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Abstract

The Edge Computing paradigm has earned recent popularity. As Cloud-based applica-

tions start to require more resources, solutions that reside outside the scope of the Cloud

have began to be studied. However, Edge Computing presents a broad spectrum since

every device that is not in a data center is considered to be a potential Edge resource.

Consequently, in this thesis we focus on the challenging edge scenario that is wireless

ad hoc networks. These networks are composed by wireless devices that can connect to

each other without requiring any infrastructural support, which is a common scenario at

the very edge of the system, in wireless sensor networks, mobile ad hoc networks, and

potentially, smart cities.

In this work we look into aggregation as a distributed computation scenario, that

will serve the purpose of enabling more general computations in the edge. Aggregation

protocols and algorithms provide an essential part of managing and maintaining large

scale systems, that we target in the form of wireless ad hoc networks. As such, we study

different protocols that use different techniques to obtain either exact or estimated aggre-

gation results. Furthermore, as we aim to implement these protocols in real scenarios, we

discuss some frameworks for building distributed protocols and applications.

However, the study of the state of the art revealed that there is no support for devel-

oping distributed protocols and applications in wireless ad hoc networks for commodity

devices. Therefore, we present a prototype framework that is able to cope with these

limitations, and propose to leverage on it to adapt existing aggregation protocols to the

wireless environment. Moreover, we plan to develop a new aggregation protocol that

is able to overcome the limitations of the existing ones, by leveraging on the different

properties that different protocols provide, and evaluate these protocols with well defined

metrics in a test-bed composed of twenty four Raspberry Pis.
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Resumo

O paradigma de Computação na Berma ganhou popularidade recentemente. Com o apa-

recimento de aplicações baseadas na Nuvem que requerem mais recursos, soluções que

residem fora da Nuvem começam a ser objecto de estudo. No entanto, a Computação na

Berma apresenta um longo espetro de concretizações, visto que qualquer dispositivo que

está fora de um centro de dados pode ser considerado como um potencial recurso compu-

tacional na Berma. Como tal, nesta tese focamos-nos no caso particularmente desafiante

de computação em redes ad hoc sem fios. Estas redes são formadas por dispositivos com

rádios que se conseguem ligar uns aos outros sem suporte da infraestrutura, que por sua

vez, são ilustrativas de casos comuns no extremo da sistema, sob a forma de redes de

sensores, redes moveis e potencialmente cidades inteligentes.

Neste trabalho olhamos para a agregação como um caso de computação distribuída,

que irá servir o propósito de pavimentar o caminho rumo ao suporte de computações

mais genéricas na berma. Os protocolos e algoritmos de agregação providenciam uma

parte essencial de gerir e manter sistemas de grande escala, que estudamos no contexto

de redes ad hoc sem fios. Assim, estudamos diferentes protocolos que utilizam diferentes

técnicas para calcular resultados exactos, ou estimados, de agregação. Adicionalmente,

como pretendemos implementar e utilizar estes protocolos em ambientes reais, discuti-

mos algumas frameworks para construir e executar protocolos e aplicações distribuídas.

Durante o estudo do estado da arte revelou-se que não existem ferramentas que su-

portam o desenvolvimento de protocolos e aplicações distribuídas em ambientes sem

fios para dispositivos comuns. Como tal, apresentamos um protótipo de uma framework

para lidar com estas limitações, e propomos alavancar nesta framework adaptando os

protocolos de agregação existentes para as redes ad hoc sem fios. Além disso, planeamos

desenvolver um novo protocolo de agregação que é capaz de ultrapassar as limitações dos

protocolos existentes, alavancando nas diferentes propriedades que cada um consegue

garantir, e avaliar este protocolos com métricas bem definidas numa plataforma de teste

constituída por vinte e quatro Raspberry Pis.

Palavras-chave: Computação na Berma, Redes Ad Hoc Sem fios, Agregação, Framework
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1
Introduction

Nowadays many user-facing distributed applications rely on Cloud-based infrastruc-

tures to process and manage user and application data, where client applications fre-

quently interact with remote servers in data centers. This shift has been mostly motivated

by the increase of the user base and the amounts of data that need to be manipulated by

such applications. Consider, for example, social network applications such as Facebook,

Twitter, or Instragram that have billions of users accessing the Cloud at once [67], or IoT

devices in a smart city that are producing huge amounts of data that is uploaded to the

cloud for processing.

However, solely relying on the Cloud infrastructure can have its disadvantages. The

increase on the required resources of the cloud also leads to an increase in the cost for

application providers; the latency experienced by end users that must constantly contact

remote servers, as well as security aspects that arise from outsourcing data storage and

computations [29]. These issues have motivated the need to move computations outside

the data center towards the edge of the system. This has led to the emergence of the Edge

Computing paradigm.

Edge Computing can be defined as performing computation outside the Cloud bound-

ary, at devices that are closer to the source of data, which nowadays are mostly end user

devices [67]. As one gets farther away from the Cloud, one encounters multiple types

of devices where intermediate computations can be performed. First ISP servers, then

gateways, laptops, smart phones, sensors and actuators. It is also important to note that,

further from the Cloud the amount of devices increases, while the individual amount of

resources per device decreases. Executing computations in such environments becomes

therefore, a complex task, as one has to deal not only with a large number of devices, but

also manage their limited resources.
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CHAPTER 1. INTRODUCTION

Another important aspect that one has to consider as we move towards the edge of the

system, is that infrastructure support becomes increasingly lacking. This translates, for

instance, in the fact that devices will be connected by limited capability links, in particu-

lar, one can expect to find most devices being connected through wireless mediums, that

offer a potentially highly unreliable communication environment. Due to this, in this

work, we focus on the particularly challenging setting, where all devices communicate

through a infrastructure-less wireless medium.

Furthermore, achieving general purpose computations in the edge is not a trivial

task. However, we can look at aggregation computation as a first step towards general

computation support in the edge. Aggregation can be computed in-network as devices

exchange information and cooperate among them. TinyDB [54] showcases how this can

be done in order to create a database in sensor networks. Additionally, Astrolabe [76]

exhibits how aggregation can be leveraged to perform monitoring tasks in large scale

systems. Finally, ZebraNet [39] presents the importance of having a support runtime for

a self-managed network. All of these application examples showcase the relevance of

efficient aggregation mechanisms.

Objective

In the thesis we plan to address two complementary challenges. First, we aim at devel-

oping and implementing a framework that simplifies the development and execution of

protocols and applications that operate in wireless ad hoc networks. Such framework

must achieve a set of non-trivial goals, in particular:

1. simplify the management and configuration of applications, avoiding the need to

configure membership aspects;

2. provide fundamental mechanisms for supporting the operations of distributed and

decentralized protocols such as message passing;

3. provide an efficient executing environment for protocols and applications in this

scenario.

As we detail in Chapter 2 of this document, existing aggregation protocols behave

differently across different settings, and present trade-off along dimensions such as pre-

cision and efficiency. To overcome this limitation, we further plan to develop a novel

aggregation algorithm, particularly tailored for ad hoc networks, that can cope with dif-

ferent execution environments by combining techniques of other protocols in a natural

way. This aggregation protocol will come to light by levaraging on the framework and

the study of the operation and properties of existing aggregation protocols.

2



Contributions

The main contribution that are expected from this work are three fold:

1. The design, implementation, and evaluation of a framework for implementing and

executing decentralized distributed protocols and applications in ad hoc network

environments.

2. A set of implementations of existing distributed data aggregation protocols and

the proposal of a novel aggregation protocol, that operate in a reliable and efficient

fashion in ad hoc network environments.

3. An experimental comparison on aggregation protocols under distinct operational

conditions, namely in scenarios where data aggregation is performed on demand

by the application and in scenarios where data aggregation runs continually in

background (for instance to support monitoring tasks).

Research Context

The work to be conducted in the thesis is an integral part of the research agenda of the

H2020 Lighkone: Lightweight computation for networks in the edge (Project number

732505), founded by the European Commission. Due to this, a fraction of the contri-

butions of this thesis, in particular regarding the design and implementation of a de-

velopment and execution framework for ad hoc protocols and applications was already

conducted, and discussed in some detail in this project.

Part of the contribution of this work appear as part as the “D5.1: Infrastructure Sup-

port for Aggregation in Edge Computing” deliverable produced by the Lighkone Consor-

tium, in January 2018.

Thesis Structure

The rest of the document is organized as follows:

• Chapter 2 presents Edge Computing in more detail, explains the wireless medium

and the variants of wireless ad hoc networks. We give context on what communi-

cation strategies are used to perform aggregations and present overlay networks as

a way to build self-managed networks in decentralized systems. Additionally, we

detail aggregation protocols and provide an overview on existing frameworks for

building and executing distributed protocols and applications.

• Chapter 3 briefly presents our prototype framework, details the strategy for achiev-

ing the proposed aggregation protocol and discusses the evaluation plan and the

scheduling of future work.
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2
Related Work

In this chapter we further detail the issues related to the Cloud infrastructure and explain

why we should begin to look for solutions that reside in the Edge (Section 2.1), which

provides our motivation to study infrastructure-less networks. As such, we describe the

wireless medium and the challenges associated with its use (Section 2.2), describing how

the wireless medium can materialize in an infrastructure-less network (Section 2.3).

Additionally, we provide an overview of (decentralized) communication strategies

(Section 2.4), as they are essential to perform distributed computations. We discuss

existing overlay network solutions in peer-to-peer (Section 2.5), serving as an inspiration

to build decentralized and adaptive systems. We proceed by detailing aggregation as a

form of simple, yet fundamental, distributed computation (Section 2.6).

Lastly, we give an overview of existing frameworks and tools to develop distributed

protocols and applications (Section 2.7).

