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Abstract

We are living in the age of the Internet of Things, where millions of devices of differ-

ent characteristics are connected to some kind of network and this number is growing

rapidly. Some of these networks consist of nodes characterized by high mobility and

in geographical areas where there is no centralized infrastructure to support their

operation. Therefore, participating nodes must rely on suitable protocols which will

allow them to communicate with each other without relying on centralized coordina-

tion. In addition, the applications running on the nodes may be numerous and with

diverse, often conflicting, requirements in terms of network performance. In order

for the underlying network to be able to support these applications, new medium

access control protocols need to be designed and implemented, as existing ones are

often unable to satisfactorily meet their requirements.

A protocol class that may be suitable for some applications is the class of

topology-transparent TDMA protocols which, as their name implies, remain un-

affected by topology changes due to node mobility. Their main advantage lies in

the fact that when the neighborhood of a particular node changes, there is no need

for re-calculation of the set of time-slots in which transmissions are allowed, thus

eliminating a major disadvantage of the TDMA protocols, especially when they are

implemented in a distributed network environment. However, this advantage comes

with the trade-off of allowing packet collisions among the nodes, something that is

usually not the case under traditional TDMA protocols. Moreover, another disad-

vantage of this class of protocols, is their relatively low throughput performance.

In this thesis, a study of existing topology-transparent TDMA medium access

policies is presented. Subsequently, new policies are proposed which extend the

existing ones in order to improve their performance. Initially, the Deterministic

Policy, the first topology-transparent TDMA policy ever proposed, is implemented

and evaluated in vehicular network scenarios, in order to demonstrate that such poli-
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cies are indeed suitable to networks where their topology changes rapidly. Compar-

isons through simulations are conducted with another TDMA policy which has been

specifically designed for vehicular networks but follows a more traditional method

of allocating time-slots to nodes, i.e. taking into account the time-slots in which

neighboring nodes are transmitting and recalculating the corresponding sets in a

distributed manner when necessary.

Subsequently, two new policies are proposed which extend existing ones and

aim to improve on their performance, but each one follows a different approach.

The first approach is based on another existing TDMA topology-transparent policy,

the Probabilistic Policy, which allows nodes to transmit during all non-assigned

time-slots (in addition to their assigned time-slots) but under probability p. In

the proposed policy, information from the immediate neighborhood of each node is

used in order to identify time-slots during which, if a transmission takes place, it is

almost certain that a packet collision will occur. This information is exploited in

such way that each node eventually transmits probabilistically only in a subset of its

non-assigned time-slots instead of all of them. It is shown that the proposed policy

improves throughput when compared to that of the Probabilistic Policy, while at

the same time fewer messages have been transmitted in total.

The second approach is based on another topology-transparent TDMA policy,

the Adaptive Policy, which allows nodes to transmit in any particular non-assigned

time-slot with probability p = 1, as long as the previous transmission during this

slot was successful and until an unsuccessful one occurs. In the proposed policy each

node again exploits information from its neighborhood and uses a selected fairness

metric as feedback with the purpose of adjusting the transmission probability value

in non-assigned time-slots. The decision for this adjustment is based on whether

the node feels that has been treated fairly or not, when compared to its neighboring

nodes.

Finally, an implementation of the Deterministic Policy in a real network consist-

ing of low-cost devices is presented in order to evaluate the potential of applying

similar policies in corresponding environments. It is shown that, despite the ad-

ditional issues introduced by the transmission medium on a low-cost network, the

implemented policy performs within the expected specifications.



Περίληψη

Ζούμε στην εποχή του Διαδικτύου των Πραγμάτων, όπου εκατομμύρια συσκευές διαφο-

ρετικών χαρακτηριστικών συνδέονται σε κάποιο δίκτυο και ο αριθμός αυτός αυξάνεται

με γρήγορους ρυθμούς. Μερικά από αυτά τα δίκτυα αποτελούνται από κόμβους που χα-

ρακτηρίζονται από υψηλή κινητικότητα και σε γεωγραφικές περιοχές όπου δεν υπάρχει

κεντρική υποδομή για την υποστήριξη της λειτουργίας τους. Επομένως, οι συμμετέχο-

ντες κόμβοι πρέπει να βασίζονται σε κατάλληλα πρωτόκολλα που θα τους επιτρέπουν

να επικοινωνούν μεταξύ τους χωρίς να βασίζονται σε κεντρικό συντονισμό. Επιπλέ-

ον, οι εφαρμογές που εκτελούνται στους κόμβους μπορεί να είναι πολυάριθμες και με

διαφορετικές, συχνά αντικρουόμενες, απαιτήσεις όσον αφορά την απόδοση του δικτύ-

ου. Προκειμένου το υποκείμενο δίκτυο να μπορεί να υποστηρίξει αυτές τις εφαρμογές,

πρέπει να σχεδιαστούν και να εφαρμοστούν νέα πρωτόκολλα ελέγχου πρόσβασης μέ-

σου, καθώς τα υπάρχοντα συχνά δεν μπορούν να ανταποκριθούν ικανοποιητικά στις

απαιτήσεις τους.

