Overhead 
Average Latency 

[s] 

Average Hop 

Count 

1 

0.1 83.94 ± 0.16 5.12 ± 0.04 6 012.60 ± 61.44 4.29 ± 0.003 

0.2 83.93 ± 0.17 5.12 ± 0.04 6 009.10 ± 62.17 4.29 ± 0.03 

0.3 83.91 ± 0.17 5.12 ± 0.04 6 010.12 ± 64.97 4.28 ± 0.03 

0.4 84.01 ± 0.14 5.10 ± 0.50 6 027.45 ± 69.85 4.27 ± 0.03 

0.5 83.90 ± 0.24 5.09 ± 0.04 6 019.78 ± 44.53 4.25 ± 0.03 

0.6 84.44 ± 0.36 4.93 ± 0.04 6 027.23 ± 67.94 4.15 ± 0.04 

0.7 84.50 ± 0.52 4.72 ± 0.05 6 062.36 ± 32.75 4.03 ± 0.02 

0.8 84.19 ± 0.24 4.50 ± 0.04 6 181.33 ± 28.25 3.87 ± 0.02 

0.9 82.47 ± 0.12 4.47 ± 0.03 6 417.97 ± 53.84 3.74 ± 0.01 

1.0 75.44 ± 0.34 4.72 ± 0.07 6 575.31 ± 99.80 3.63 ± 0.02 

1.1 68.21 ± 0.79 5.21 ± 0.07 6 651.14 ± 126.62 3.55 ± 0.01 

1.2 63.19 ± 0.91 5.61 ± 0.12 6 658.37 ± 79.97 3.50 ± 0.01 

1.3 61.84 ± 0.34 5.57 ± 0.04 6 503.36 ± 110.46 3.37 ± 0.03 

1.4 61.27 ± 0.39 5.52 ± 0.10 6 393.58 ± 86.27 3.22 ± 0.03 

1.5 61.84 ± 0.56 5.28 ± 0.11 6 272.78 ± 37.47 3.12 ± 0.02 

4.2.5.3 Dynamic mechanism 

To test the dynamic mechanism described on the previous chapter some simulations, with the settings 
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described on 4.2.1, were done. The starting commfamiliar threshold was settled at 0.50%. No warmup 

time was used. Besides, two different update times, 43200 and 86400 seconds, half a day and a day, 

were considered. Per update time, five types of percentages intervals were tested as can be seen in 

Table 15. All of the results were gathered by just doing a single simulation for each case. That is why 

there are no confidence intervals shown. In terms of performance, the best case scenario was detected 

when the update time took the value of 43200 seconds and when the nodes were trying to populate 

their communities with 35 to 40% of all existing nodes. In this case, the dynamic mechanism was able 

to achieve a delivery rate of 84.15% with an overhead of 10.37. When comparing with section 4.2.5.1, 

this mechanism was able to deliver an identical number of messages compared to the best case in that 

section. However, the overhead increased approximately 100%. The explanation for that is linked with 

this constant changing in the commfamiliar threshold values, which introduced one more hop in the 

average hop count value. From Figure 17, it is possible to see that the commfamiliar threshold was 

never superior to 0.90% and neither inferior to 0.10%. This corresponds to the range in which the results 

in terms of performance without the dynamic mechanism were better, which permits to conclude that it 

is not simply because of nodes having different threshold values inside that range that the overhead 

increased. Besides, this mechanism seems to perform better with an update interval of half a day and a 

high percentage interval. Overall, the mechanism performed well in this Scenario.  

Table 15 - FinalComm Protocol with a dynamic mechanism under Scenario 1. 

Update 

Time [s] 

Percentage 

Interval [%] 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

43200 

15 – 20 78.02 24.06 6667.92 7.95 

20 – 25 80.36 17.39 6564.10 6.81 

25 – 30 82.22 14.34 6448.65 6.23 

30 – 35 83.44 11.82 6342.98 5.83 

35 – 40 

 

84.15 10.37 6276.58 5.53 

86400 

15 – 20 77.97 16.49 6442.29 6.29 

20 – 25 80.27 13.97 6419.69 5.96 

25 – 30 82.16 12.08 6376.93 5.66 

30 – 35 83.29 10.33 6318.11 5.44 

35 – 40 

 

83.99 9.14 6236.98 5.16 

 

In Figure 17 it is possible to see how the evolution of the commfamilair threshold was when the 

FinalComm protocol used the dynamic mechanism with an update time of 43200 seconds and a 

percentage interval of 35-40%, the best case detected. By the end of the simulation, the average value 

for the threshold was close to 0.6%, the best case obtained in Table 13. As said before, the maximum 

value did not pass 0.90% while the minimum registered value stayed at 0.10%. Therefore, the majority 

of nodes finish the simulation with a threshold between 0.10% and 0.90%. To achieve those results, 

approximately three simulation days were needed, since by then all nodes’ thresholds had already 

converged to their final values.  
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Figure 17 - Evolution of the commfamiliar threshold for the best case detected in Table 15. 

4.2.6 dLife Protocol 

To test the dLife Protocol under this scenario it was only needed to simulate one case, due to the fact 

that this protocol does not have any parameter to be adjusted. Therefore, the delivery rate achieved 

with this protocol was 71.63% with a trade-off of approximately 143 copies per message, which 

represents the overhead obtained. The average time taken by a message to reach its destination was 

approximately 3194 seconds after crossing 3 nodes on average. The results are shown in Table 16. All 

the confidence intervals show that varying the seeds did not affect the results significantly. 

Table 16 - dLife Protocol under Scenario 1. 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

71.68 ± 0.37 142.90 ± 3.27 3193.94 ± 89.42 3.09 ± 0.05 

4.2.6.1 Influence of warmup time 

According to the results obtained for a warmup time of one day, available in Table 17, the dLife protocol 

does not seem to benefit from it. All the results are quite similar to the ones obtained without a warmup 

time, with a slight increase of the overhead. 

Table 17 - Influence of warmup time in the dLife Protocol under Scenario1. 

Warmup Time [days] Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

1 71.76 ± 0.36 147.23 ± 1.09 3048.48 ± 16.18   3.15 ± 0.01 

4.2.7 Comparison 

In this section, four different figures are presented, Figure 18, Figure 19, Figure 20 and Figure 21. The 

main purpose is to compare the performance of each protocol tested in terms of delivery rate, overhead, 
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average latency and average hop count. For each protocol, the best performance scenario was selected 

for the comparison. There is also a comparison between the performance obtained with and without a 

warmup time. 