2.1 From the Cloud to the Edge

The Cloud gained significant momentum in recent years. Cloud providers such as Ama-

zon and Google have millions of user using their Cloud services to deploy applications

and store data. In order to do so, the Cloud environment presents a multitude of commod-

ity servers working together in one data center or across multiple data centers scatered

throughout the world, which gives the possibility to tackle large scale computation prob-

lems with solutions like MapReduce [23], and provide backend services for large scale

applications, such as Facebook.

However, the Cloud is not perfect. Data privacy presents itself as one of the main

problems of the Cloud as discussed in [29]; furthermore, issues regarding data manage-

ment, resource allocation, and scalability still persist [25]. With the increasing number
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of applications and users accessing such applications, these issues start to become more

pronounced. Applications and devices producing large amounts of data (e.g, daily-life de-

vices; IoT devices; sensors; and others) present a significant overhead in data transfer and

data management for the Cloud. Even though the Cloud infrastructure is said to be elas-

tic, there is the possibility that the Cloud resources become saturated, as it is estimated

that the total amount of data produced by people and devices will reach 500 zettabytes

by 2019 [21, 67], which can, therefore, lead to an increase in latency experienced by the

users, or full disruption of applications operation.

With this in mind, we must look for solutions that are outside of the Cloud, hence we

must begin to look towards the edge of the system and on how and what can be leveraged

to relief the Cloud from doing all the work. Outside the Cloud there are mini-datacenters;

routers and gateways that can have mini-servers; end user devices, such as laptops and

smarphones; IoT devices; sensors and actuators; among other computational resources.

We notice that farther from the Cloud the devices become less powerful, but in higher

numbers while having much lower latency for end users. Given this scenario, the same

computation and storage opportunities that were possible in the Cloud become infeasible,

thus a new computational paradigm is required: the Edge Computing paradigm.

However, there is no unified vision on what Edge Computing is, due to the fact that

every computation that can be executed outside the Cloud can be considered to fall in

the scope of Edge Computing, and any network resource that is outside a data center,

can be viewed as an Edge Device. As such, Edge Computing materializes in various and

different forms. Through Fog Computing [18, 55, 81], which tries to extend the Cloud’s

infrastructure closer to data sources, and end users. Through intelligent IoT or sensor

networks that are able to pre-process data cooperatively without the need of the Cloud [6],

and even in other forms as described in [40, 73].

Consequently, the Edge Computing paradigm involves any possible computations

near data sources, as such, we define our Edge Devices as neither being sensors, which

have limited resources, nor being as powerful as servers. Instead, we focus on Edge

Devices that have some computational power, can be very disperse and have no infras-

tructural support (e.g, no access to routers or access points).

This implies that wiring devices together might not be possible, thus, we must con-

sider wireless as a possible means for supporting all communication between devices.

2.2 The Wireless Medium

The wireless medium is a shared medium were devices can communicate with each

other through radio waves using the same frequency. The radio waves are generated by

transceivers, or radios, which are usually omnidirectional and can reach every device that

is within its transmission range. Consequently, when a message is sent from a wireless

device, the message is delivered to every other device that is within that range, this is

commonly refereed to as one hop broadcast. This abstraction allows to build point-to-point

6
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and multicast primitives within the range of a sender by having receivers, for whom the

message is not addressed, to simply drop that message.

Since the wireless medium is a shared medium between any device that intents to

transmit on the same frequency, wireless communication suffers from contention, which

is a usually related to collisions. When two devices transmit a message at the same time

and are within range of each other, a collision will most likely happen. Consequently,

none of the messages will be heard by the receiver causing message loss.

To better understand the consequences of collisions, consider three devices A, B and

C, as in Figure 2.1. Where A can only communicate with B; B can communicate with A

and C; and C can only communicate with B. Now assume that, A and C intend to send a

message to B. As A and C are unaware of each other they will both send the message to

B simultaneously, causing a collision between the two message and making B unable to

receive either of them [66]. This can be viewed as the hidden terminal problem.

Figure 2.1: Hidden Terminal Scenario

Extending this scenario to another with larger numbers of devices, where devices

need to forward messages between them, we can incur in the broadcast storm problem [61].

Nodes will continuously transmit, or retransmit, messages that will collide and conse-

quently, saturate the network, rendering any form of communication impossible.

A strategy to minimize the effects of the hidden terminal problem and broadcast

storm is to have nodes performing some form of access control to the wireless medium

(we discuss how this is performed in detail further ahead). Unfortunately, this can lead to

the exposed terminal problem [66]. This happens when a node decides not to transmit even

if its transmission does not interfere with another ongoing transmission, which can con-

sequentially lead to significant decrease of the network capacity, potentially disrupting

the execution of protocols and applications.

2.2.1 MAC Layer Protocols

To address the contention and collision issues in wireless networks, many medium ac-

cess control (MAC) layer protocols have been proposed [24]. We will discuss the most

commonly used, which are the Carrier Sense Multiple Access with Collision Avoidance

(CSMA/CA), and Time Division Multiple Access (TDMA).

7
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CSMA/CA In CSMA/CA [83] when a device wants to transmit, it first listens (senses) the

medium to see if no other device is transmitting. If the medium is occupied, then

the device waits for a some time and senses the medium again. If the medium is

free, it proceeds to send a Request-To-Send (RTS) frame and waits for a Clear-To-

Send (CTS) frame from the intended receiver. By using the RTS/CTS mechanism

CSMA/CA avoids the hidden terminal problem, if no CTS frame is heard, it means

that a collision has occurred due to a hidden terminal. In this case, the sender will

wait some time and restarts the mechanism to access the medium (by sending the

RTS frame). When the CTS frame is received, the device proceeds to transmit the

data frame and waits for an ACK frame as a positive acknowledgement that the

data frame was received. If the ACK frame is not received, then a retransmission

must take place.

There is a exception when using CSMA/CA, when the data frame’s destination is the

(physical layer) broadcast address. In this particular case, the RTS/CTS mechanism

cannot be used and ACK frames are not sent after a successful transmission [74].

TDMA The TDMA [80] protocol tries to ensure collision-free transmissions, by defining a

schedule of non-overlaping time slots for each device. TDMA divides a time period

into fixed-length slots where transmissions are possible, when two devices have

the same slot they must coordinate to change their slots in order to avoid collisions.

Needless to say that finding the optimal time slots for every device in a network

in a distributed maner, is a NP-complete problem [26], thus TDMA can be highly

inefficient in some cases, computing sub-optimal schedules that can lead to a low

utilization of the wireless medium.

Furthermore, the wireless environment presents more challenges than contention and

collisions. A wireless link is usually more unstable than a wired link, since it is more

affected by the physical environment [1]. This can lead to anomalies such as high bit

error due to noise, which must be taken into consideration when leveraging the wireless

medium. Additionally, links might not always be symmetric [44], due to different trans-

mission power of radio devices, that might make it hard to reason about the behaviour

of protocols and applications. Another aspect to consider is the variety of available tech-

nologies that use the wireless medium. Each one has different reach, different data rates,

different frequency ranges, availability on devices, and other limitations.

2.2.2 Wireless Technologies

There are many wireless technologies that allow us to build a wireless networks [31, 59,

63, 69]. For completeness we briefly discuss three main technologies currently used for

wireless networking that use the 2.4Ghz frequency range. WiFi (Wireless Fidelity), which

is the most common on commodity devices, Bluetooth, used for connecting peripheral

devices, and ZigBee that is used in wireless sensor networks.

8
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Wifi

The WiFi [69] technology is the one most seen in nowadays commodity hardware. It can

be easily found in our laptops, mobile phones, tablets, gaming consoles, and many others.

WiFi has a range of around one hundred meters and a data rate of approximately 500

Mb/s.

Bluetooth

Bluetooth [31] is the technology most commonly used to connect peripheral devices, such

as keyboards, computer mouses, headphones, among others. It is designed to work in

short range having a reach in the order of ten meters. This technology was also designed to

be energy efficient, and having low data rates (around 1 Mb/s, however this can differ with

version and specification). It is usually seen operating in a master/slave configuration,

where a device can only be, either a master or a slave. However, each master can only

have up to seven active slaves devices.

ZigBee

ZigBee [63] is one of the main technologies used in sensor networks and IoT devices,

having a reach that varies between ten meters and one hundred meters and a very low data

rate transmission (around 256 Kb/s). As sensor and IoT devices are energy constrained,

ZigBee is also designed to be highly energy efficient. A ZigBee network is composed

by three types of devices: coordinators, routers, and end devices. Every network must

have a coordinator that builds and configures the network, routers are then used to relay

information between nodes, whereas end devices operate as data producers that must be

connected to the coordinator, either directly or through routers.

2.2.3 Discussion

Given these three technologies at our disposal, we will focus on WiFi. WiFi has less

restrictions allowing to create decentralized (without coordinators) networks with more

ease. It is the most commonly found in commodity devices, as such it will also be the

most prevalent in the edge of systems. Furthermore, WiFi presents the highest data rate

of all three technologies presented which will allow to perform computations with more

ease. This will be an important aspect to perform efficient aggregation in the edge.

Additionally, resource constrained devices that are restricted to the use of Bluetooth

or ZigBee can be incorporated in edge systems by having them connect directly to one of

the WiFi equipped devices, generating hierarchical networks.
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2.3 Wireless Networking

Wireless networks enable multiple wireless devices to communicate, providing abstrac-

tions from aspects as the relative positioning of the devices. The most common form a

wireless network is based in infrastructure, where a set of devices connect to an access

point or a router to access the Internet or other infrastructure networks (e.g, a local area

network).

However, in the context of large-scale IoT or sensor networks deployments, it is hard

to have all devices in the reach of an access point or wireless router. In these scenarios,

we have to resort to infrastructure-less networks, where devices interact directly among

themselves. These networks are usually refereed to as ad hoc networks.