Μια κλάση πρωτοκόλλων που πιθανώς να είναι κατάλληλη για ορισμένες εφαρμο-

γές είναι η κατηγορία πρωτοκόλλων TDMA διάφανων της τοπολογίας τα οποία, όπως

υποδηλώνει το όνομά τους, παραμένουν ανεπηρέαστα από αλλαγές τοπολογίας λόγω

της κινητικότητας των κόμβων. Το κύριο πλεονέκτημά τους έγκειται στο γεγονός ότι

όταν αλλάζει η γειτονιά ενός συγκεκριμένου κόμβου, δεν υπάρχει ανάγκη για εκ νέ-

ου υπολογισμό του συνόλου των χρονοθυρίδων στις οποίες επιτρέπονται μεταδόσεις,

εξαλείφοντας έτσι ένα σημαντικό μειονέκτημα των πρωτοκόλλων TDMA, ειδικά όταν

αυτά υλοποιούνται σε κατανεμημένο περιβάλλον δικτύου. Ωστόσο, αυτό το πλεονέκτη-

μα έρχεται με την απαίτηση να επιτρέπονται συγκρούσεις πακέτων μεταξύ των κόμβων,

κάτι που συνήθως δεν συμβαίνει στα παραδοσιακά TDMA πρωτόκολλα. Επιπλέον,

ένα άλλο μειονέκτημα αυτής της κατηγορίας πρωτοκόλλων, είναι η σχετικά χαμηλή

ρυθμαπόδοση.

Σε αυτή τη διατριβή, παρουσιάζεται μια μελέτη υφιστάμενων TDMA πολιτικών
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πρόσβασης μέσου διάφανων της τοπολογίας. Στη συνέχεια προτείνονται νέες πολιτικές

που επεκτείνουν τις υπάρχουσες με στόχο τη βελτίωση της απόδοσής τους. Αρχικά, η

Ντετερμινιστική Πολιτική, η πρώτη TDMA πολιτική διάφανη της τοπολογίας που προ-

τάθηκε, εφαρμόζεται και αξιολογείται σε σενάρια δικτύων οχημάτων, προκειμένου να

δειχθεί ότι τέτοιες πολιτικές είναι πράγματι κατάλληλες για δίκτυα όπου η τοπολογία

τους αλλάζει με γρήγορους ρυθμούς. Πραγματοποιούνται συγκρίσεις μέσω προσομοιώ-

σεων με μια άλλη πολιτική TDMA που έχει σχεδιαστεί ειδικά για δίκτυα οχημάτων,

αλλά ακολουθεί μια πιο παραδοσιακή μέθοδο κατανομής χρονοθυρίδων σε κόμβους,

δηλαδή λαμβάνοντας υπόψη τις χρονοθυρίδες στις οποίες εκπέμπουν οι γειτονικοί κόμ-

βοι και επανυπολογίζοντας τα αντίστοιχα σύνολα με κατανεμημένο τρόπο όταν είναι

απαραίτητο.

Στη συνέχεια, προτείνονται δύο νέες πολιτικές που επεκτείνουν τις υπάρχουσες και

στοχεύουν στη βελτίωση της απόδοσής τους, αλλά η καθεμία ακολουθεί διαφορετική

προσέγγιση. Η πρώτη προσέγγιση βασίζεται σε μια άλλη υπάρχουσα πολιτική TDMA

διάφανη της τοπολογίας, την Πιθανοτική Πολιτική, η οποία επιτρέπει στους κόμβους να

εκπέμπουν κατά τη διάρκεια όλων των μη ανατεθειμένων χρονικών θυρίδων (επιπλέον

των χρονοθυρίδων που τους έχουν ανατεθεί) αλλά με πιθανότητα p. Στην προτεινόμενη

πολιτική, οι πληροφορίες από την άμεση γειτονιά κάθε κόμβου χρησιμοποιούνται για τον

εντοπισμό χρονοθυρίδων κατά τις οποίες, εάν λάβει χώρα μια μετάδοση, είναι σχεδόν

βέβαιο ότι θα προκύψει σύγκρουση πακέτων. Αυτή η πληροφορία αξιοποιείται με τέτοιο

τρόπο ώστε κάθε κόμβος να εκπέμπει τελικά με πιθανότητα μόνο σε ένα υποσύνολο των

μη ανατεθειμένων χρονοθυρίδων αντί για όλες. Δείχνεται ότι η προτεινόμενη πολιτική

παρουσιάζει βελτιώμένη απόδοση σε σύγκριση με αυτή της Πιθανοτικής Πολιτικής, ενώ

ταυτόχρονα μεταδίδει λιγότερα μηνύματα συνολικά.

Η δεύτερη προσέγγιση βασίζεται σε μια άλλη πολιτική TDMA διάφανη της τοπολο-

γίας, την Προσαρμοστική Πολιτική, η οποία επιτρέπει στους κόμβους να μεταδίδουν σε

οποιοδήποτε συγκεκριμένη μη ανατεθειμένη χρονοθυρίδα με πιθανότητα p = 1, εφόσον

η προηγούμενη μετάδοση κατά τη διάρκεια αυτής της χρονοθυρίδας ήταν επιτυχής και

μέχρι να προκύψει κάποια αποτυχημένη. Στην προτεινόμενη πολιτική, κάθε κόμβος

εκμεταλλεύεται ξανά πληροφορίες από τη γειτονιά του και χρησιμοποιεί μια επιλεγμένη

μετρική δίκαιης μεταχείρισης ως ανατροφοδότηση με σκοπό την προσαρμογή της τιμής

πιθανότητας μετάδοσης σε μη ανατεθειμένες χρονοθυρίδες. Η απόφαση για αυτήν την

προσαρμογή βασίζεται στο κατά πόσο ο κόμβος αισθάνεται ότι έχει αντιμετωπιστεί

δίκαια ή όχι, σε σύγκριση με τους γειτονικούς του κόμβους.
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Τέλος, παρουσιάζεται μια εφαρμογή της Ντετερμινιστικής Πολιτικής σε ένα πραγ-

ματικό δίκτυο που αποτελείται από συσκευές χαμηλού κόστους προκειμένου να αξιο-

λογηθεί η δυνατότητα εφαρμογής παρόμοιων πολιτικών σε αντίστοιχα περιβάλλοντα.