In a scenario where the movement patterns were not chosen to represent a daily routine, the FinalComm 

protocol was able to deliver more messages than the others protocols tested. In fact, the difference is 

significant. The FinalComm protocol was able to deliver 13% more messages than the dLife protocol, 

which is the protocol that comes second in terms of performance. The reason why dLife and dLifeComm 

protocols did not perform that good when comparing with the FinalComm protocol may have been the 

fact that the movement patterns were not representing daily routines. In this way, this scenario 1 is not 

the ideal one for those two protocols.  

In terms of overhead, the FinalComm protocol surprisingly performed much better than the other 

protocols. It only needed on average approximately 5 replicas of a message to achieve a high delivery 

rate, while the BubbleRap protocol, which comes second, needed almost 60 replicas. There is also a 

huge difference between the BubbleRap protocol and the dLifeComm protocol in terms of overhead. 

Both protocols use the same algorithm to build communities and this algorithm can be in part responsible 

for the overhead. It is important to remember that the k-clique algorithm does not remove nodes from 

communities. Aside the way protocols decide how to forward messages, the way they decide how to 

delete a message sent can also influence significantly the overhead. Overall, FinalComm tends to be 

very precise in the way it deletes messages and the way all algorithms work together within FinalComm 

allows achieving a high delivery rate with a small overhead.   

From Figure 19 and Figure 20 it is possible to spot an interesting fact that also supports what was written 

in the last paragraph. Except for the case of the Epidemic protocol, the order in which protocols are 

placed in terms of how high the average latency is, corresponds to the inverse order of how low the 

overheads are, even though this relation is not proportional. The conclusion is that for achieving a low 

overhead, the messages may have to spend more time at node’s buffer or, by other words, the protocols 

should have mechanisms to ensure the node that receives a message will be a better relay node than 

the one which is sending the message and if that happens the messages can be deleted more times 

from buffers. 

When comparing Figure 18 to Figure 21, the order in which protocols appear is the same, except for the 

Epidemic protocol. For a high delivery rate comes a higher number of hop counts. At first sight, more 

hop counts could lead to more overhead, but as said in the last paragraph the algorithms used by the 

protocol to relay and delete messages have to ensure that it does not happen. The conclusion is that 

more hops can lead to a better delivery rate, but to have more hops the overhead should be controlled. 

Otherwise, more overhead will lead to less space in buffers and more removed messages, which affects 

the delivery rate. 

Besides all of this, in none of the presented figures there was a case in which the results for a warmup 

time of one day, which is significant, would benefit the protocol. The conclusion is that communities are 

formed very fast and protocols can efficiently relay messages even with partly formed communities.  
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Figure 18 - Comparison between protocols in terms of delivery rate per warmup time simulated under 

Scenario 1. 

 

Figure 19 - Comparison between protocols in terms of overhead per warmup time simulated under 

Scenario 1. 
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Figure 20 - Comparison between protocols in terms of average latency per warmup time simulated 

under Scenario 1. 

 

Figure 21 - Comparison between protocols in terms of average hop count per warmup time simulated 

under Scenario 1. 

4.3 Scenario 2 

The second scenario represents the midtown area of Manhattan, United States of America, as it is 

possible to see in Figure 22. This scenario was already available in The ONE Simulator’s version used 

in this master’s thesis. However, some changes were made and those are presented in 4.3.1. All the 

protocols referred in 4.1 will be evaluated under these conditions and the best cases will be compared 

at the end. 
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Figure 22 – Midtown area of Manhattan, United States of America, at The ONE Simulator. 

4.3.1 Settings 

The following settings represent the core of this scenario. These settings are the same for every single 

protocol tested, without making any changes between them.  

The map chosen for the second scenario was the midtown area of Manhattan. On top of the map, two 

different groups of nodes were created, representing buses and pedestrians, with a total number of 

nodes of 170.  Table 18 describes how nodes are distributed per group, what are their speeds, what is 

the dimension of node’s buffer and also how many communications interfaces are used per group. 

Similar to what happened for Scenario 1, there is a range for node’s speed which is calculated in the 

same way from simulation to simulation and nodes will follow the same sequence of speeds. The buffer 

size in Scenario 2 remains the same as for Scenario 1. In terms of interfaces, all the nodes use the 

same Bluetooth interface as seen in the last scenario and there are no cases in which a second interface 

is deployed. Finally, it was established that every message on a node’s buffer would have 1433 minutes 

to live, which corresponds approximately to one day. 

Table 18 - Node’s settings description for Scenario 2. 

Group # Nodes Speed [m/s] Buffer Size [MB] Interfaces TTL [min] 

1: Buses (b) 20 7.0 to 10.0 5 1 
1433 

2: Pedestrians (P) 150 0.8 to 1.4 5 1 

 

In this scenario, nodes had different types of routes, which were assigned by group. Group 1 used the 

RMBM model, described on section 2.4, so that a bus could only use certain paths in order to better 
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describe a bus movement. On the other hand, Group 2 used a more complex and realistic model, the 

WDM model also described on section 2.4. When using a WDM model for a group of nodes it is also 

necessary to establish some other parameters at the settings file. For this particular type of group, nodes 

were associated with a work day length of 28 800 seconds and a probability of going shopping / going 

to a meeting spot after work of 50%, in which they are able to spend between 3 600 and 7 200 seconds. 

10 offices were considered in the map, randomly positioned, and the 150 nodes from Group 2 were 

associated to one of those buildings. In terms of meeting spots, 20 places were considered, which were 

again randomly positioned. The nodes were also associated with home coordinates by the simulator at 

the beginning of simulations. In this way, nodes’ movement was able to represent the time spent at 

home, the travel to the office building, the eventual going to a meeting spot and the way back home, 

representing a daily routine. These parameters are the ones with most influence in a simulation of this 

type.  

To generate messages during this simulation’s scenario, the Message Event Generator was used, the 

same used in Scenario 1. Basically, no changes were made and the interval between messages and 

their size were the same. The total number of generated messages was 16 666. 

Once again, in order to gather more consistent results every time a protocol is tested for a set of 

conditions, four simulations with four different seeds ran. In all cases, a 95% confidence interval is 

presented. 

Finally, this scenario’s settings were put into simulation during 1 000 000 seconds, which corresponds 

to eleven days and a half.  The influence of a warmup time of one day was also considered. 