Since we target systems that operate with no access to infrastructure and where the

number of devices can grow at any point in time (in an organic fashion), ad hoc networks

are a key aspect. We now discuss these networks in more detail.

2.3.1 Wireless Ad Hoc Networks

A simple ad hoc network, is composed by a set of nodes that are interconnected arbitrarily

forming a multi-hop network (i.e, a network where not all devices are directly reachable

by a radio transmission of any of the other devices). These nodes can only communicate

with their direct neighbours using one hop broadcast or point-to-point communication

primitives. As such, there is usually no routing involved in these networks and routing

among devices must be performed at application level. Additionally, these networks

might not even use IP addresses to identify nodes, and can rely solely on MAC addresses

for communication.

Given the capability of the nodes to interconnect in a arbitrary fashion, an ad hoc

network is highly dynamic and have gained some popularity in use cases such as disaster

relief operations [32], military operations [70], monotiring and sensing applications [82],

and even in supporting communication among vehicles [28].

However, these networks can be materialized in various forms given the network’s

objective and the devices that compose it.

Wireless Mesh Networks

Wireless mesh networks build upon ad hoc networks to extend an existing network in-

frastructure [3]. A mesh network is composed by two types of devices, mesh routers and

mesh clients. Mesh routers are assumed to be static and are responsible for forwarding

packets in transit between devices. While mesh clients connect to the routers and only

send and receive messages, being typically devices with lower amounts of resources. With

this, a mesh network is capable of performing routing, enabling mesh clients to access

infrastructural resources, such as file servers, application servers, and Internet gateways.
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However, in typical mesh networks, routing requires explicit support. To ensure (effec-

tive) routing connectivity, mesh routers may need to be specialized hardware containing

multiple antennas to leverage the wireless medium full spectrum [64]. Moreover, when

considering highly dynamic networks, with nodes joining and leaving, these networks

might experience high control overhead for maintaining routing information up-to-date.

Mobile Wireless Ad Hoc Network

In the literature [2, 27, 30, 34, 62], when wireless ad hoc networks are mentioned, they

are usually referring to a mobile wireless ad hoc network (MANET), where nodes that

materialize the network are mobile. This means that nodes will change neighbourhoods

frequently, leading mobile wireless networks to be highly dynamic.

This in turn, makes routing between the nodes even more complicated. As routes fre-

quently change it is not fesable to hold information such as the minimum number of hops

between pairs of nodes, and other techniques have been proposed [9, 42]. Furthermore,

some also consider that the nodes composing the network might be resource constrained,

as such, extending the network’s life should be considered when incorporating routing in

MANETs [58].

Vehicular Wireless Ad Hoc Network

These networks come as a particular case of MANETs. Vehicular wireless ad hoc net-

works [28] (VANETs) assume that the network is mostly composed of vehicles that com-

municate with each other and with (fixed) stations that are positioned near the road to

get useful information or access resources outside of vehicles computers.

These networks suffer from the same problems as MANETs related to routing, how-

ever, the network’s objective is fundamentally different. These networks may service ve-

hicles to be more autonomous or to inteligently collect information from sensors scatered

throughout an area [7]. Although, VANETs are composed by vehicles and, even though

present an interesting edge computing scenario, they are outside the scope of this thesis.

Wireless Sensor Networks

We can perceive these networks as beeing wireless ad hoc networks composed of vast

numbers of specialized sensors that collect data from the environment. These sensors are

described as being very small and inexpensive [4], being perfect for mass deployement.

Moreover, sensor networks can be deployed remotely on harsh conditioned environments,

such as underwater [5] or in volcanic regions [78]. However, due to their size, sensors tend

to be very resource constrained and extending their battery life tends to be the main focus

of research on sensor networks.

A typical sensor network architecture is composed by a sink, or gateway, node that

can be connected to an infrastructure, and a number of sensors that are connected to the

sink or to each other, forming a multi-hop wireless network. Therefore, the goal of each
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sensor is to report their collected data to the sink node, which is then responsible for

processing that data.

2.3.2 Routing in Wireless Ad Hoc Networks

As previously discussed in Section 2.2, wireless networks present a different set of chal-

lenges from the ones commonly found on wired networks. A key difference between

wireless and wired networks can be found on the routing strategies used in these environ-

ments, particularly when considering wireless ad hoc networks.

In wired networks routing among nodes is supported by the IP layer that is well

defined. Routing relies on specialized hardware (switches and routers). The latter rely on

link-state protocols [19] that assume that wired links are not only stable but also possible

to monitor.

In sharp contrast, in wireless ad hoc networks there are no dedicated hardware assist-

ing in routing activities. This requires nodes to coordinate among themselves to achieve

multi-hop communication. In some cases however, routing is avoided by transmitting

messages through flooding of the network, and then have each node inspect the contents

of the message to decide if it should process it or drop it.

Nevertheless, routing is useful in the context of wireless ad hoc networks. For instance,

a simple way to compute aggregation is to have all nodes report their values to a single

node in the network that can then compute the aggregation result. Other protocols and

applications might also benefit from the ability to send messages to any node in the

system.

There have been extensive research performed in the context of the ad hoc network

routing. In particular, solutions have been proposed where nodes have no mobility, while

other solutions focus on the challenging problem of routing in MANETs.

For completeness we now briefly describe some of these works, whose techniques can

be leveraged in our own work for designing protocols that leverage on the ability to send

messages among specific nodes in the network.

Ad-Hoc On-Demand Distance Vector Routing

Ad-Hoc On-Demand Distance Vector Routing [62] (AODV) is a routing protocol designed

for large scale and highly dynamic wireless ad hoc networks. It is a reactive routing

scheme, in the sense that routes are established when a node wants to contact another

node to which a route is unknown.

The algorithm is based on sending a message throughout the whole network in search

of the destination node. These messages contain a sequence-number to overrule older

messages, a hop-counter to determine the shortest path, and the source node’s ID (IP

address). Nodes forward these messages, incrementing the hop-counter and updating

their routing table (storing the source ID and the hop-counter); when these messages
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reach the destination node, it replies to the message with the lowest hop-counter; when

the reply reaches the source, a route has been established.

The routes established are temporary, as they are invalidated from time to time. This

allows AODV to handle link changes, but on the other hand, it might also cause a high

amount of re-transmissions in order to re-establish routes that are frequently needed.

Optimized Link State Routing Protocol

In contrast, Optimized Link State Routing Protocol [35] (OLSR) is a proactive routing

protocol that relies on periodic routing table updates. The protocol has neighbouring

nodes coordinate to decide on multipoint-relay nodes that cover two-hop neighbour nodes

which are then tasked with the forwarding of data packets.

The algorithm begins by each node sensing their direct neighbours and then locally

broadcasting their list of neighbours. The nodes, now have information about their two-

hop neighbours and can decide on what nodes will he use as multipoint-relays. The

nodes then, locally broadcast their list of multipoint-relays nodes (notice that it is the

same message as before, but only containing a subset of neighbours). The multipoint-

relay nodes will then broadcast the message throughout the network, while the nodes

that are not present in the list will only processes it. Nodes will update their routing table

with the received information about multipoint-relay nodes which will then be used to

establish routes.

The use of these multipoint-relay nodes, allows OLSR to minimize the effects of a

full network broadcast, thus having a low risk of saturating the network. This is very

well suited for dense wireless networks, however, as the network size increases, so will

the control packets necessary for maintaining the routing information. Furthermore, in

networks that are more sparse and wide, the protocol will have difficulties in maintaining

up-to-date information in the routing table, since nodes might observe frequent changes

on their neighbours.

Better Approach to Mobile ad hoc Networking

Better Approach to Mobile ad hoc Networking [38] (BATMAN) is a proactive routing

strategy similar to OLSR, although it tries to improve on the shortcomings of OLSR (e.g,

maintenance of routing tables, bigger control messages). As such BATMAN relies solely

on announcements that provide routing information.

Each node periodically announces a packet containing it’s ID (IP address), the ID of

the node who sent it (at the start, the originator node), and a sequence number to overrule

older announcements. When a node receives an announcement, it changes the sender ID

to its own, and re-transmits the announcement. Nodes count how many announcements

have been received from each node by each link (direct neighbour) to determine the best

(probable) next-hop for forwarding messages towards that node.
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The algorithm presents no more control messages than the announcement messages

that are kept with constant size. Nevertheless, the amount of effective re-transmitted

messages can grow uncontrollably when the number of devices grow. Additionally, if

all nodes transmit their announcements simultaneously a large number of collisions can

happen. These negative effects an be somewhat mitigated by selecting only a few nodes

to retransmit announcements.

Greedy Perimeter Stateless Routing

Greedy Perimeter Stateless Routing [42] (GPSR) is a reactive routing protocol that uses

the positioning of nodes to determine where to forward a packet. However in order to

obtain the position of neighbour nodes, GPSR relies on a proactive mechanism that has

nodes periodically (locally) announce their positioning.

The protocol combines two techniques in order to establish routes between nodes:

greedy routing and perimeter routing. Greedy routing has nodes forward packets to the

node that is closest to the destination node. When a greedy decision cannot be made

(i.e, there is no (known) neighbour closer to the destination), GPSR resorts to perimeter

routing, where the node will make an heuristic decision to forward the packet around

the perimeter of the area that lies between the current node and the destination that is

unoccupied by other devices.

The protocol introduces minimal control overhead of routing packets. However, nodes

are required to have a way of determining their position (GPS or other means) which

might be impossible in some scenarios.

2.3.3 Discussion

All of the previously mentioned wireless networks are particularly tailored for different

edge scenarios. Wireless mesh networks are usually employed to extend existing infras-

tructures or to facilitate the access to resources in settings such as companies and office

spaces, where there is (some) lack of infrastructure. In this context, routing might be a

desirable feature to facilitate the interactions with these resources, that can be Internet

gateways, File Servers, or even printers. We note that these networks are not designed

to allow distributed computations to occur across the devices that compose it. Moreover,

particularly in scenarions where all devices belong to a company, one could leverage these

networks to take advantage of idle resources in these devices as proposed in the context

of peer-to-peer systems [8, 71].