Παρουσιάζεται ότι, παρά τα πρόσθετα προβλήματα που εισάγονται από το μέσο μετά-

δοσης σε ένα δίκτυο χαμηλού κόστους, η εφαρμοζόμενη πολιτική λειτουργεί εντός των

αναμενόμενων προδιαγραφών.
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Chapter A

Introduction

O
VER the last two decades, wireless networking technologies have seen sig-

nificant growth. Advances in semi-conductor technology have allowed for

manufacturing electronic devices of reduced size, increased performance

and power efficiency. This fact propelled the incorporation of wireless capabilities

to all kinds of devices that may be used in everyday life, thus leading to the age

of the Internet of Things (IoT) [1]. It is estimated that by 2030 over 500 billion

devices will be connected to the Internet and equipped with IoT modules that allow

device-to-device communication [2], thus forming various types of networks, includ-

ing networks that lack infrastructure (ad hoc networks). The conceived applications

that those networks will be required to support are countless and include smart

cities [3], smart homes [4], smart transportation [5], smart agriculture [6], pollution

reduction [7] and more. It is evident that a large portion of the IoT devices that

are going to be implemented for the aforementioned applications will be mobile,

thus the need for various types of Mobile Ad hoc Networks (MANET) has emerged.

Those networks will have to support applications of diverse requirements and char-

acteristics and this fact makes their design even more challenging than it already

was. This thesis focuses on medium access control (MAC) policies for ad hoc net-

works. Over the years, various such policies have been proposed, however they are

not always able to meet the requirements of modern IoT applications, so either the

existing ones have to be revisited and modified accordingly or new ones have to be

proposed.

1
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A.1 The Internet of Things (IoT)

The origins of the Internet of Things (IoT) can be traced back to the 80s when some

university students added sensors to a drinks vending machine with the purpose of

tracking its contents remotely [8]. The term itself was initially proposed in 1999

when the idea of incorporating RFID chips on products was conceived [9]. Since

then, a multitude of IoT applications have been conceived and many of them are

already operational or under implementation. As mentioned, smart transportation,

waste management and pollution reduction applications are already present and

contribute towards the realization of the smart cities vision [10]. Smart agriculture

is another area which may benefit from IoT applications. Those include smart

monitoring, smart water management, supply chain management and many more

[6].

IoT applications in healthcare are also already present and include remote diag-

nosis [11], monitoring [12], medication dispensers [13] and more. Disaster relief is a

case where an IoT application may prove crucial, since it is very possible that under

those circumstances no communication network infrastructure will be operational

so the ability of various personal devices to communicate directly with each other

might prove life-saving [14]. Wireless Sensor Networks (WSN) is another major area

of research with various possible applications. For example this kind of networks

may be used in various environmental applications which, among many others, in-

clude forest monitoring for early fire detection [15], water and air quality monitoring

[16] and toxic gas detection [17].

The various devices supporting those applications may either operate using some

pre-existing communication network infrastructure or communicate directly with

each other. It is also possible that both communication paradigms may coexist and

serve different purposes [18]. For example, in a smart city, vehicles are expected to

access various services through some network infrastructure but at the same time

inter-vehicle communication may also be used to improve the passengers’ safety [19].

A.2 Ad hoc networks and IoT

The communication network paradigm under which every node communicates with

each other without using any network infrastructure is commonly known as an ad
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hoc network . The phrase “ad hoc” originates from latin and means “for this sit-

uation/when necessary/when needed”. Hence, an ad hoc network is formed spon-

taneously, when the need arises for a group of network nodes to communicate with

each other and there is no network infrastructure in the area [20]. The spontaneous

nature of an ad hoc network does not usually allow for instant deployment of cabling

between the participating nodes so such networks are usually formed among nodes

equipped with some sort of wireless capability. Thus, an ad hoc network is usually

a wireless ad hoc network and those two terms can be used interchangeably.

The origin of ad hoc networks dates back to the 70s where the US army developed

technology which allowed communication between its mobile elements in a battlefield

[21]. Today, as the Internet of Things has already affected almost every aspect of

our life, some sort of ad hoc network may be used in various applications. Moreover,

most of those applications incorporate mobile nodes, thus the creation of a mobile

ad hoc network is required among them. Node mobility leads to frequent network

topology changes and this adds additional challenges to the design and operation of

an ad hoc network.

Wireless ad hoc networks can be categorized, based on their area of coverage

[22], into Body Area Networks (BAN) [23], Personal Area Networks (PAN) [24],

Wireless Local Area Networks (WLAN) and Wide Area Networks (WAN). A BAN

is a network where the nodes are devices that are worn or carried by a person. A

PAN extends the connectivity of a BAN so that those devices can communicate

with devices a few meters away. A WLAN typically covers an area of a few hundred

meters. It is similar to a wired LAN, but a WLAN may also be implemented in

an ad hoc fashion. A WAN may cover a very large area and may include a large

number of nodes. A typical example is a Vehicular Ad hoc Network (VANET) which

includes all the vehicles of a city [25].