4.3.2 Epidemic Protocol 

The expectations for the Epidemic protocol in Scenario 2 were the same mentioned in section 4.2.2, a 

decent delivery rate with a huge overhead associated. At first sight, the delivery rate was not that good, 

but there is the need to look first at the other protocols before stating that. In terms of the overhead, it is 

considerable no matter what are the results for other protocols. This protocol was able to achieve a 

delivery rate of 31.23 % with an overhead of 667.15. On average, messages took 33 940.34 seconds 

to reach the destination with an average hop count of 9.45. The fact that the Epidemic protocol replicates 

a lot of messages contributes to increase the overhead and also the average hop count in Scenario 2. 

The high average hop count can be happening because the Epidemic protocol replicates a lot of 

messages without proper criteria. By doing that messages will cross a lot of nodes until reaching the 

destination. On the other hand, the delivery rate is also affected because of it. By replicating many 

messages, node’s buffer will eventually become full and if a new message arrives, older messages have 

to be discarded until there is enough space to receive the new one. These results are shown in Table 

19. 

Table 19 – Epidemic Protocol under Scenario 2. 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

31.23 ± 1.01 667.15 ± 33.24 33940.34 ± 496.11 9.45 ± 0.33 
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4.3.2.1 Influence of warmup time 

In the Scenario 1, a warmup time of one day did not affect the Epidemic protocol significantly. The same 

happened to Scenario 2, as expected, due to the same reasons already presented in section 4.2.2. All 

the values are close if the confidence interval is considered. The results are shown in Table 20. 

Table 20 – Influence of warmup time in the Epidemic Protocol under Scenario 2. 

Warmup Time [days] Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

1 31.31 ± 0.98 647.39 ± 30.32 33647.14 ± 455.36 9.58 ± 0.31 

4.3.3 BubbleRap Protocol 

The BubbleRap protocol in Scenario 2 is going to be tested by following the same sequence of 

procedures as in section 4.2.3. The only differences are the settings for the Scenario 2 and also the 

thresholds values in some cases. 

4.3.3.1 Influence of the k parameter  

The first thing to do was to find the best value for the k parameter with the settings that were used in 

Scenario 2. To do that, the familiar threshold was set at 700 and the k parameter varied from 2 to 6. The 

results are shown in Table 21. The best case was detected when k = 6, in which the delivery rate 

obtained was around 31.5% with an overhead of 202.36. By increasing the value for the k parameter, 

the delivery rate and the overhead increased and decreased, respectively. In terms of the average 

latency and the average hop count, the differences between the different simulations are small. Besides, 

the number of communities at the end of the simulations also increased by increasing the k parameter 

but the average nodes per community remains practically the same. 

Table 21 - Influence of the k parameter in the BubbleRap Protocol under Scenario 2. 

k 
Delivery Rate 

[%] 
Overhead Average Latency [s] 

Average 

Hop Count 

Number of 

Communities 

at the end 

Average Nodes 

per Community 

at the end 

2 29.20 ± 0.66 236.77 ± 18.36 34356.08 ± 407.93 3.28 ± 0.04 50.75 ± 14.24 152.75 ± 40.92 

3 29.66 ± 0.50 228.29 ± 20.51 34755.88 ± 660.46 3.33 ± 0.02 56.75 ± 20.56 145.64 ± 46.77 

4 30.25 ± 0.37 219.67 ± 22.33 35006.53 ± 580.85 3.39 ± 0.02 71.50 ± 10.47 143.54 ± 49.88 

5 30.83 ± 0.41 212.89 ± 21.67 35174.52 ± 655.23 3.40 ± 0.02 89.75 ± 15.90 140.10 ± 46.90 

6 31.48 ± 0.53 202.36 ± 19.82 35472.82 ± 739.39 3.43 ± 0.03 116.00 ± 12.52 132.89 ± 49.44 

4.3.3.2 Influence of the familiar threshold parameter 

After establishing that k = 6 was the best value for this scenario, the influence of the familiar threshold 

parameter was analysed. Differently to what happened in section 4.2.3.2, the familiar threshold 

parameter ranged from 50 to 3200 and followed a doubling sequence. As it is possible to see in Table 
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22, all the tested thresholds led to a similar delivery rate. The best case was detected when the familiar 

threshold took the value of 3200 with an overhead close to 179. For the overhead a linear pattern was 

detected. The overhead and also the average nodes per community at the end of the simulation 

decreased by increasing the familiar threshold. The average latency and the average hop count were 

almost the same for all cases while the number of communities at the end of the simulation increased 

by increasing the familiar threshold.  

The best performance for the BubbleRap protocol in Scenario 2, without a warmup time, was achieved 

when k = 6 and the familiar threshold took the value of 3200. 

Table 22 - Influence of the familiar threshold in the BubbleRap Protocol under Scenario 2. 

Familiar 

threshold 

[s] 

Delivery 

Rate [%] 
Overhead 

Average 

Latency [s] 

Average 

Hop Count 

Number of 

Communities 

at the end 

Average Nodes 

per Community 

at the end 

50 29.69 ± 0.48 219.98 ± 20.11 34638.94 ± 

574.82 

3.33 ± 0.05 55.00 ± 11.60 151.06 ± 40.01 

100 30.28 ± 0.43 213.12 ± 23.22 34884.16 ± 

526.01 

3.35 ± 0.02 79.50 ± 25.21 151.06 ± 43.48 

200 30.79 ± 0.51 206.89 ± 21.79 35035.70 ± 

556.76 

3.40 ± 0.02 92.00 ± 21.55 144.54 ± 45.36 

400 31.03 ± 0.51 201.30 ± 21.70 35184.70 ± 

494.22 

3.40 ± 0.04 105.50 ± 20.70 139.89 ± 46.90 

800 31.59 ± 0.74 192.88 ± 17.97 35712.79 ± 

799.70 

3.45 ± 0.05 121.00 ± 7.88 135.09 ± 50.21 

1600 32.44 ± 1.04 178.38 ± 16.53 35571.81 ± 

792.06 

3.41 ± 0.03 155.00 ± 10.04 124.04 ± 49.17 

3200 33.02 ± 1.17 178.48 ± 11.77 35464.67 ± 

673.30 

3.37 ± 0.03 170.00 ± 0.00 51.89 ± 50.29 

4.3.3.3 Influence of warmup time 

The BubbleRap Protocol was also tested with a warmup time of one day. The results are shown in Table 

23 and in Table 24. In terms of the k parameter, the results were quite the same. However, the delivery 

rate slightly decreased in all cases. Besides, no major differences were detected and the best case was 

again for k = 6. When varying the familiar threshold parameter, the same tendency was detected and 

the results slightly decreased in terms of delivery rate while the overhead increased for all cases except 

the one in which the familiar threshold took the value of 3200. The main conclusion that can be taken 

from these results is that the performance of the BubbleRap protocol cannot be increased by settling a 

warmup time. Besides, the BubbleRap protocol seems to perform better when the communities are 

smaller as during the first day of simulations the communities are not that big when compared to the 

values obtained after eleven days of simulations. The best case was again achieved when k = 6 and 

the familiar threshold took the value of 3200. 