Mobile and vehicular wireless ad hoc networks focus on the challenges that arise

form the fact that devices are not stationary, which introduces additional dynamics, for

instance, regarding the stability of the neighbours of each device. The focus of these

networks is usually to provide effective routing schemes among devices to support some

form of cooperation among devices, such as pass information or sharing context-sensitive

data.
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Wireless sensor networks focus on an extreme edge computation scenario, where

large numbers of devices, typically resource constrained and heterogeneous in nature,

interact among each other to propagate sensed information towards a sink node that

exists somewhere in the network. Many times, these networks are supported by low

cost wireless technologies such as ZigBee. In this context however, we note that some of

the processing performed by the sink node could be performed in the network, if there

were some nodes in it that had additional memory and computational capability (and

eventually a source of power).

Altogether, these networks build upon a wireless ad hoc network to provide additional

functionalities and to address specific challenges found in each of these scenarios.

In this work we aim at bringing computations towards the edge of the system, which

implies that computations should be performed in-network, as devices exchange infor-

mation among them. Contrary to the ad hoc networks presented above, whose focus

lies on enabling any pair of nodes to exchange information through routing in adverse

scenarios, we envision systems where devices interact naturally to achieve a common goal.

Moreover, we aim at building systems that can grow organically without support from

infrastructure and with self-organizing capabilities.

To achieve these goals we will operate directly at the ad hoc network level, without

assuming any form of routing, nor any particular interaction pattern from devices. More

specifically, routing should be handled at the application level such that it can operate

specifically to provide the minimal functionality required by protocols or applications

with minimal cost and overhead in the wireless medium.

In the following, we discuss decentralized communication strategies and self-organizing

overlays that where originally proposed in the context of peer-to-peer systems, and that

can benefit us in achieving the vision described above.

2.4 Decentralized Communication Strategies

A basic requirement to perform distributed computations is the ability to communicate

and exchange information with other nodes, to either, coordinate, or transfer relevant

data. As previously discussed, we target highly decentralized systems where nodes do

not have access to infrastructure and hence, have to communicate using decentralized

approaches.

We now study some of these mechanisms, that can broadly be characterize as being

deterministic or random in relation to the patterns of message exchange among a set of

nodes in a network.

2.4.1 Deterministic Communication Patterns

A deterministic communication pattern has nodes communicate in a predefined pattern,

in other words, all messages transmitted by a node will take the same path in the network,
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to reach their destination. We can define two main deterministic communication patterns:

flooding/broadcast and topology dependent.

Flooding/Broadcast

In a flooding/broadcast [49] pattern, a message sent by a node has, usually1 the objective

of reaching all nodes. In this approach, nodes send the message to all their neighbours

and, receivers of that message, keep forwarding it, repeating the same pattern.

Topology Dependent

A topology dependent [36] pattern has nodes leveraging an underlying (logical) topology

to propagate their messages to a particular element in the network (such as a sink node),

with the objective of minimizing the communication cost.

Frequently used topologies include: i) single-path tree, where nodes are arranged in

a tree, and information can easily flow towards the root node, or be broadcasted down-

stream to all or a subset (i.e, branch) of elements in the tree; ii) multi-path tree is similar

to the previous one with the exception that it contains redundant paths along the tree;

iii) ring topology where nodes are arranged in a ring, allowing simple communication

to relative portions of the ring; and finally iv) cluster-based topologies, where nodes are

organized into clusters, which has nodes within the cluster communicating frequently,

whilst communication between clusters is performed in a higher hierarchical level (i.e,

cluster representative nodes communicating with each other).

2.4.2 Random Communication Patterns

Random communication patterns are, as the name implies, patterns that have nodes ex-

changing messages through random local decisions. There are two main random patterns:

gossip-based patterns and random walks, that we now briefly define.

Gossip-Based Patterns

Gossip-based [45] patterns rely on having nodes exchanging messages by selecting subsets

of other nodes in direct reach at random, usually in a per message basis.

The effective size of the subset selected for transmitting a message, depends on the

goal of the communication step, as well as from operational aspects of the system deploy-

ment, such as the total number of nodes in the system or the number of reachable nodes

of the node propagating a message.

The exchange of information among nodes usually follow a pair-wise model (where

two nodes interact directly), and can be implemented using the following strategies: in i)
push strategies, nodes that have relevant information, immediately send it to the subset of

1There are flooding techniques with limited horizon, where a message will be forwarded only for a
pre-defined number of hops
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receivers selected at random; in contrast, ii) pull strategies have nodes selecting random

subsets of other nodes in their vicinity, and ask for relevant information through a pull

request. Nodes that have relevant information can reply to these requests directly; finally,

there are iii) hybrid approaches that combine the two previous ones, usually using push

to quickly disseminate relevant information, and pull to recover lost updates.

Random Walks

Random walks [56] consists of a node choosing a random neighbour to propagate a mes-

sage. This neighbour will forward this message following the same pattern (picking

another random neighbour). This process continues until some criteria is met (e,g. maxi-

mum number of hops, reach target node or originator).

This mechanism allows messages to transverse the network through a random path,

which allows a low communication overhead. Additionally, it is well suited to obtain

random samples of information distributed across many nodes.

There are also variants of this approach where the selection of the node to whom

to forward the message is not entirely random, but biased by some application specific

criteria [11, 79].

2.5 Self-Managed Overlays in Peer-to-peer Networks

Since we aim at designing systems that are decentralized and have self-management

properties, we need a subtract that simplifies the coordination among devices. Moreover,

as presented before, some communication strategies rely on concrete topologies. One way

to achieve both aspects is to rely on (logical) overlay networks.

Peer-to-peer systems effectively operate on top of logical networks. These networks

are called overlay networks because they operate above another network layer, typically

the physical network. An overlay network presents four main properties [46] of interest:

i) Connectivity, the overlay should be connected (i.e, there is at least one path from each

node to every other node); ii) Degree Distribution nodes in the overlay should have a

uniformly distributed number of neighbours; iii) Average Shortest Path, the average

path length between all nodes should be low, to provide efficient communication; and

finally, iv) Clustering Coefficient, which relates to the density of neighbourhoods, and

how failures and message propagation affects these dense neighbourhoods (e.g, a high

value of clustering coefficient may indicate that a loss of a few links may cause two dense

neighbourhood areas to become partitioned).

Although these networks do not usually consider wireless environments, they provide

interesting management mechanisms that should be considered in the context of the work

presented here.
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2.5.1 Overlay Solutions

There are two main classes of overlay networks: structured and unstructured overlays. As

we present further ahead in the document, there are decentralized aggregation protocols

that operate over both classes of overlays.

Structured overlays are logical networks that have a known topology (e.g, a ring, a

tree, among others), on the other hand, unstructured overlays present a random topology.

Structured overlays tend to achieve a higher performance for particular objectives (e.g,

resource location or application level routing), but usually have high maintenance over-

heads. In contrast, unstructured overlays have a lower maintenance cost, but might not

be as efficient as structured overlays, being more suitable for cooperative dissemination

of information.

Overlays are built and maintained by distributed algorithms. These algorithms are

associated with membership protocols. However, achieving a global membership (logical

connections to all nodes) is a challenge in large scale systems, since maintaining up-

to-date information about every node in the systems leads to a lot of control overhead.

Consequently, these protocols rely on partial memberships (connections to logical direct

neighbour nodes usually, a subset of all nodes) to achieve global connectivity.

For completeness, we provide some examples of membership protocols that might

help us developing large scale edge computing distributed infrastructures.

Chord

Chord [72] is a structured overlay that provides the abstraction of a distributed hash table
(DHT) with the purpose of delivering efficient resource location. For this, Chord relies on

consistent hashing [41] to assign uniformly distributed keys (that map resources) to nodes,

which are then arranged in a ring structure.

Consistent hashing requires that all nodes are able to communicate with all other

nodes, thus requiring a global membership. Chord is able to relax this property by,

having nodes store only connections to a subset of nodes, which are called fingers. These

fingers are connections to nodes that are scattered in the DHT, in other words, a node

stores the connections to the two direct successor nodes in the ring, plus nodes that are

at an increasing number of hops in the ring (i.e, a node i has fingers i + 1, i + 2, i + 4,

i + 8, and so on). With this, Chord is able to resolve the consistent hashing requirement

by redirecting the request for a key to the (known) node whose identifier is closer to the

intended key, which will consequently forward it, until it reaches the node responsible

for the key.

The management of the finger table of each node is based on a periodic stabilization

mechanisms, where each node uses the routing of the overlay to update its finger entries.
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Hybrid Partial View

Hybrid Partial View, or HyParView, [49] is a protocol that builds and maintains an unstruc-

tured overlay for message dissemination using gossip techniques. To do so, HyParView

maintains two partial views (i.e, partial memberships), a small active view that contains

the nodes used to disseminate messages, and a larger passive view that is used to replace

failed nodes from the active view.

The active view only changes in reaction to nodes joining or leaving the membership,

hence, it is managed by a reactive strategy. When a node wants to join the membership,

it must first contact a node within the membership to request entry. This contact node

will trigger random walks that will update the passive views of (some of the) other nodes,

and define the new node’s active view. Moreover, every time a message is disseminated

through the active view, the links are effectively tested, and if there is a node that has

failed, the active view replaces the failed node with a node from the passive view.

The passive view, on the other hand, is maintained by a cyclic strategy, which has

nodes periodically exchange information about both their passive and active views and

swap out nodes from their passive view with the received information. This allows nodes

that failed to eventually be removed from all correct nodes’ passive views.