A.3 Medium Access Control challenges in IoT en-

vironments

As mentioned earlier in some IoT scenarios, if the environment lacks network infras-

tructure, ad hoc networks may provide the only means of communication among the

network nodes. Since ad hoc networks are wireless by nature, nodes have to share
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the air as a common communication medium to transmit their messages. This fact,

together with the fact that there is no central authority to organize the network, con-

stitutes the design of communication protocols in those environments a challenging

task [26].

In a centralized network, when a node wants to send a message to a distant node,

the message is usually submitted to a nearby access point and is delivered to the

destination through the network infrastructure. In an ad hoc network, unless the

destination is inside the communication range of the source node, the message has to

follow a multi-hop path, where each node has the additional task to act as a router

and forward the message down the path until it reaches its destination. How the

path is created is crucial and many routing protocols have been proposed over the

years specifically for ad hoc networks [27]. However, in a shared medium, even the

1-hop communication between two neighboring nodes is already a challenging task.

Moreover, reliable communication between 1-hop neighbors is the building block of

a successful multi-hop communication. The OSI Layer responsible for the delivery

of messages to 1-hop neighbors is the Data Link Layer which is basically divided

into the MAC and LLC sub-layers [28]. Of the two, the MAC layer is assigned the

task of controlling access to the physical medium. Since the medium used in ad hoc

networks adds many challenges as already mentioned, the design of reliable medium

access control policies in such environments is usually a difficult task.

MAC policy design for ad hoc networks has always been a challenging issue and

various MAC policies have been proposed over the years for those environments.

However, the diversity of the conceived IoT applications has created the need for

new policies that will be more suitable to meet those requirements or for the existing

ones to be improved, especially in scenarios where nodes demonstrate high mobility

[29]. Depending on the application, various demands may have to be met when a

new MAC policy is designed.

Network throughput is usually one of the most important factors to be con-

sidered. It is an important evaluation metric when designing or comparing MAC

policies. Throughput represents the number of messages or data packets that are

successfully transmitted in a given time interval. In an environment where the

communication medium is shared among the nodes, throughput is expected to be

relatively low because only one node may transmit if the transmission is to be suc-

cessful. Throughput is also affected by the number of nodes that compete for access
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to the medium because as data traffic increases collisions are more likely to occur.

Another important factor to be considered is the delay of the transmitted mes-

sages. From the moment a message is created, there are many factors which can

add an amount of time to the total time needed until this message is successfully

delivered to its destination. For example, when a message is created, it is usually

added to a queue. Depending on the length of the queue, a corresponding delay

occurs. Another reason for increased delays is the collision of messages within the

shared medium. If there is the need for re-transmitting failed messages, then the

time before the successful delivery of every message waiting in the queue increases.

Energy consumption may be a major consideration when designing a MAC pol-

icy. This is especially true in those IoT environments where the nodes have limited

power sources. Some MAC policies are considered more energy consuming than

others. For example, contention-based techniques where the nodes listen to the

medium prior to transmitting consume more energy due to increased antenna ac-

tivity. Moreover, when collisions occur and messages have to be re-transmitted,

additional energy is consumed.

Another factor for consideration is that nodes must be treated fairly. This usually

implies that nodes must have equal chance of accessing the medium when needed. If

a considerable amount of time has passed and a particular node could not access the

medium because it was busy, while at the same time other nodes were transmitting

as expected, then it is considered that the former node is treated unfairly. This fact

may be unacceptable for applications that have low delay requirements.

A.4 Selecting a channel access scheme

When designing a MAC policy, the first major decision is the selection of a chan-

nel access scheme. Contention based schemes like Carrier Sense Multiple Access

(CSMA) are very popular in wireless networks [30]. In terms of throughput, they

perform better when the network is sparse or the traffic load is low as there are not

many nodes to compete for access to the medium [31]. They are easier to implement

as no scheduling mechanisms are needed and no synchronization among the nodes

is necessary [31]. On the other hand, energy consumption can be a problem given

that, as already mentioned, nodes have to listen to the medium frequently prior to

transmitting and re-transmit frequently due to message collisions [32]. The afore-
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mentioned problems become even more evident as the network becomes denser and

the traffic load increases. Another problem of contention based schemes is the fact

that they cannot offer predictable delay boundaries [32], since from the moment a

node has a message available from transmission, it is unknown when the channel

will be free.

Another category of popular medium access schemes are the contention-free ones,

Frequency Division Multiple Access (FDMA) being one of them. Under FDMA, the

channel is divided in smaller channels with non-overlapping frequencies. To ensure

that adjacent channels are not interfering with each other, guard bands are usually

utilized between them. Then, two nodes must be synchronized to the same fre-

quency before any transmission between them takes place. The frequency selection

usually takes place with the use of a dedicated control channel and a synchronization

algorithm is required for the nodes to exchange information there. Consequently,

for an FDMA scheme to be implemented, complex hardware is required [33] which

leads to increased energy consumption and high communication overhead [29].

Code Division Multiple Access (CDMA) is another contention-free scheme un-

der which the nodes communicate through the same frequency and during the same

time but each node uses a unique coding which allows for its messages to be dis-

tinguishable from other nodes’ messages even when they are transmitted simulta-

neously. However, any two nodes have to agree upon a code before they are able

to communicate, adding considerable overhead prior to transmissions [29], and time

synchronization is also required among them [34]. Those problems are considered

non-trivial in ad hoc networks, thus constituting the use of CDMA techniques in

those environments a debatable subject [34].

Under Time Division Multiple Access (TDMA), time is split in frames and each

frame in distinct time-slots and one or more of them are assigned to each network

node. Then each node is allowed to transmit only during its assigned time-slots.