 

59 

Table 23 - Influence of warmup time on BubbleRap’s parameter k under Scenario 2. 

Warmup Time 

[Days] 

k Delivery Rate [%] Overhead Average Latency [s] Average Hop 

Count 

1 

2 27.55 ± 0.55 240.25 ± 20.21 33654.55 ± 628.72 3.16 ± 0.03 

3 27.94 ± 0.49 230.88 ± 19.59 34002.32 ± 749.46 3.23 ± 0.06 

4 28.77 ± 0.48 218.37 ± 23.44 34314.38 ± 745.69 3.28 ± 0.06 

5 29.21 ± 0.55 210.47 ± 24.38 34366.44 ± 707.20 3.32 ± 0.04 

6 30.04 ± 0.58 198.56 ± 17.59 34509.63 ± 808.45 3.35 ± 0.05 

 

Table 24 - Influence of warmup time on BubbleRap’s familiar threshold under Scenario 2. 

Warmup 

Time [Days] 

Familiar 

threshold [s] 

Delivery Rate [%] Overhead Average Latency 

[s] 

Average Hop 

Count 

1 

50 28.31 ± 0.37 227.24 ± 22.60 33171.74 ± 

450.64 

3.20 ± 0.03 

100 28.92 ± 0.51 216.31 ± 24.80 34044.85 ± 

567.07 

3.26 ± 0.04 

200 29.64 ± 0.56 208.11 ± 22.48 34179.87 ± 

716.49 

3.31 ± 0.06 

400 29.57 ± 0.56 203.95 ± 21.01 34336.03 ± 

610.73 

3.35 ± 0.06 

800 30.11 ± 0.58 194.69 ± 18.46 34750.00 ± 

746.54 

3.36 ± 0.04 

1600 30.72 ± 1.04 179.73 ± 15.01 34847.95 ± 

630.53 

3.36 ± 0.03 

3200 31.02 ± 1.26 177.58 ± 10.68 34721.92 ± 

454.13 

3.31 ± 0.02 

4.3.4 dLifeComm Protocol 

The dLifeComm protocol in Scenario 2 is going to be tested by following the same sequence of 

procedures as in section 4.2.4. The only differences are the settings for the Scenario 2 and also the 

thresholds values in some cases. 

4.3.4.1 Influence of the k parameter  

The influence of the k parameter was also tested for the dLifeComm protocol in Scenario 2 and the 

range used is the same as in section 4.2.4.1. In terms of the familiar threshold, its value was established 

at 700. The results are shown in Table 25. This protocol was able to achieve a delivery rate of 41.67% 

with an overhead of 103.43, an average latency of 34195.83 seconds and an average hop count of 4.04. 

The best case occurred when k = 2. The delivery rate did not show a proper pattern, but the overhead, 

the average latency and the average hop count increased by increasing the k parameter. In terms of the 

communities, the number of communities at the end tend to increase as well, but the average nodes per 

communities at the end does not vary that much.  
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Table 25 – Influence of the k parameter in the dLifeComm Protocol under Scenario 2.  

k 
Delivery Rate 

[%] 
Overhead Average Latency [s] 

Average 

Hop Count 

Number of 

Communities 

at the end 

Average Nodes 

per Community 

at the end 

2 41.67 ± 1.76 103.43 ± 18.33 34195.83 ± 529.47 4.04 ± 0.01 42.50 ± 16.43 150.91 ± 43.38 

3 41.09 ± 1.65 106.82 ± 16.56 34489.31 ± 607.29 4.06 ± 0.01 55.50 ± 15.30 145.75 ± 46.05 

4 40.79 ± 1.61 113.35 ± 16.35 34680.24 ± 577.91 4.12 ± 0.03 67.75 ± 18.50 144.17 ± 47.92 

5 40.88 ± 1.51 117.61 ± 15.75 34926.61 ± 739.05 4.18 ± 0.04 83.00 ± 18.32 141.16 ± 51.12 

6 41.11 ± 1.61 119.25 ± 15.04 35115.89 ± 702.92 4.21 ± 0.04 119.00 ± 5.37 132.86 ± 48.28 

4.3.4.2 Influence of the familiar threshold parameter 

After establishing k = 2, the familiar threshold was varied in order to study its influence. The range is the 

same as used in section 4.3.3.2. The best case occurred when the familiar threshold took the value of 

50, as it is possible to see in Table 26. For this value, the dLifeComm protocol was able to deliver 

42.61% of the messages with an overhead of 89.66. The delivered messages took on average 34079.98 

seconds to reach the destination with an average hop count of 3.95. In terms of communities, an average 

of 41.50 different communities was detected at the end of the simulations with an average number of 

nodes per community of 162.10. This means that, by the end of simulations all of those communities 

were very close to containing all the existing nodes in the network. Finally, the delivery rate and the 

overhead tend to decrease and increase, respectively, by increasing the familiar threshold. 

Table 26 - Influence of the familiar threshold in the dLifeComm Protocol under Scenario 2. 

Familiar 

threshold 

[s] 

Delivery 

Rate [%] 
Overhead 

Average 

Latency [s] 

Average Hop 

Count 

Number of 

Communities 

at the end 

Average Nodes 

per Community 

at the end 

50 42.61 ± 1.83 89.66 ± 18.59 34079.98 ± 

402.51 

3.95 ± 0.06 41.50 ± 20.63 162.10 ± 21.02 

100 41.97 ± 1.91 88.34 ± 16.55 34056.96 ± 

385.81 

3.93 ± 0.05 45.00 ± 15.29 160.55 ± 25.32 

200 41.93 ± 1.72 89.32 ± 17.07 34113.30 ± 

570.07 

3.95 ± 0.05 47.50 ± 17.90 158.77 ± 28.49 

400 41.58 ± 1.89 92.07 ± 16.91 33975.37 ± 

447.46 

3.98 ± 0.05 54.00 ± 11.33 154.19 ± 37.52 

800 41.62 ± 1.84 95.96 ± 16.10 34491.83 ± 

422.43 

4.01 ± 0.07 72.00 ± 18.02 152.26 ± 37.69 

1600 41.35 ± 1.68 105.35 ± 16.99 34568.41 ± 

559.62 

4.07 ± 0.06 61.00 ± 13.96 147.00 ± 39.81 

3200 41.26 ± 1.88 117.21 ± 14.38 35057.97 ± 

554.38 

4.05 ± 0.04 58.50 ± 30.75 147.00 ± 41.01 
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4.3.4.3 Influence of warmup time 

In Scenario 2, the majority of nodes use a movement model which represents daily routines and as the 

dLifeComm protocol can explore those routines to better forward messages, it was expected this 

protocol would perform better with a warmup time of one day. Overall, as Table 27 and Table 28 show 

the overhead was reduced by a significant margin. The delivery rate also increased by a small margin 

when the k parameter was varying for a familiar threshold of 700 (Table 27). However, the values for all 

other results did not change that much. The best case occurred when k = 2 and the familiar threshold 

took the value of 50.   