Kelips

Kelips [33] consists of groups of nodes that form a DHT to provide both effective resource

location and (logical) routing in an efficient and robust manner.

In Kelips, each node is assigned to a group determined by a consistent hashing func-

tion, and maintains information about the nodes that constitute the group (e.g, IP ad-

dress). This information is maintained up-to-date among nodes of a group by a gossip

mechanism. Additionally, nodes keep information about contact nodes, that reside out-

side of their groups.

As stated before, membership information in Kelips is maintained up-to-date through

a gossip protocol that periodically disseminates control information both, intra-group

and inter-group. When a node selects a subset of nodes to disseminate information,

it chooses a subset of nodes from his group and another from its contact nodes, thus

providing other nodes in the same group and in another group with potential contacts.

Furthermore, when a node wants to join the overlay, similarly to HyParView, it must

contact a node that is already in the overlay. This contact node, will then help set up the

new node, that will start gossiping and populate its view (the group information) with

nodes in his assigned group and gathering information about other groups via gossip.

Cell Hash Routing

Cell Hash Routing [10] (CHR) is a DHT built for wireless ad hoc networks where nodes

are considered to be mobile (MANET). Hence, instead of nodes forming the DHT, CHR
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defines (logical) zones, termed cells, that are the basic unit of routing in the DHT.

Cells are geographic zones where all nodes, that are within it responsible for the same

keys of the DHT. As nodes move in and out of each cell, they change the keys to the

ones that their current cell is responsible. However, this can easily lead to cells becoming

empty and having no nodes to attribute keys to. To address this issue, when trying to find

a resource in an empty cell, the request is redirected to the cell closest to the destination

cell. This mechanism is applied by levaring on the OLSR protocol’s perimeter forwarding

which is used to build routes in CHR.

2.5.2 Discussion

Overlays are widely used in peer-to-peer networks where wired connections and routing

infrastructure between the nodes are assumed. A common problem in overlay networks

is the topology mismatch [46]. This happens when the overlay topology is highly divergent

from the physical topology connecting nodes, which might make operating on top fo

the overlay highly inefficient [47]. Simply using an overlay network in a wireless ad hoc

network will incur in a topology mismatch. This will pose additional challenges, due

to the lack of a efficient routing infrastructure to enable each node to efficiently contact

an overlay neighbour. In such case, nodes may be forced to forward messages until they

reach their destination, and thus waste significant network resources.

Although, even in the presence of a topology mismatch, this can be an interesting

approach since, one could leverage the forwarding of messages across multiple nodes,

to send additional information to other nodes, hence minimizing the waste of resources.

Moreover, the overlay could be built and maintained while performing aggregations,

collecting summarized information about the system to enable a better management of

the (logical) neighbouring relations among nodes.

Additionally, overlay networks present interesting properties for high density physi-

cal neighbourhoods, providing the ability for nodes to only actively communicate with a

subset of their physical neighbours. Another possible approach, for scenarios with high

density neighbourhoods, is to construct the overlay network by manipulating the sched-

ule of the periods in which each node has its radio active. Neighbouring nodes would

therefore, activate their radios in the same time windows.

2.6 Aggregation

While it is important to support general purpose computations in the edge, in the context

of this thesis we focus on building aggregation protocols at the edge. Aggregation proto-

cols can serve as a building block for more general purpose computations. Aggregation

can also help in reducing the amount of communication among nodes and can be used

to monitor the network’s state. However, given the distributed nature of edge comput-

ing scenarios in general, and wireless ad hoc networks in particular, we must carefully
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evaluate the properties of distributed aggregation computations.

Aggregation computations can be defined as computing an aggregation function [36]

over a set of input values, where each device (or node) holds one of these values. Tradi-

tional aggregation functions such as Count, Sum, Average, Min and Max, present

different properties which we must consider to understand the challenges of computing

such functions in distributed environments. To this end, we will consider the definitions

given in [36], which presents aggregation functions as having two properties: Decompos-
ability and Duplicate Sensitiveness.

Decomposability: Decomposability is a property of an aggregation function that can

be defined by composing other functions. However, we can distinguish functions

that are self-decomposable and decomposable. Self-decomposable functions are

functions that have commutative and associative properties, much like Min, Max,

Sum, and Count. In more detail, these functions can be computed by recursive

application.

Decomposable functions are functions that can be composed by applying some

function to a self-decomposable function. The Average is an example of decom-

posable functions, which can be obtained by having pairs of values (x,1) where x

is the input value and 1 is the count of values, summing these pairs as (x+ y,1 + 1),

and finally, computing the division of both computed sums.

Duplicate Sensitiveness: An aggregation functions is considered to be duplicate sensi-

tive if it’s result is sensitive to the presence of duplicates. For example, Sum and

Count will output unfaithful values when duplicates are present, while Min and

Max will output the same values regardless of duplicate values. In other words,

this depends on the function being idempotent or not.

Given these properties, we notice that, on one hand, Min and Max are easier to

implement and can be computed with algorithms operating with fewer guarantees, while

on the other hand, Sum, Count and especially Average, require additional care and

algorithms that address additional aspects.

2.6.1 Aggregation Computational Schemes

As presented before, each aggregation function has its own particularities. However,

when considering large systems, obtaining exact values from the computation of an ag-

gregation function might not be a requirement (e.g, obtaining the order of magnitude of

the size of a system might be enough in some cases), while in other cases, it is crucial to

obtain the exact values, at least in a small region of the system, to make a decision (e.g,

the temperature of the soil to trigger irrigation on a specific area).

As such, we can define two main categories of techniques to compute aggregation

functions, the ones that reach exact values, and another that calculates approximations

and estimations.
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2.6.1.1 Exact Value Computations

Exact value computations strive to obtain the exact value of the aggregation function that

is being computed. In that regard, every input value present in the network must be

taken into account. As a consequence, all nodes within the system must transmit their

values at least one time (as long as there are no message losses).

Therefore, we describe two techniques that reach the exact value: Full Dissemination
and Hierarchical Aggregation.

Full Dissemination Full dissemination techniques come as a naive approach to com-

pute distributed aggregation functions. Every node in the system floods the network with

a request for values, and every other node responds with their value. The computation is

then performed in the initiator node.

Since every node is disseminating their values, any aggregation function can be com-

puted at each node. However, this approach will cause a high message overhead in the

network, which can easily lead to its saturation.

Hierarchical Aggregation In hierarchical aggregation techniques, nodes are disposed

in a logical hierarchical topology (typically a tree), where the top of the hierarchy can be

viewed as a special node (sink node). This node is responsible for building the hierarchy,

after this, the nodes that are at the bottom of the hierarchy will send their values to upper

levels. Upper level nodes, compute an intermediate aggregate with the values received

from lower levels, and pass the result to upper levels. This process continues until it

reaches the sink node.

These techniques, reduces the amount of messages transmitted in the network, as

messages pass through pre-defined paths. Nevertheless, the cost of maintaining the

hierarchy might be high, and on the presence of faults, hierarchical aggregation will

reach unfaithful results.

2.6.1.2 Estimation Computations

Estimation computations rely on probabilistic methods to reach the approximate result of

an aggregation function. They focus on reducing message size, reducing communication,

and in some cases, ensuring fault tolerance. We describe three main estimation computa-

tion techniques: Sampling, Data Representation Computation, and Iterative Approaches.

Sampling Sampling techniques tend to focus on probabilistic counting techniques to

determine an estimation (usually to determine the network size). These techniques com-

monly use random walks, or random selection of nodes within the system, to collect

samples of input values that can be used to infer or compute an approximation of the

global aggregation result.
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Although, these techniques rely on probabilistic methods, and as such, they can easily

incur in situations where the sampling is biased. This can happen due to an imbalance in

contributions to the aggregation result across the network.

Data Representation Computation Data representation computation relies on auxil-

iary data structures to compute estimates. These data structures represent the values in

the system, although the representation of values differs from protocol to protocol. Some

protocols focus on representing values in an histogram to answer more complex aggrega-

tion functions (median, mode, among others), while others represent values through bit

masks as a way of compressing them, or in a subset of representative values.

Nevertheless, these techniques require estimation functions to extract the aggrega-

tion result from the data structures. Furthermore, the compression techniques used are

typically resource heavy, and might incur in high computational overheads that might be

unacceptable in some cases (sensor networks).

Iterative Approaches Iterative approaches exploit mathematical properties of aggrega-

tion functions to compute estimations. These approaches rely on the principle of “mass

convergence”, which dictates that as long as the sum of the aggregated values in the

network remain constant, it is possible to reach the correct approximation [43]. Conse-

quently, nodes exchange information in order to compute partial aggregate results. The

more exchanges happen the more approximate the result will be from the exact value.

However, these techniques can be very sensitive to duplicate messages and message

loss, since it translates to gain or loss in “mass” which will violate the principle of “mass

convergence”.

2.6.2 Relevant Aggregation Protocols

We now present some of the exiting distributed aggregation algorithms that illustrate the

classes of solutions discussed above.

Tiny Aggregation

Tiny Aggregation [53] (TAG) was developed to support aggregation queries in wireless

sensor networks using TinyOS [50]. It performs computations using an hierarchical ap-

proach on top of a topology dependent communication pattern and provides an SQL-like

query language. As such, it provides basic aggregation functions such as Count, Sum,

Average, Min, and Max. TAG also allows queries to use the Group By operator,

enabling aggregation functions to be captured over subsets of input values given certain

nodes properties (e.g, the total sum of all input values of nodes provided their geographi-

cal area).

The protocol is composed of two phases: distribution and collection. The distribution

phase consists in creating the routing topology (typically tree-based) from the sink node
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(root node) to all other devices. To do this, the root node broadcasts a query request mes-

sage; every node within range that receives this message will mark the message originator

node as his parent and adjust their radio wake up interval according to the parent node.

Nodes keep forwarding the aggregation request until all nodes are assigned a parent.