This behavior allows for a fairer medium allocation when compared to contention-

based policies [30]. Additionally, each node is guaranteed access to the medium after

a predefined time interval and this leads to more predictable and time-bounded de-

lays [29]. Another advantage of TDMA schemes is the reduced energy consumption

[33]. Since each node is allowed to transmit only during its own time-slots, message

collisions (thus re-transmissions) are minimized. Also, there is no need for listening

to the medium prior to transmitting. On the downside, if TDMA is to operate prop-
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erly, a careful time-slot allocation has to take place prior to the network’s operation

in a way that any pair of nodes able to interfere with each other’s transmissions

have no common time-slots assigned. This can be a difficult task even in a central-

ized topology, let alone in an ad hoc network. Moreover, when nodes are mobile, a

time-slot re-allocation may be necessary and this adds additional overhead to the

network operation [35]. Another problem of TDMA schemes is the need for clock

synchronization among the nodes [36]. Every node must know exactly when each

time-slot begins and ends or else there can be no communication in this manner.

Finally, when the network is sparse or traffic load is low, throughput under TDMA

is low because there are a lot of unused time-slots [30].

Despite the TDMA’s drawbacks, the benefits are more than enough for the re-

searchers to turn their attention towards creating or improving policies for IoT

networks which are based on TDMA. For example, the energy effiency provided by

TDMA is essential on devices operating with limited power sources. Additionally,

many applications have strict delay requirements which can also be met by a TDMA

scheme. Regarding the clock synchronization, a solution might be available in spe-

cific scenarios. For example, in a VANET environment, if the vehicles are equipped

with Global Positioning System (GPS) receivers, they can be provided the needed

synchronization info [36].

To tackle with the time-slot re-allocation problem in network environments where

nodes are mobile and the topology changes frequently, a number of TDMA topology-

transparent scheduling algorithms has been proposed over the years. The purpose

of those algorithms is to create a scheduling that is independent of the underlying

topology. This means that each node is assigned a set of time-slots without taking

into account the neighboring nodes’ time-slot allocations. Consequently, it will not

matter if the neighboring nodes change over time. Those algorithms guarantee a

number of successful transmissions per node per frame, regardless of the underlying

topology. However, this property comes with the trade-off of willingly allowing

some packet collisions among the nodes, something not common under most TDMA

schemes.

The study of existing TDMA topology-transparent policies and the proposal of

new ones that improve on their predecessors is the main focus of this thesis. Specif-

ically, TDMA topology-transparent policies based on Chlamtac-Faragò’s seminal

work [37] which introduced the idea of topology-transparent TDMA scheduling are
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revisited here. Initially, this topology-transparent scheduling method as proposed

in this work is incorporated in a MAC policy and this policy is evaluated in vari-

ous VANET scenarios. Since VANET environments pose additional challenges due

to the high mobility of the network nodes, the use of TDMA MAC policies which

incorporate topology transparent scheduling might be a reasonable choice in ap-

plications where time-bounded delays are necessary, for example when a passenger

safety related application needs to transmit a message to nearby vehicles as soon as

possible. In a later section it will be shown that topology transparent policies might

be a suitable candidate for VANET environments.

Additionally, two more TDMA topology-transparent policies (the Probabilistic

Policy [38] and the Adaptive Policy [39]) are revisited which extend [37] and demon-

strate improved throughput by allowing probabilistic transmissions during time-slots

that have not been assigned to the nodes. However, those additional transmissions

are the cause for increased collisions as well, thus leading to increased energy con-

sumption. Furthermore, both policies require calculation of a suitable probability

value, common to all nodes, prior to the network operation. Moreover, the Adap-

tive Policy is also shown to suffer from fairness issues. In later sections two new

policies are proposed which extend the Probabilistic and the Adaptive Policy respec-

tively and demonstrate improved performance while at the same time tackle their

predecessors’ aforementioned issues.

In the next section a literature review is presented which includes research areas

closely related to the policies revisited or proposed in this thesis. The section begins

with reviews of various TDMA MAC policies designed for VANET environments,

followed by works which deal with the clock synchronization issue of TDMA. Subse-

quently, works related with fairness in wireless networks in general as well as in MAC

protocols specifically are presented, followed by the presentation of policies which

incorporate a probabilistic approach in their operation. Finally, existing topology-

transparent policies are briefly described which are not based on Chlamtac-Faragò’s

aforementioned work [37] but instead propose alternative approaches for the creation

of topology transparent schedules.
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A.5 Past Related Work

Vehicular Networks

Vehicular networking has received a lot of attention in recent years. Several works

address the problem of multiple access in those environments. TDMA-based ap-

proaches have recently gained a lot of attention [40], [41]. In particular, a novel

time division MAC protocol is proposed in [41], called VAT-MAC, where the num-

ber of vehicles within a range is predicted in order to properly allocate the time-slots,

avoiding collisions.

ATSA [42] is an adaptive TDMA protocol focusing on vehicular networks where

sets of time-slots are formed depending on vehicles’ directions. In this protocol, the

frame length is dynamically adapted (shortened or doubled) in order to facilitate

the optimal number of vehicles, aiming to reduce the probability of collisions. CFR

in [43] tackles the problem of collisions and that of the hidden terminal by taking

advantage of the driving status and traffic flow of each vehicle in the network in

order to appropriately allocate time-slots. Another TDMA-based protocol is the

self-organizing TDMA or STDMA [44]. Although limited to the highway case, it

achieves some good results for various network densities by (re)allocating time-slots

depending on the traffic load of the network. VeSOMAC is one of the first medium

access protocols for inter-vehicular networks [45] [46]. It exploits the knowledge of

vehicles’ location and direction in order to minimize the delivery delay. VeSOMAC

promises low-bounded time delay using an in-band control mechanism for exchang-

ing TDMA frame information during the distributed MAC process.