Table 27 – Influence of warmup time on dLifeComm’s parameter k under Scenario 2. 

Warmup Time 

[Days] 

k Delivery Rate [%] Overhead Average Latency [s] Average Hop 

Count 

1 

2 41.80 ± 2.02  89.71 ± 16.72 33322.96 ± 368.39 4.01 ± 0.05 

3 41.73 ± 1.93 96.54 ± 16.63 33871.89 ± 553.10 4.10 ± 0.01 

4 41.68 ± 1.86 102.24 ± 16.00 34156.95 ± 520.70 4.21 ± 0.03 

5 41.58 ± 6.54 106.97 ± 15.26 34187.48 ± 554.63 4.20 ± 0.05 

6 41.46 ± 1.55 109.64 ± 14.42 34301.54 ± 757.36 4.27 ± 0.03 

Table 28 - Influence of warmup time on dLifeComm’s familiar threshold under Scenario 2. 

Warmup 

Time [Days] 

Familiar 

threshold [s] 

Delivery Rate [%] Overhead Average Latency [s] Average Hop 

Count 

1 

50 42.39 ± 1.93 85.15 ± 18.03 33544.48 ± 465.26 3.90 ± 0.08 

100 42.17 ± 1.80 90.72 ± 16.97 33578.70 ± 461.74 3.94 ± 0.05 

200 41.58 ± 1.96 87.30 ± 17.25 33225.73 ± 430.36 3.98 ± 0.05 

400 41.46 ± 1.94 87.96 ± 17.40 33297.48 ± 336.58 3.99 ± 0.06 

800 41.29 ± 1.79 

 

89.76 ± 17.05 33338.26 ± 497.23 4.03 ± 0.03 

1600 40.82 ± 1.90 92.65 ± 16.56 33637.25 ± 408.28 4.06 ± 0.04 

3200 40.91 ± 1.85 104.63 ± 15.70 33946.65 ± 609.42 4.14 ± 0.03 

4.3.5 FinalComm Protocol 

The FinalComm protocol in Scenario 2 is going to be tested in the same way as it was done in section 

4.2.5. The only differences are the settings for Scenario 2 and also the thresholds range used. 

4.3.5.1 Influence of the commfamiliar threshold parameter 

To study the influence of the commfamiliar threshold parameter, it was needed to run the FinalComm 

protocol several times, changing that threshold from simulation to simulation. The range used in 

Scenario 2 is different from the one seen on section  4.2.5.1, as Table 29 shows. It is possible to see 

that there is a linear pattern in terms of delivery rate. If the commfamiliar threshold is increased the 

delivery rate drops. In a scenario where daily routines are considered, the best case occurred for the 
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lowest threshold’s value tested, 0.1%, in which the protocol was able to deliver 55.54% of the messages. 

For that case, the overhead was 9.44, the average latency 39060.82 seconds and the average hop 

count 4.77. Comparing to the other cases, a high delivery rate is associated with a high average latency 

and also a high average hop count. The conclusion is that if there is the possibility to control the 

overhead somehow, the protocol performs better if the number of nodes messages cross is not low. 

Besides, nodes seem to better deliver messages when each node’s community is unique. In the best 

case reached, the average nodes per community detected at the end of simulation was close to 35, 

which corresponds approximately to 21% of all nodes. For the case in which the commfamiliar threshold 

is equal to 1.00%, the delivery rate is 51.50%, which is also decent. In this case, nodes should have at 

least approximately 7% of existing nodes in their communities. This percentage is reached when the 

lower bound of the confidence interval for a commfamiliar threshold of 1.00% is considered. From all 

other cases, it is clear that the FinalComm protocol performs badly if the number of nodes per community 

is small. For example, when the average number of the nodes at the end is 6.52 (commfamiliar threshold 

equals to 5.00%) the protocol was only able to deliver 35.78% of the messages. Lastly, in this scenario 

where nodes tend to spend the majority of time with a particular set of nodes, nodes that are met less 

regularly will be easily considered as “strangers”. Even with a commfamiliar threshold equal to 0.1%, 

nodes are mainly forwarding messages through other nodes that are met in offices or near home. 

Table 29 - Influence of the commfamiliar threshold in the FinalComm Protocol under Scenario 2. 

Commfamiliar 

threshold [%] 

Delivery 

Rate [%] 
Overhead 

Average 

Latency [s] 

Average 

Hop Count 

Number of 

Communities 

at the end 

Average Nodes 

per Community 

at the end 

0.10 55.54 ± 

3.44 

9.44 ± 0.37 39060.82 ± 

440.42 

4.77 ± 0.03 170.00 ± 0.00 34.98 ± 18.55 

0.50 53.18 ± 

3.55 

9.74 ± 0.34 38656.64 ± 

504.90 

4.74 ± 0.03 170.00 ± 0.00 27.12 ± 13.64 

1.00 51.50 ± 

3.22 

9.62 ± 0.18 38322.34 ± 

364.89 

4.67 ± 0.05 170.00 ± 0.00 21.47 ± 9.43 

1.50 50.22 ± 

3.56 

9.48 ± 0.28 38389.63 ± 

508.46 

4.57 ± 0.02 170.00 ± 0.00 16.60 ± 5.22 

2.00 48.57 ± 

3.09 

9.57 ± 0.21 38182.15 ± 

743.66 

4.48 ± 0.03 170.00 ± 0.00 13.31 ± 3.12 

5.00 35.78 ± 

1.79 

11.52 ± 0.43 36014.18 ± 

884.50 

4.16 ± 0.06 168.50 ± 0.94 6.52 ± 2.41 

10.00 25.95 ± 

1.43 

10.51 ± 0.45 34656.13 ± 

795.43 

3.06 ± 0.09 166.00 ± 5.34 3.14 ± 1.40 

20.00 22.63 ± 

1.22 

5.17 ± 0.21 32519.30 ± 

874.51 

1.83 ± 0.08 155.00 ± 1.50 1.41 ± 0.62 
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4.3.5.2 Influence of warmup time 

In section 4.2.5.2 it was expected that the FinalComm would show some improvements by adding a 

warmup time of one day, but it did not happen. In Scenario 2, in which the majority of nodes are using 

a movement that describes daily routines, the FinalComm protocol seems to perform better by a slight 

margin for all cases, except when the commfamiliar threshold took the value of 10.00%, in terms of 

delivery rate. Overall, the delivery rates increased and the overhead decreased. However, the 

differences do not allow to say that the warmup time of one day does really improve the FinalComm’s 

performance significantly as the values are within the 95% confidence interval of each other. The best 

case was again obtained for a commfamilair threshold of 0.1%, in which the delivery rate obtained was 

56.34%, the overhead 9.38, the average latency 38933.04 seconds and the average hop count 4.81. 