In the collection phase, each parent node must wait for the values of his children.

Although, since the children have adjusted their wake up interval with the parent, the

parent node expects that all of his children report their values within that interval.

When the parent node receives the values from all his children nodes, it computes a

partial aggregate result with his own value an forwards it to his parent node. This process

continues until the root node receives replies from all its children.

Given the hierarchical nature of TAG, it trades-off robustness for communication

efficiency. A single fault could disconnect a large portion of the network and incur in

gross aggregation errors. TAG tries to mitigate these problems, by having each node keep

a list of neighbours allowing them to switch parents, snooping messages by utilizing the

wireless medium, and nodes keeping cached values of their children’s previously reported

values that can be used if no reply is received from one of the children nodes.

However, in highly dynamic and unstable networks, these solutions might only lead

to additional control overhead.

Directed Acyclic Graph

Similarly to TAG, Directed Acyclic Graph [60] (DAG) is an aggregation protocol that relies

on a hierarchical topology to perform hierarchical computations. Although, the routing

topology offers multiple paths among nodes instead of a single path. It support the same

aggregation functions as TAG, with the exception of the Group By functionality, since

it does not offer an SQL-like interface.

When an aggregation request is received, the sink node broadcasts it to the network.

The aggregation request performs similarly to the one described in TAG, however, adding

a list of parents to the message. This list allows for child nodes to choose a grandparent,

where their input value will be used to compute a partial result, thus allowing nodes to

have multiple parents.

By forming a multi-path routing tree, DAG is able to mitigate the problems that

TAG presents. Nevertheless, this comes at the cost of larger messages and more complex

control, and even so, it is not guaranteed that every node will have multiple parents.

Furthermore, DAG can still lead to the same issues presented in TAG (gross aggrega-

tion errors), when a grandparent node suffers from a fault, all his grand-children’s input

values will be lost.

Push-Sum Protocol

The Push-Sum protocol presented in [43], relies on gossip communication combined with

an iterative approach to compute aggregation functions, such as Average, Sum, and
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Count. The protocol operates by having nodes exchange messages with their neighbours

in a pair-wise fashion.

In push-sum, each message contains a pair (vi ,wi), where vi and wi is the local value,

currently computed, and the weight of the value at node i, respectively. The initial value

of a node is its input value and the initial weigh depends on the aggregation function to

be computed. The protocol exchanges messages in the following way:

A node splits it’s last computed value and weight in half, sends one half and keeps the

other. When a node receives a message it simply adds the received value and weight to

the local ones. The approximate aggregation result value can be calculated at any given

time by dividing the computed value and the weight (vi/wi).

The more iterations the protocol performs, the more accurate approximation can be

calculated. To calculate different aggregation functions the protocol allows the manipula-

tion of the initial weights of values used by each node. For Average the weights are set

to one in all nodes; for Sum, the initiator node, has weight one, while all the other nodes

have weight set to zero. Count differs from Sum by having the value set to one in all

nodes (maintaining the weight set to one in the initiator and zero in all other nodes).

Push-sum has the advantage of not requiring to maintain a topology due to its random

communication pattern, provided by the gossip communication strategy. Nevertheless, a

node never knows when the approximation is good enough, consequently, termination in

this protocol is an issue. Moreover, the protocol is only correct if the principle of “mass

convergence” is kept, thus, the links between nodes must be reliable (i.e, messages cannot

be lost or duplicated).

Distributed Random Grouping

Distributed Random Grouping [20] (DRG), is an aggregation protocol tailored for wire-

less sensor networks that leverages the broadcast nature of the wireless medium to create

random local groups that calculate local aggregates. The algorithm is followed by iterative

steps, until the aggregate value converges. The algorithm allows to calculate Average,

Max, and Min, but does not specify how other functions could be calculated. In each

step, nodes can be presented as having three states: idle, member, and leader.

A step of the protocol consists of an idle node, choosing with some probability p to

become a leader of a group. When one does, it sends a message to all reachable neighbours,

to notify them that he is the leader. All other idle nodes that receive this message send an

acknowledgement message (JACK), to the leader node, containing their local aggregated

value (at the beginning their input value). Once the leader receives the JACK from his

neighbours, it calculates the aggregated value with his own value, and broadcasts again,

to his neighbours the aggregated value, thus updating the local group aggregated value.

In order to converge, groups must overlap overtime, propagating the previously com-

puted aggregate from one group to another. Nevertheless, this algorithm presents the

same advantages and drawbacks of Push-Sum. There is no need to maintain a topology,
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but losing a JACK message or an updating message, implies “mass” loss, which leads to

the computation of incorrect aggregation values.

Flow Updating

Flow Updating [37] performs gossip-based communication using an iterative approach

based on the concept of flows from graph theory, where each flow is a representation of

a differential between the approximation computed by two nodes. The flow from node

i to j is fij , and the flow from j to i is fji . Flows have a symmetric property, and as

such, fij = −fji . Flow Updating levarages this property to calculate estimations about the

real aggregation result, while in some cases, obtaining the exact result. It is tailored to

compute the Average aggregation function.

The key idea of this algorithm is, instead of exchanging “mass” like Push-Sum or

DRG, nodes exchange flows and estimates which are based on the original input value of

each node that is kept unaltered. With this, the protocol is able to recover “mass” in the

event of message losses.

At the start of the algorithm, each node sets the flows and estimates of their neighbours

to zero, as it has no knowledge about them. Given this, it calculates his local estimate

by subtracting all flow values to his original value. It further computes the flows for

each neighbour by updating the currently held flow to a neighbour with the difference

between the previously calculated local estimate and the previously held local estimate

calculated by that neighbour (at the start zero). Then, the nodes send to each of their

neighbours a message containing the flow computed to that neighbour and the calculated

local estimate. When a node receives these messages, it updates the flow to the originator

by storing the inverse of the received flow (fij = −fji) and the received estimate.

Periodically (after receiving the updates), each node can recalculate the local estimate

with the updated values for the flows of each neighbour and the estimate values received,

and recompute the flows to each neighbour. Nodes exchange this information until there

are no more changes (the flows are zero), obtaining the aggregated result in all nodes

eventually.

This protocols presents a significant advantage in relation to Push-Sum and DRG

with the ability to sustain message loss and not lose “mass”. However, it is unclear how

the algorithm can be generalized to perform other aggregation functions. Moreover, in

the presence of node failures or link changes, the algorithm does not specify how the

computation should proceed (i.e, the author assume a static topology among nodes).

Extrema Propagation

Extrema Propagation [12], combines a data representation computation technique with

a gossip communication strategy. With this, Extrema Propagation is able to compute an

estimation of the real aggregation result of the Sum aggregation function. Each node pro-

duces a vector with k random numbers that follow a known distribution (e.g, Exponential)
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and exchange this vector with their direct neighbours.

When a node receives a vector, it calculates the pointwise minimum2 of his local

vector and the received one, keeping the result as his local vector. Each node proceeds by

exchanging vectors until there are no changes for T rounds (T is a configurable parameter).

When the algorithm terminates, each node will have the same vector containing the

minimum numbers in the system for each position in the vector. The algorithm terminates

by calculating the maximum likelihood of the minimum vector, obtaining an estimation

about the aggregate result based on the mathematical properties of the initial distribution

of values computed by nodes.

An interesting factor about this protocol, is that the error of the estimation depends

only on the size of the exchanged vector. The bigger the vector, the lower the error bound.

This could come as an advantage in very large systems, where messages need to be kept

small. Nevertheless, in smaller systems it is hard to justify the effort of generating random

numbers that follow a known distribution, to obtain an estimate value, when the input

values of all nodes fit in a single message (that is relatively small) and, contrary to this

solution, able to reach an exact value.

Q-Digests

Q-Digest [68] leverages on data representation computation to provide the ability to

compute more complex aggregation functions as median and mode. Each node computes

a data structure, named quantile digests (q-digests) and propagates these data structures

(in a compact form) along a spanning tree to reach a sink node. A q-digest is a data

structure that consists of a set of buckets that represent the frequency of values within a

range (i.e, an histogram of classes of values).

Each node contains a set of values within some range and the frequency of their

values. The objective of the q-digest is to compress this data. To do so, these values are

represented in a binary data tree. Each leaf node represent a value within a range. Values

flow up the tree when their frequency is not representative enough, following properties

that relate the total count of values in a sub-tree to a compression level.

In other words, one could see each step of the tree as a bucket of values, the higher it is

in the tree, the more values are represented by the bucket. The q-digest, once computed

will be represented as the set of buckets that are most representative (given the total

count of values).

The q-digest are propagated through the spanning tree where parent nodes are tasked

to merge the received q-digests with their own. This is done by simply adding the counts

of the received buckets to their own and recomputing the q-digest. The algorithm termi-

nates, when the sink node computes the final q-digest, obtaining a full histogram of the

most representative values in the network.

2the minimum number at each position of a set or function
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This protocol, by leveraging on the q-digests, presents a compression mechanism

that allows to compute more complex queries. Although, q-digests require that there is

some knowledge about the values that the network is producing, so that it is possible

to build compatible q-digests (that have the same initial range of values) to merge them

efficiently, avoiding to generate a single huge bucket where all values belong. However,

such scenario might be impossible in some cases.

Randomized Reports

Randomized Reports [13] is a probabilistic polling (sampling) method to determine an

estimate of the network size, as such, it only supports the Count aggregation function.

It relies on a node flooding the network with a request message and setting a timer T .

Each node that receives the message, replies to the originator with some probability p.

When T expires, the originator node counts the number of replies and estimates the size

of the network by scaling the obtained count by 1/p.

This is a very simple algorithm that is able to mitigate the effects of flooding messages,

by not having all nodes respond to the request message. Nevertheless, this algorithm

only support the Count aggregation functions, and thus presents limitations for other

aggregation functions, such as Average, where more information is required.