One of the most eminent and widely used algorithms for vehicular networks is

that of VeMAC [40], [47]. It is shown to outperform other known protocols, such as

ADHOC MAC [26]. A more detailed description of VeMAC is presented in Section

C.2 where it is also considered for evaluation against one of the policies that are

proposed in this thesis.

The concept of splitting each frame in two disjoint sets is seen in [48], where

each one is dedicated to a different vehicle direction. This solution is implemented

in the control channel (CCH) of IEEE 802.11p [49]. Under this policy, nodes exploit

their location in order to pick a time-slot, besides the appropriate sub-frame, thus

improving their performance in terms of time delay. However, results on throughput

are not considered.
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Other works on TDMA-based policies for vehicular networks include the al-

gorithms presented in [50], [51], [52], [53] (based on VeMAC), [54], [55], and [56].

Further detailed survey papers for in-depth analysis of particular MAC protocols, es-

pecially for problems related to vehicular networks and corresponding MAC policies,

can be found in [29], [57], [58], [59] (dedicated to vehicle-to-vehicle communication),

[60], and [18].

Fairness in Wireless Networks

Fairness in wireless networks is mostly attributed to resource allocation or sharing,

its definition being rather difficult to be universally agreed, as each research topic

is in need of a different approach. In addition, fairness can be tackled based on

various perspectives, such as targeted or resultant fairness, short-term or long-term

fairness, and system or individual fairness [61].

In terms of the amount of resources (e.g., time, throughput, etc.) that is allo-

cated by each node, fairness can be further categorized to (i) absolute, where each

node is allocated exactly the same amount of resources as any other node; and

(ii) relative, where node requirements (for a resource) are taken into account; the

latter categorization being extensively considered in bibliography (e.g., in [62] and

more recently in [63]). Regarding absolute fairness, it is usually measured either

by ‘Jain’s Index’, presented back in 1984 by Jain et al. [64], or by Shannon’s ‘En-

tropy’, which while it was not initially introduced for measuring fairness [65], it was

later applied as such (e.g., in [66] and [67]). As for relative fairness, Radunovic and

Le Boudec ‘Max-Min’ [68] has been widely implemented, along with ‘Proportional

Fairness’ proposed by Kelly [69]. The measurement of the degree of individuals’

dissatisfaction regarding a resource allocation was considered in [70] as ‘envy’.

Most studies on fairness in wireless networks are based on the above metrics. In

[71] Sangiamwong et al. adopt Jain’s Index considering throughput, input load and

normalized throughput as allocated resources. Dianati et al. in [72] extend Jain’s

Index by investigating the measurement of fairness and by proposing a new index to

evaluate the degree of fairness for resource allocation schemes in wireless networks.

Pham and Hwang in [73] approach the transmission power allocation in a way to

maximize both energy and spectral efficiency by considering fairness at the same

time. Zheng et al. in [74] show that the max-min fairness problem can be separated
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into fairness sub-problems for flow rate and power control. In [75] two mechanisms

are proposed taking into account fairness. The first one includes a data rate control

scheme which considers fairness and throughput simultaneously while the second

maximizes the total throughput by satisfying its fairness. Kalamkar et al. in [76]

study fairness enhancement by (i) equal time allocation, (ii) minimum throughput

maximization, and (iii) proportional time allocation revealing the trade off between

throughput and fairness in wireless powered communication networks [77].

In [78] which extended [79], Guo et al. concentrate on fair time and power

allocation in a wireless powered communication network where nodes transmit their

information simultaneously. Three fairness criteria, named max-min, proportional

and harmonic fairness, are considered there, while fairness among the energy levels

of the users is also considered in [80] where a setup phase is described during which

a transmitter broadcasts wireless energy to nodes. Proportional fair traffic splitting

and aggregation in heterogeneous wireless networks is considered in [81], the same

fairness metric being implemented in [82] where a radio resource block allocation

optimization problem for cellular communications systems is presented.

Past work regarding fairness specifically in MAC protocols is presented next. In

Sanabria’s et al. work in [83], carrier sense multiple access with enhanced collision

avoidance (CSMA-ECA) [84] is evaluated as a carrier sense multiple access with

collision avoidance (CSMA-CA) extension for better short-term throughput fairness.

The unfairness issue is resolved by allowing nodes to transmit more packets at once

at higher backoff stages. Siddik et. al. in their recent work [63] propose a MAC

protocol for vehicular ad hoc networks for speed-aware fairness. Each vehicle’s

velocity is considered for resolving fairness issues. A MAC protocol for 5G Cognitive

Radio Ad Hoc Networks is given in [85] which considers fair data link allocation.

This is achieved with the introduction of a revised RTS/CTS structure. In [86] the

authors focus on designing a medium access control algorithm in multi-rate wireless

local area networks for improving the efficiency and fair sharing of channel resources

among the contending nodes. Their goal is achieved by setting each node’s backoff

counter to a deterministic value and allowing them to transmit multiple packets as

soon as they successfully access the channel. A fairness-oriented MAC protocol for

wireless local area networks is also given in [87] which under an enhanced virtual

collision management mechanism, improves fairness of the Enhanced Distributed

Channel Access (EDCA).