The results in terms of communities are not shown, as they are the equal to those presented in Table 

29. Besides, all the patterns and facts stated in section 4.3.5.1 can be also applied to this section. 

Table 30 - Influence of warmup time on FinalComm’s commfamiliar threshold under Scenario 2. 

Warmup Time 

[Days] 

Commfamiliar 

threshold [%] 

Delivery Rate [%] Overhead Average Latency [s] Average Hop 

Count 

1 

0.10 56.34 ± 3.18 9.38 ± 0.28 38933.04 ± 315.14 4.81 ± 0.03 

0.50 53.96 ± 3.28 9.58 ± 0.21 38493.18 ± 345.70 4.76 ± 0.04 

1.00 52.34 ± 3.39 9.50 ± 0.20 38200.01 ± 303.15 4.68 ± 0.06 

1.50 51.07 ± 3.37 9.44 ± 0.02 38279.23 ± 359.13 4.59 ± 0.04 

2.00 49.38 ± 2.93 9.57 ± 0.20 38026.29 ± 601.97 4.51 ± 0.04 

5.00 36.08 ± 1.64 11.21 ± 0.41 35707.73 ± 709.48 4.18 ± 0.06 

10.00 25.89 ± 1.46 10.24 ± 0.19 34318.68 ± 528.69 3.06 ± 0.10 

20.00 22.49 ± 1.28 4.78 ± 0.27 32019.58 ± 457.04 1.79 ± 0.04 

4.3.5.3 Dynamic mechanism 

To test the dynamic mechanism described on the previous chapter, some simulations, with the settings 

described on section 4.3.1, were done. To evaluate this mechanism, all nodes started with a 

commfamiliar threshold equal to 0.50%, identical to what was done in 4.2.5.3. The values used for the 

update time and the percentages intervals are the same as referred in section 4.2.5.3. No warmup time 

was used and just one simulation was done for each case. The results are presented in Table 31. The 

best case was achieved when the update time took the value of 43200. In terms of the percentage 

intervals, 35-40% was again the best range. With this conjugation of parameters, the dynamic 

mechanism was able to deliver 55.54% of the messages with an overhead of 11.33. The delivery rate 

was equal to the average value for the best case detected in 4.3.5.1. On the other hand, the overhead 

increased by 33% approximately. The explanation is similar to the one given in 4.3.5.3. 
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Table 31 - FinalComm Protocol with a dynamic mechanism under Scenario 2. 

Update 

Time [s] 

Percentage 

Interval [%] 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

43200 

15 – 20 54.03 12.90 39266.03 5.14 

20 – 25 54.84 13.21 39517.05 5.15 

 
25 – 30 55.00 12.49 39282.62 5.09 

 
30 – 35 

 

55.51 11.95 39492.75 5.03 

 
35 – 40 55.54 11.33 39264.21 4.97 

 

86400 

15 – 20 54.51 11.42 39245.94 5.00 

 
20 – 25 54.69 12.66 39131.65 5.07 

 
25 – 30 55.07 11.83 39338.60 5.02 

 
30 – 35 

 

55.33 11.36 39356.61 4.97 

 
35 – 40 55.45 11.06 39298.16 4.94 

 
 

In Figure 23 it is possible to see the evolution of the commfamiliar threshold when the FinalComm 

protocol used the dynamic mechanism with an update time of 43200 seconds and a percentage interval 

of 35-40%, the best case detected. By the end of the simulation, the average value for the threshold 

was 0.10% as well as the minimum value. In terms of the maximum value, it started to decrease and 

after two days started to increase and never converged. In the end, the registered value was 0.70%. 

This shows that a few nodes have trouble in including 35-40% of the existing nodes in their communities.   

 

Figure 23 - Evolution of the commfamiliar threshold for the best case detected in Table 31. 
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The dLife protocol explores the daily routines of nodes to better forward messages and, as the majority 

of nodes in Scenario 2 have a movement based on daily routines, it was expected that this protocol 

would perform decently. The results on Table 32 show that the dLife protocol was able to successfully 
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hours and a half to reach their destination with a low hop count of 3.62. This low hop count is possible 

due to the low overhead. All the confidence intervals show that varying the seeds did not affect the 

results significantly. 

Table 32 - dLife Protocol under Scenario 2. 

Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

41.75 ± 1.69 78.73 ± 20.62  33660.28 ± 120.54  3.62 ± 0.09  

4.3.6.1 Influence of warmup time 

Once again, the influence of a warmup time of one day did not affect the delivery rate. However, the 

overhead decreased more than 10%, but the average hop count and average latency remain 

approximately the same. The results can be seen on Table 33. 

Table 33 - Influence of warmup time in the dLife Protocol under Scenario2. 

Warmup Time [Days] Delivery Rate [%] Overhead Average Latency [s] Average Hop Count 

1 42.26 ± 1.72 68.94 ± 18.97  33787.65 ± 175.65  3.61 ± 0.08 

4.3.7 Comparison 

To finalise the analysis of Scenario 2, the best cases, without and with a warmup time, from each 

protocol were selected and the results in terms of delivery rate, overhead, average latency and average 

hop count are compared in Figure 24, Figure 25, Figure 26 and Figure 27. 

In a scenario where the movement patterns were chosen to represent a daily routine, the FinalComm 

protocol was able to deliver more messages than the others protocols tested. A surprising fact was that 

the FinalComm protocol delivered more messages than the dLife and the dLifeComm protocols, which 

were created to take into account daily routines. The FinalComm protocol was able to deliver 

approximately 23% more messages than the dLifeComm protocol, which was the protocol that comes 

second in terms of delivery rate. In section 4.2.7 it was said that the FinalComm protocol might have 

performed better that the dLife and dLifeComm protocols because the nodes did not have a movement 

model to represent daily routines. These results go against that affirmation. With or without daily 

routines, the proposed protocol in this master’s thesis seems to perform better than the other tested 

protocols. 