Random Tour

Random Tour [56] consists in utilizing random walks to collect samples on the network’s

size in peer-to-peer networks. An initiator node, begins the process by sending a sample

message to a randomly chosen neighbour, containing a tag. This tag contains a counter X

with the value 1/di (where di corresponds to the degree3 of the node i) and the node’s ID.

When a neighbour node j receives the sampling message, it increments the counter X by

1/dj and forwards the sampling message to another randomly chosen neighbour. Once

the message is received again by the initiator node i, the node estimates the network size

by calculating diX.

The Random Tour algorithm is able to achieve good estimates of the network size, but

when the network is very large (e.g, up to 100,000,000 nodes) it will take a long time to

reach the estimated value at the cost of a significant number of message exchanges.

Sample & Collide

Sample & Collide [56], similarly to Random Tour, leverages on random walks to perform

probabilistic counting to determine an estimate of the network size in peer-to-peer net-

works. The algorithm is inspired by the "Inverted Birthday Paradox" [13], as it acquires

random samples from peers, and then calculates estimates based on how many random

samples are required before two samples return to the same peer.

3number of neighbours of a node i
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The algorithm executes as follows: First, the initiator node i sets a timer with value

T and sends a sample message containing T , to a randomly chosen neighbour. Upon

receiving the sampling message, a node j, computes a uniformly distributed random

number U between [0,1] and decrements T by −log(U )/di (where di is the degree of node

i). Then the node verifies if T is less or equal to zero; if it is, the node is sampled and

returns its ID to the initiator node; otherwise, it will forward the message to a randomly

chosen neighbour with the updated timer.

The algorithm terminates when some node has been sampled for a configurable

amount of times l, and an estimate of the network size is calculated through a Maxi-

mum Likelihood method.

The algorithm, when compared to Random Tour, achieves lower accuracy with fewer

message exchanges. As such, the algorithm is best suited for larger systems where estima-

tions can have lower accuracy. Nevertheless, the algorithm presents the same limitation

as Randomized Reports (can only compute the Count function).

2.6.3 Discussion

The presented algorithms provide different trade-offs to the distributed aggregation com-

putation problem. Some present very efficient methods to compute exact aggregation

results, but require methods to adapt in adverse scenarios, such as TAG and DAG. Oth-

ers rely on probabilistic methods to compute estimates about the result, while requiring

less communication efforts in the same scenarios (Random Tour, Sample & Collide, Flow

Update). Extrema Propagation, achieves the estimate values with the same communica-

tion efforts as probabilistic methods, but requires more computational power (as does

Q-Digest). Additionally, probabilistic methods take more time to compute the aggrega-

tion function, or have issues with termination (Push-Sum, DRG).

As such, we can identify three metrics to evaluate an aggregation protocol: the cost
in communication and computation that the protocol requires in order to compute the

aggregation result; the precision of the obtained result, if it is exact or approximated, and

how good is the approximation (error bound); and finally, the time it takes to compute

the aggregation result in the network. Nevertheless, none of the presented algorithms

excels at all three dimensions.

Furthermore, we also identify another issue with these protocols, which relates to

how well do protocols adapt to different environments. While some protocol require that

message are not lost (Push-Sum), others, on the presence of faults are unable to terminate,

or generate highly inaccurate responses. This can lead to suboptimal decisions, when

aggregation results are being used to make management decisions regarding an edge

system.
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2.7 Frameworks for building Distributed Applications

Most of the presented solutions in the previous sections have all been implemented on

simulators, specialized hardware, or on wired networks. However, when looking at edge

computing scenarios, and on the particular edge scenario that relies on wireless ad hoc

networks, we must understand how these solutions work in practice.

To this end, we need a set of tools that will help us build and execute some of the

distributed algorithms discussed, among other support distributed protocols, in order to

evaluate how well they fit in a real life edge scenario. Frameworks for building distributed

applications have been proposed in the past, although, they have been developed for

different use-cases (e.g, group communication, sensor networks).

2.7.1 Isis and Horus

Isis [14–16] and Horus [75] are both toolkits that provided abstractions for programmers

aiming at building distributed applications for clusters of computers using group com-

munication [77].

Both Isis and Horus are protocol kernels, where each protocol is composed by a set of

layers that are implemented by micro-protocols. When a message is sent or received it

must pass through all layers.

These layers can be arranged in any order as long as they respects their (individual)

dependencies. Each protocol must implement interfaces that support the upwards and

downwards interactions with other protocols.

Isis focus lies on providing fault-tolerance mechanisms to the programmer, however

Isis assumes a model were nodes crash but no network partitions can occur. Horus, on

the other hand, builds further on the Isis programming model to support network parti-

tions, while focusing on important group communication primitives, such as membership

management, message ordering, view synchrony among others. Furthermore, Horus also

implements special protocols that allow messages to bypass layers within the stack in

order to improve performance.

Both of these frameworks are implemented in different languages, namely C and

C++, and support low level programming. Although, as their focus lies on complex and

costly group communication abstractions, there is a lack of support for wireless network

primitives.

2.7.2 APPIA

Appia [57] is a protocol kernel that is tailored for building Quality of Service (QoS) pro-

tocols by combining micro-protocols, to support application that need to use different

communication channels (e.g, multimedia applications). The QoS can be viewed as a

stack of layers. Each layer is implemented by a micro-protocol in which, each instance is

termed a session.
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The micro-protocols are event based, and interact with each other through events.

Appia implements a single threaded event scheduler that handles all events in the Appia

system. This event scheduler is responsible for handling and delivering each event to the

micro-protocols that should process the event, respecting their order in the stack.

Appia is implemented in Java and, as such, leverages on the inheritance mechanisms

of Java Objects to allow programmers to customize their protocols and events easily just

by extending top level objects defined by the Appia framework.

However, Appia was developed to support view synchrony protocols and group com-

munication, consequently, it considers a wired environment and does not support wireless

primitives, such as one hop broadcast. Furthermore, Java has no support for low level net-

work primitives, and their network primitives consider TCP and UDP traffic only, which

are not suited to build one hop broadcast primitives in wireless ad hoc networks.

2.7.3 TinyOS

TinyOS [50] is a lightweight operative system designed to provide tools and abstractions

for programmers building sensor network applications. It is based on a set of reusable

components that fit together to support some specific application. The programming

model is event driven and is based on split phases, asynchronous events, and computa-

tional tasks.

Each application built in TinyOS is composed by a set of components wired together.

A component defines interfaces that provide three abstraction: command, event, and task.

Commands are explicit requests for a component, events are asynchronous responses to

commands or other interrupts (e.g, hardware signals, message arrivals), and task are com-

putational tasks triggered by either commands or events. In other words, commands and

events are interactions inter-components, while tasks are interactions intra-component.

All these abstractions are processed asynchronously and handled by TinyOS’s event

scheduler, that by default implements a FIFO policy. These components interact with each

other by wiring them together, which requires providing the complete set of components

that an application uses at compilation time.

Furthermore, TinyOS already provides several components that include abstractions

for sensors, single hop networking, ad hoc routing, power management, timers, and

non-volatile storage.

When compiling a TinyOS program, the binary generated will be a single process

application that runs on a few specialized hardware, which makes sense in a sensor

perspective, since sensors have limited resources and usually run a single application.

However, if we consider commodity hardware that runs a Linux based operative systems

for example, this is not ideal, as we may want to have a set of services or applications

running independently for different purposes.
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2.7.4 Impala

Impala [51] is a middleware system that is intended to act as a lightweight operative

system for sensors. The key concern of Impala is to ease the deployment and updates of

sensor network applications, thus, it privileges modular applications. Moreover, Impala

also presents another interesting feature, which is the ability to change application on

the fly, adapting to the conditions of the device or the environment.

The applications are built by a set of protocols that are event driven. Each protocol

is implement as a set of event handlers. Impala further offers a user library containing

network utilities, timer utilities, and device utilities.

Impala is able to have multiple application loaded, however only one can be active

at each time. All applications share the same storage, and, as such, must agree upon the

basic storage organization.

To manage applications and the reception of events, Impala is composed by three

main components: the application adapter, the application updater, and the event filter.

The application adapter is responsible to change between applications and manage

their life cycle. The application updater is responsible for keeping track of the versions

of the modules used by the applications, in order to perform remote updates.

The event filter captures and dispatches events between the device and the application.

Impala defines five types of events: i) Timer, which signal timers that have expired;

ii) Packet, that represents network messages; iii) Send Done, is a notification about a

successful, or unsuccessful, transmitted packet; iv) Data, represents new information

sensed by sensors; and, v) Device that signals a device failure.

Impala was implemented and tested in a Linux based system, with the objective of

later being ported to sensors in ZebraNet [52]. As such, Impala seems to cover all the

conditions that we are looking for to build distributed protocols that support our setting.

However, there is no code available online to be used. Thus making Impala impossible to

use in practice.

2.7.5 Discussion

As we have discussed in this section, some frameworks exist to build distributed protocols.

Although, some do not address or take into consideration the wireless setting, like Isis,

Horus, and Appia. Others, like TinyOS and Impala, are either too specific or impossible

to use.

This motivates us to build our own framework and set of tools to provide the desired

abstractions and execution support for ad hoc wireless networks. We detail our prototype

further ahead in the document.
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2.8 Summary

In this Chapter we presented the limitations of Cloud Computing, which motivated us

to look beyond it for solutions. Hence, we detailed the Edge Computing paradigm that

presents a broad spectrum of different scenarios.

We chose to focus on the particular edge scenario of wireless ad hoc networks in com-

modity devices, and presented the challenges that are inherent to the wireless medium.

We studied existing wireless ad hoc networks, and realised that none is notably suited for

efficient Edge Computing.