12 Chapter A. Introduction

In [88] a TDMA based MAC protocol for underwater acoustic networks is pro-

posed, which improves throughput at a small cost in fairness, revealing here that

a trade-off might exist between them. In [89] the authors propose various TDMA

policies for linear topologies in underwater acoustic networks while studying the

impact of different fairness constraints to the network throughput. Finally, Sun

et al. propose a joint non-orthogonal multiple access time division multiple access

(NOMA-TDMA) scheme for Industrial Internet of Things (IIoT) which is shown to

outperform traditional TDMA schemes in terms of both throughput and fairness.

Most of the presented past related work uses some fairness metric just for evalu-

ation of the proposed schemes. It can also be seen that most of the work considering

fairness, either studies it in a cross-layer optimization manner or is about CSMA-

based policies while work studying fairness in TDMA policies is very limited. In

Chapter E a TDMA-based topology-transparent MAC policy is proposed which

uses a the earlier presented envy fairness metric [70] not only for evaluation but

as feedback mechanism for dynamically changing the channel allocation among the

network nodes.

Probabilistic Policies

While the main focus of most probabilistic-based works in the literature is on higher

layers [90], the implementation of probabilistic approaches in MAC policies and

transmission schemes has also been investigated over the past years. Regarding

broadcast and flooding schemes for ad hoc networks, several schemes have been

proposed [91]. It has been observed that those implementing a probabilistic approach

are more suitable for most applications, due to a range of benefits they offer, such

as low overhead, balanced energy consumption, and robustness against failures and

mobility of nodes.

Probabilistic flooding [92], that bases packet broadcasting on a probability, has

been the case for many works in the literature. For example, in [93] the authors

present a probabilistic flooding variance that, based on an analysis on a proposed

Markov chain, derives analytical expressions regarding the probability of a node to

be operational or discharged.

Rahmati and Pompili in their work in [94] have studied the design of a MAC pro-

tocol based on a probabilistic Space Division Multiple Access (SDMA) method for
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short/medium distances. This work is dedicated to the communication between Au-

tonomous Underwater Vehicles (AUV) in underwater networks and provides, among

others, a probabilistic time and space MAC scheme for the cases where the vehi-

cles are non-spatially separable. Under this approach, clusters of those vehicles are

formed and time sharing is applied to each cluster. Given a set of rules, the prob-

abilities of each possible case are assigned. These probabilities will decide the next

state of the vehicle.

In Zeng et al.’s work in [95], a probability-based multi-hop broadcast protocol is

proposed to tackle reliability and latency issues. In this approach a higher forwarding

probability is assumed for nodes farther from the source node by using a node’As

index number combined to other parameters.

A data dissemination approach based on clustering and probabilistic broadcast-

ing has been proposed by Liu et al. in [96]. This work, targeting vehicular ad

hoc networks, presented a clustering algorithm for the vehicles to exchange data.

Then, after the clustering has taken place, a probabilistic forwarding approach is

considered, under which each cluster member transmits to its cluster head with a

calculated probability based on how often the same packet is received during a single

interval. When receiving a packet, a cluster header further forwards it towards the

final receiver.

Srivastava et al. in [97] proposed a probabilistic and beaconless algorithm. In this

work, the forwarding probability of a packet is decided based on distance of nodes,

angular orientation, movement direction and buffer load delay. This probability

is then used to schedule the packet transmission, the packet holding the highest

probability to also hold the highest priority.

A probabilistic MAC protocol has been proposed by Maliqi et al. in their work

in [98]. There, relay operates under a demodulate-and-forward fashion. After sim-

plifying the finite state Markov chain (FSMC) analysis of a deterministic protocol,

then a probabilistic approach is considered that, based on two Bernouli distributed

variables, decides whether a transmission will take place or not.

In [99], Liu et al. proposed a protocol for packet transmissions in IoT networks

that, by exploiting local knowledge (i.e., nodes’ neighbors), it prioritizes packet

broadcasts according to their profits. The neighbor knowledge of nodes and a con-

nectivity factor are the bases for calculating the probability that then determines

whether a packet should be rebroadcasted to the neighboring nodes or not.
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Chen et al. in [100] proposed a distributed full-duplex MAC protocol that enables

an access point with the ability to switch between full-duplex and half-duplex mode.

In this sense, a contention takes place among clients for accessing either full-duplex

or half-duplex transmissions. This contention’s outcome is determined by assigned

probabilities that are calculated based on the clients’ average traffic demands.

Dedicated to time division protocols, Gandino et al. in [101] presented a prob-

abilistic alternative of Distributed Color System (DCS), earlier shown by Waldrop

et al. in [102]. There, the proposed “reader-to-reader” protocol considers and theo-

retically studies a probability that is added to the initial Woldrop et al.’s idea, and

is responsible for changing color (i.e., time-slots). In the same sense, Ferrero et al.

in [103] implement the probabilistic method in the collision resolution routine of

“Colorwave”, showing the aspects of this approach for TDMA protocols.

In order to tackle the hidden terminal problem in two-hop IoT systems, Ye et

al. in [104] proposed a MAC protocol that makes use of a time division multiple

access logic for allocating time duration to nodes’ groups. There, each group of nodes

forms a token ring by adopting a probabilistic token passing scheme to distributively

allocate time-slots for packet transmissions. The transmission time-slot allocation

adapts to any changes on the number of nodes in the network.

Finally, Hu et al. in their work in [105] proposed a prediction-based TDMA

protocol that is able to predict the network topology in the next frame in order to

select the best node for a packet to be forwarded to. The latter selection is based

on a probabilistic model discussed there that assigns the probabilities according to

moving direction, speed and geographical location of nodes (vehicles in this case).