In terms of overhead, the FinalComm protocol performed much better than the other protocols. It only 

needed on average approximately 9 replicas of a message to achieve the delivery rate mentioned 

above, while the dLife protocol, which comes second, needed almost 79 replicas. All of these values 

are referred to the cases in which no warmup time was considered. The dLifeComm comes in third place 

with an overhead really close to the dLife protocol. Then, there is also a huge difference between the 

BubbleRap protocol and the dLifeComm protocol in terms of overhead, twice the value. In the last place 

with a huge overhead comes the Epidemic protocol as it was expected. This protocol created an 

overhead of 667.15. 
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From Figure 24 and Figure 25 it is possible to spot that for the highest delivery rate comes a low 

overhead. Even though the results are not proportional, the order in which protocols come in terms of 

better delivery rate is approximately the inverse order in how high the overhead is. 

From Figure 24, Figure 26 and Figure 27 it is possible to see that the highest delivery rate achieved had 

the highest average latency and the highest average hop count associated, excluding the case of the 

Epidemic protocol. Taking this into account and looking again at Figure 25, in the FinalComm protocol 

the messages took more time at a node’s buffer and also crossed more nodes on average. By having a 

good mechanism to control the overhead, crossing more nodes does not necessarily bring the delivery 

rate down. The Epidemic protocol is the best example to show how important is the way overhead is 

controlled. 

Overall, all the protocols did not perform well in Scenario 2, as the delivery rate is too low for a real 

situation. Approximately only half of the messages were delivered in the best case detected. A way to 

improve all the delivery rates for protocols that can control well the overhead could be to increase both 

messages’ TTL and nodes’ buffer. 

Besides all of this, in none of the presented figures there was a case in which the results for a warmup 

time of one day, which is significant, would benefit the protocol, as it happened with Scenario 1.  

 

Figure 24 - Comparison between protocols in terms of delivery rate per warmup time simulated under 

Scenario 2. 
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Figure 25 - Comparison between protocols in terms of overhead per warmup time simulated under 

Scenario 2. 

 

Figure 26 - Comparison between protocols in terms of average latency per warmup time simulated 

under Scenario 2. 
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Figure 27 - Comparison between protocols in terms of average hop count per warmup time simulated 

under Scenario 2. 
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Chapter 5 

Conclusions 

5 Conclusions 

This chapter reviews the work done in this master thesis, outlines the main conclusions and points out 

aspects to be developed in future work. 
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The main objective of this document is to present FinalComm, a new routing protocol for DTNs with 

social characteristics, fitting in this way in the category of social-based routing protocols. In order to do 

it, several chapters were written. Those will be shortly summarized.  

In Chapter 1, it was presented a brief overview of DTN’s evolution, the motivation to the topic of this 

master’s thesis and the scope. It was the starting point to all of the research and the development done. 

In Chapter 2, the fundamentals of DTNs are presented. This chapter starts with a brief description of 

DTNs followed by a section only dedicated to the different types of protocols, in which it is possible to 

find the state of the art related to the topic of this master’s thesis. In the end of this chapter, the existing 

simulators to test protocols for DTNs are referred and the one used in this document is analysed in 

further detail. 

In Chapter 3, the developed protocol was presented for the first time. In this chapter, it is possible to 

understand what is the main idea behind this protocol, how it was implemented and also see the pseudo-

codes of the most important algorithms. The FinalComm protocol is based in two important concepts for 

social-based routing protocols in DTNs: Community and Similarity. For learning communities from 

contacts between nodes, an algorithm different from the k-clique algorithm was proposed. Nodes are 

now able to both add and remove nodes to communities during a simulation. In this algorithm, node A 

is able to add node B to its community if the contact time between A and B is superior to a certain 

percentage value. That value takes into account the total contact time of A with other nodes. Besides, 

every time node A meets another node, every node that belongs to A’s community will be checked in 

order to see if it makes sense to stay in it. The Similarity concept is related to the way nodes will forward 

messages, as described in Annex B. When forwarding messages, nodes will select other nodes that are 

more fit to deliver the message to its final recipient. In practice, several parameters are taken into 

account: being in the same community of the destination, meeting more nodes of the destination 

community, meeting more times the destination, or simply being a more central node. In order to give 

some robustness to the FinalComm protocol, a dynamic parameter tuning approach, referred as a 

dynamic mechanism, was also proposed. With this mechanism, nodes are now able to automatically 

change a FinalComm’s parameter, the commfamiliar threshold, to better adapt to a scenario. With it, 

nodes will update the commfamiliar threshold from time to time and the objective is to populate their 

communities with a certain number of nodes. In this chapter it was also explained how the protocols 

were tested and evaluated. 

In Chapter 4, the results of several protocols in two different scenarios were presented. In each scenario, 

the protocols were first independently analysed and in the end the best cases detected from each 

protocol were compared. Several conclusions were stated on this chapter. 

In the present chapter and besides what is already written, the objective is to outline the main 

conclusions from Chapter 4 and point out aspects to be developed in future work. The conclusions will 

be mainly related to the FinalComm protocol as it is the essence of this work. 

The FinalComm protocol showed a good performance in both scenarios analysed when compared with 

the other tested protocols. It was always the protocol with better delivery rates and lower overhead, even 
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in a scenario in which nodes had a daily routine’s movement. The dLife and the dLifeComm protocols 

were able to take into account those daily routines in order to better deliver messages but the 

FinalComm protocol performed better. As said before, the FinalComm protocol has a parameter, the 

commfamiliar threshold, that needs to be tuned for each scenario in order to find the best protocol’s 

performance. That parameter values differed from Scenario 1 to Scenario 2. However, the range in 

which the best results were gathered is practically the same. From Table 13 and Table 29 it is possible 

to conclude that for a commfamiliar threshold between 0.1% and 1.0% the protocol will show better 

results, even though results close to 1.0% started to show some degradation in the delivery rate. Another 

important conclusion about the delivery rate is that increasing the commfamiliar threshold led to a 

degradation in the delivery rate, mainly due to the number of nodes per community starting to decrease 

as well. 