In order to achieve reliable computations in the edge, we presented communication

strategies that are used in in-network computations. We also detailed overlay networks in

peer-to-peer settings as an inspirations for building and maintaining large scale networks,

while offering abstractions and semantics to the network for protocols operating above

them.

We continued by describing aggregation computation as a simple, yet fundamental,

piece of computation and that can serve as an essential building block for more generic

computations in the edge. We presented some existing aggregation protocols that perform

distributed computations, and discussed their advantages and limitations.

Finally, we discussed the importance of understanding how would this distributed

computations behave in real edge scenarios, and presented frameworks for developing

distributed protocols and applications.

However, these tools do not suffice our goal, and as such in the following Chapter

we detail our prototype framework, that we named Yggdrasil, and propose a distributed

computation solution more suited for large scale wireless ad hoc networks.

33





C
h
a
p
t
e
r

3
Planning

In this Chapter we start by briefly presenting the (current) prototype of the Yggdrasil

framework (Section 3.1), as the work that has been under development at the same time

as this thesis preparation. We further detail how we can leverage Yggdrasil as a tool to

achieve efficient and reliable aggregation at the edge, by implementing existing aggrega-

tion protocols with support from Yggdrasil and by proposing a new aggregation protocol

(Section 3.2).

We continue by detailing the evaluation plan of the implemented protocols (Section

3.3), as to suitably study these protocols according to reasonable and adequate perfor-

mance metrics.

Lastly, we present the schedule for the future work to be developed in the remainder

of the thesis duration (Section 3.4).

3.1 Yggdrasil

As of now we have developed a prototype framework which allows us to develop protocols

with ease, on top of the wireless ad hoc networks. This framework comes as a necessity

since there was no adequate solution to support the implementation of wireless ad hoc

networks protocols, which could take advantage of the one hop broadcast primitive on

commodity devices running Linux.

The framework, denominated Yggdrasil, provides us with the necessary tools to de-

velop and test the protocols that we want to implement. Yggdrasil helps programmers

abstract from configuring the device to support ad hoc networking and provides tools

that are important when implementing a distributed algorithm, such as the management

of timers, the transmission of a message and mechanisms to enable protocol interactions
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and foster synergy among protocols and applications (e.g, mechanisms to simplify piggy-

backing of information in messages among different protocols).

In Yggdrasil, we can think of protocols being independent modules rather than stack

layers. Each protocol executes within the context of its own thread, that should implement

a control loop to handle events. These events can be network messages, triggered timers,

events or request/replies produced by other protocols running in parallel. All these

events are delivered and managed by a common runtime that all protocols share.

To build an application with Yggdrasil, one only has to register the set of implemented

protocols, that are available, and the application in the runtime, and implement the event

handlers in the application.

Operative	System	Kernel

Yggdrasil	
Runtime

Yggdrasil	Low	
Level	Library

Application(s)

User	Level	Protocols

Timer	Management	Protocol

Dispatcher	Protocol

Figure 3.1: Yggdrasil Architecture Overview

In Figure 3.1 we provide an overview of the Yggdrasil architecture. Yggdrasil contains

a low level library that implements system calls in order to configure the radio device

properly to support ad hoc communication. The Dispatcher Protocol is used to send

and receive messages from network. The Timer Management Protocol handles all timers

that are set within an Yggdrasil application or protocol. Furthermore, as one can see, all

components of Yggdrasil relate to the Yggdrasil Runtime, that manages all interactions

between them.

Yggdrasil is written in C, and as of now, we implemented discovery protocols, a global

membership protocol, three different aggregation protocols, a simple TCP server, fault

detection protocols, and even some protocols that serve as tools for testing purposes, such

as creating a virtual multi-hop topology across real devices.

We tested Yggdrasil using multiple (small) test applications in a fleet of twenty four

RaspberryPis 3. Due to space limitation we omit further details about the framework in

this document. The interested reader can find additional information in [22].
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3.2 Aggregation Protocols

As previously stated, we have implemented three aggregation protocols by leveraging

Yggdrasil. We have two protocols that are based on a broadcast mechanism and another

that uses a tree approach that is similar to TAG [53] (with the exception of the radio

scheduling). All implemented protocols are able to compute Average, Sum, Count,

Min, and Max functions reaching an exact result.

The implemented broadcast aggregation protocols, rely on a similar dissemination

approach as to the one employed by Extrema Propagation [12]. The first broadcast proto-

col operates by having each node perform a one hop broadcast periodically, containing

the identifier of the node and its input value. Initially, each node only knows its own con-

tribution (i.e, its input value). Whenever new information is received a node updates its

estimates of the aggregated value, and stores the received contribution to be propagated

in the future, alongside its own contribution. The protocol terminates when there are no

more new contributions received by a node for T rounds (where T is a parameter).

We noticed that this protocol is not suited for large scale systems, as each propagated

message will grow in size at each round. Hence, we designed a second broadcast protocol

that is able to cope with this issue by having multiple contributions compresed in a bloom

filter [17]. The protocol follows the same strategy as the previous one, but the messages

are composed of the current aggregated value, the node’s contribution (pair: input value

and ID), the number of contributions that the aggregate value considers, and a bloom

filter containing all nodes’ IDs that have contributed to the aggregated result so far.

The message processing in this protocol is also different, and goes as follows:

1. Test if the received bloom filter is equal to the local one; if it is, do nothing; if not,

continue;

2. Test if the received contribution is in the local bloom filter; if it is continue; if it

is not, apply the function to the current local aggregated value and the respective

input value, add the contribution to the local bloom filter, store the contribution,

and continue;

3. Test all stored contributions (the node’s contributions and their neighbours’ con-

tribution) against the received bloom filter, add the missing ones, applying the

aggregation function to the received aggregate result and the respective input value.

4. Keep the aggregate result and respective bloom filter that has the more contribu-

tions; in case of ties, use some heuristic to determine which to keep (e.g, pick one

at random).

We also plan to implement more aggregation protocols, namely Push-Sum [43], DRG [20],

Flow Updating [37], and Random Tour [56]. With the addition of adapting them to the

wireless environment. Furthermore, we plan to extend the existing implementation of

the tree-based aggregation to deal with failures.
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By implementing these protocols we will be able to better understand how they fit

in the wireless environment and how could they work in conjunction. Because a large

scale wireless ad hoc network may behave differently in different regions, we propose

to implement a novel protocol that is able to adapt to the (local) network conditions by

employing different aggregation and communication mechanisms in different parts of

the network. Additionally, we plan to address the challenging task of designing and

implementing continuous aggregation protocols, as a means for providing a reliable

monitoring service that will be crucial to maintain large scale edge computing networks.

3.3 Evaluation Planning

To evaluate our work, we will use our test-bed composed of twenty four Raspberry Pi

3, that we have available now. However, in the case that scalability should be tested in

larger scale systems, we will use simulation (e.g, NS-3 [65]).

We plan to evaluate the implemented protocols using the previously described metrics:

cost, precision, and time. For cost, we will analyse the CPU and memory usage in each

device for each algorithm, furthermore, will look into the average disseminated message

size, and the total number of messages that is required to obtain the aggregation result.

For precision, we will evaluate, the difference between the obtained aggregation result

and the exact result. Finally, we will measure the time it takes to complete the distributed

aggregation task, in a single node, and in the whole network.

We will use to a two phase testing methodology. Firstly, we will test the aggregation

protocols locally resorting to a virtual topology simulating a multi hop network between

the devices. However, this can lead to a high amount of interference in the wireless

medium, as all devices are within range of each other. Consequently, in a second phase,

we intend to deploy our devices in a building (e.g, the informatics department), to provide

a more real testing environment. While this environment still has radio noise (due to

access points and laptops among other devices) this will capture a setting that is closer to

real deployments.

Nevertheless, the second phase requires that some remote control mechanism is em-

ployed, as to simplify the task of executing multiple experiments, potentially using differ-

ent algorithms and protocols. As such, we plan to implement a remote control network,

potentially resorting to variants of HyParView [49] and Plumtree [48].

3.4 Scheduling

In order to achieve our objectives, we organize the work plan in the following four main

tasks and respective subtasks:

Task 1: Yggdrasil Development

Task 1.1: Optimization for existing prototype
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Task 1.2: Development of evaluation tools

Task 1.3: Addition of other features

Task 2: Aggregation Protocols

Task 2.1: Implementation of existing aggregation protocols

Task 2.2: Development and implementation of new aggregation protocol

Task 2.3: Optimization of the new aggregation protocol

Task 3: Experimental Evaluation

Task 3.1: Yggdrasil performance test

Task 3.2: Comparative study of existing aggregation protocols

Task 3.3: Evaluation of new aggregation protocol

Task 4: Writing

Task 4.1: Paper reporting evaluation of existing aggregation protocols and design

and evaluation of a new protocol (potentially for SRDS 2018)

Task 4.2: Paper reporting design and evaluation of Yggdrasil (potentially for Mid-

dleware 2018)

Task 4.3: Thesis writing

Task 4.4: Paper with summary of the work for Portuguese national conference (In-

forum 2018)

The time plan for these task is presented in Figure 3.2, we also note that the time plan

is ambitious due to the research context of thesis, which has to produce research results

in the form of publications, experimental results, prototypes and written reports for the

Lightkone European project deliverables.

Quarters 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th

Task	1
Task	1.1
Task	1.2
Task	1.3
Task	2
Task	2.1
Task	2.2
Task	2.3
Task	3
Task	3.1
Task	3.2
Task	3.3
Task	4
Task	4.1
Task	4.2
Task	4.3
Task	4.4

SeptemberMarch April May June July August

Figure 3.2: Work Plan
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The conferences selected for submission of results associated with the work conducted

in this thesis was based on the topic of the conference and the contribution. As well as

the timing of the submission period, being compatible with the planning of the thesis.

Target conferences might need to be adjusted in the course of the work.
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