In the FinalComm protocol, a node will better deliver messages when communities are not small. In 

Scenario 1, a scenario without daily routines, cases in which the communities showed more than 

approximately 38 nodes at the end of the simulations with eleven days resulted in a better protocol’s 

performance. As that scenario had 126 nodes, the conclusion is that nodes should have a community 

composed by at least 30% of existing nodes in order to achieve the best performance possible. In 

Scenario 2, a scenario with daily routines, the conclusions are slightly different. To achieve the best 

performance possible, nodes should have at least 7% of existing nodes in their communities. In fact, 

when reducing the number of nodes per community, nodes start to be more rigorous in relaying 

messages and those messages will stay more time with them. In that way, if nodes do not meet the 

destination or a node really close to that destination, messages will not be delivered and the 

performance will decrease.  

Another interesting conclusion is that for a high delivery rate, there is a high average latency and also a 

high average hop count. However, if the overhead is not properly controlled, as it happens with the 

Epidemic protocol, the average latency and hop counts can be high, but the delivery rate is extremely 

low. The main conclusion is that overhead has to be properly controlled and if it is, the cases which 

resulted in a good delivery rate have a high average latency and high average hop count associated. 

This also shows that nodes have to be very precise when relaying messages. 

In terms of the dynamic commfamiliar adjusting mechanism, the results show that this mechanism was 

able to achieve similar results when compared to the best cases without the mechanism. However, the 

overhead increased significantly, but it is the price to pay. The dynamic mechanism performed better 

when the update time was adjusted every half a day with percentage interval of 35% to 40%, which 

corresponds to the fraction of total nodes a community should be populated with. It is also important to 

say that node’s commfamiliar threshold only converged to its final value after some days. Overall, the 

dynamic mechanism was a good approach and it showed that nodes do not have to share the same 

value for the commfamiliar threshold in order to achieve a good protocol performance. 

In terms of warmup time, all the results did not get better by having a warmup time of one day. None of 

the tested protocols, not even the ones that use communities, showed an increased performance for 
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that. The conclusion is that communities are formed very fast and protocols can efficiently relay 

messages even with partly formed communities. 

Finally, a word about the way communities were built should also be addressed as some protocols used 

different algorithms to build communities. The BubbleRap and the dLifeComm protocols used the k-

clique algorithm and the FinalComm protocol a different one. Even though a direct comparison between 

those two algorithms was not done, the k-clique algorithm was not representing well the dynamics 

behind communities because nodes were never removed from communities. In this way, the algorithm 

used by the FinalComm protocol is more accurate in terms of representing the reality.   

Besides, it is important to take into account that, despite the effort to recreate real scenarios in the 

simulator, the world is far too complex, and many simplifications had to be introduced. Despite those 

simplifications, the obtained results provided some insights on how protocols really work. 

As suggestions for future work regarding the topic, it might be interesting to start with an extensive 

analysis of the dynamic mechanism for the FinalComm protocol by testing it with multiple other time 

periods and percentage intervals in several other scenarios. It could be also interesting to analyse the 

influence of the load, number of nodes, in the presented scenarios. Besides, a dynamic approach for 

the BubbleRap protocol and the dLifeComm protocol could also be implemented after adding to the k-

clique algorithm the possibility to remove nodes from communities. A direct analysis comparison 

between the algorithms used in this master’s thesis to build communities can also be interesting. In this 

way, both protocols would be able to adapt to the scenarios by finding the best conjugation of 

parameters. Finally, the FinalComm protocol can also be evaluated under other scenarios, namely 

scenarios based on real traces. 
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Annex A 

K-clique Community Algorithm 

Annex A. K-clique Community Algorithm 

This annex provides the pseudo-code for the k-clique algorithm implementation that what used in The 

ONE simulator. It shows the same type of community algorithms that were shown for the FinalComm’s 

community algorithms in Chapter 3.2. 
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A.1 New Connection 

When there is a new connection between two nodes, Algorithm 5 is called. The first thing that myHost 

does is checking whether the otherHost is already part of his community. If otherHost does not yet 

belong to myHost’s community an intersection value will be computed. This intersection value 

represents the number of nodes that myHost’s community and otherHost’s community have in common 

and it is computed through the function IntersectionWithHost. If that value is higher than k-1, where k is 

an integer parameter defined at the beginning, myHost will add otherHost to his community and also 

otherHost’s community to its view of his community. Then, for all nodes that belong to otherHost’s 

community, myHost does the same thing. Lastly, this process happens again but in inverse point of view 

by having otherHost performing those checks relatively to myHost. 

 

Algorithm 5 - newConnection 

 

Input: Message m, Node otherHost, Node myHost; 

Output: (none); 

 

if otherHost does not belong to myHost’s community then 

 intersection_size = IntersectionWithHost() 

 if intersection_size is superior or equal than k-1 then 

  add otherHost to myHost’s community 

 add otherHost’s community to myHost’s view of otherHost’s community 

  for all nodes that belong to otherHost’s community do 

   intersection_size = IntersectionWithHost() 

   if intersection_size is superior or equal than k-1 then 

    add node to myHost’s community 

    add node to myHost’s view of node’s community 

if myHost does not belong to otherHost’s community then 

 intersection_size = IntersectionWithHost() 

 if intersection_size is superior or equal than k-1 then 

  add myHost to otherHost’s community 

 add myHost’s community to otherHost’s view of myHost’s community 

  for all nodes that belong to myHost’s community do 

   intersection_size = IntersectionWithHost() 

   if intersection_size is superior or equal than k-1 then 

    add node to otherHost’s community 

    add node to otherHost’s view of node’s community 

return 
_______________________________________________________________________________ 
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A.2 Connection Lost 

When a connection between two nodes is lost, connectionLost (Algorithm 6) is called. If myHost’s 

community already contains otherHost, nothing happens. If not, it is necessary to compute the 

cumulative contact time between myHost and otherHost through a function that is called 

CumulativeTimeWithHost. If that cumulative time is superior than a familiar threshold, which is settled 

at the beginning, myHost adds otherHost to his community and also adds the nodes that are part of 

otherHost’s community to his view of otherHost’s community. 

 

Algorithm 6 - connectionLost 

 

Input: Node otherHost, Node myHost; 

Output: (none); 

 

If myHost’s community contains otherHost then 

 return 

else 

 cumulative_time = CumulativeTimeWithHost()  

if cumulative_time is superior than familiar_threshold then 

 add otherHost to myHost’s community 

 add otherHost’s community to myHost’s view of otherHost’s community 

return 
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Annex B 

The FinalComm Protocol 

Annex B. The FinalComm Protocol 

This annex provides a block diagram about the decisions steps that a node A takes into consideration 

when it is trying to send a message m to a node B. 
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B.1 Block Diagram 

 