Topology-Transparent Policies

Regarding TDMA policies immune to the underlying topology, most works are based

on the earlier mentioned Chlamtac and Faragó’s original work [37] which is presented

in detail in section B.2.1. In [106], Ju and Li propose an enhancement of the algo-

rithm proposed in [37] which increases minimum guaranteed throughput with the

trade-off of larger frame length.

Another independent approach for creating topology immune scheduling is Ju

and Li’s work in [107] where an algorithm based on latin squares is proposed. Their

solution is suitable for multichannel systems.
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In [108] Colbourn et al. formulate the problem of the creation of topology-

transparent schedules as a combinatorial question and propose a solution based on

Steiner systems. They conclude that their approach uses shorter frames for the

same network parameters when compared to other solutions, thus improving delay

and throughput for a given frame length but they also note that this approach is

less robust to changes in neighborhood size and throughput degrades faster if D

parameter is exceeded.

In [109] Xu et al. propose a scheduling algorithm based on balanced incomplete

block design. They conclude that their algorithm is superior to [37] and [106] in

terms of guaranteed throughput, minimum and maximum delay.

In Su and Yi-Sheng’s work in [110] a scheme based on Chinese Remainder The-

orem (CRT) is proposed. This scheme’s main advantage is that it eliminates the

requirement of knowing the maximum node degree D and only requires the maxi-

mum number of nodes N to be known. Additionally, the authors demonstrate that

this scheme outperforms other schemes, especially in scenarios with harsh interfer-

ence.

In [111] Qiao et al. extend [37] by employing learning-based approaches. The

authors make use of artificial intelligence techniques for allocating time-slots to the

nodes and utilizing unused time-slots, thus improving throughput.

In [112] Xiao et al. propose a topology-transparent scheduling scheme which

uses polynomial rings. The proposed scheme improves on the theoretical bounds of

maximum node degree with respect to the frame length, when compared to schemes

based on the Chinese Remainder Theorem as well as to those based on Galois Fields.

It is also shown that this scheme is a generic framework to policies based on both

of the aforementioned schemes.

More recent works include [113] where Dash et al. propose a topology-transparent

scheduling protocol for multi-hop wireless networks with MIMO-enabled transceivers

and [114] where Deng et al. propose a combination sequence scheme and compare

it with a Galois Field scheme and two schemes based on ALOHA and conventional

TDMA respectively. The comparison is made with respect to delay constrains. The

authors conclude that different schemes perform better depending on the network

parameters.

Finally, in [115] Kar et al. present a survey of topology-transparent schemes.

The authors analyze and discuss the various proposed schemes and a comparison
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is made between them with respect to various evaluation metrics. Additionally,

directions for possible future works are given. The authors conclude that if the

proposed schemes are to be implemented in real wireless networks, the researchers

should focus on optimizing the existing policies, turn them into full-fledged MAC

protocols and test them in various scenarios.

Clock synchronization

GPS-based systems (or in general Global Navigation Satellite Systems - GNSS) is

a well-established method to achieve time synchronization [116], [117], [36]. Mean-

while, they constitute a standard feature in modern vehicles, therefore their use

in VANET infrastructures seems straightforward, e.g., for Basic Safety Messages

(BSM) [118]. GPS as a source of time reference is discussed in [119], where the

advantages of using GNSS for synchronization in VANETs are analyzed using the

one-pulse-per-second (1PPS) signal method [120]. As discussed in [121], each 1PPS

signal is considered as the reference instance of the start of a frame. Consequently,

knowing the number of time-slots per frame, the number of frames per second, and

the actual duration of a time-slot, each vehicle is able to detect the start time of a

frame [122], [123]. Synchronization using GPS in TDMA application is also met in

Automatic Identification Systems (AIS) [124] (see also in [125] for technical details

regarding the actual implementation).

A.6 Contribution

In this thesis, existing TDMA topology-transparent policies for ad hoc networks are

revisited and studied. Subsequently, new policies are proposed and existing ones are

revisited, extended and their performance is improved in various aspects.

Initially, the Deterministic Policy is revisited with the purpose of evaluating

its performance in VANET environments. Experiments through simulations are

conducted in scenarios where the nodes are mobile vehicles in urban and highway

environments. Additionally, a pre-existing and established TDMA MAC protocol,

specifically designed for VANET environments, is also implemented and evaluated

in the same scenarios with the purpose of comparing the Deterministic Policy with

a policy that operates under a more traditional TDMA scheme. It is shown that
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their throughput performance is comparable but the Deterministic Policy performs

better in terms of delay.

The second revisited policy is the Probabilistic Policy. This policy, as already

mentioned, improves on the Deterministic Policy in terms of throughput perfor-

mance by allowing additional transmissions during the nodes’ non-assigned time-

slots under a common and fixed value of an access probability p. However, those

additional transmissions cause additional collisions as well which in turn lead to in-

creased energy consumption because the corrupted messages need to be re-transmitted.

Furthermore, the fact that the value of the probability p has to be calculated and

assigned to the nodes in a centralized manner and prior to the network operation is

not suitable to the distributed nature of the network.

Motivated by the two aforementioned disadvantages of the Probabilistic Policy,

a new policy is proposed, i.e. the Refined Policy, which extends it and improves its

performance. Under the proposed policy, after utilizing information gained from the

local neighborhood, nodes are able to identify time-slots which have been assigned to

some neighboring node. Essentially, they become aware that if a transmission takes

place during those time-slots, there is a high chance of collision, thus they refrain

from transmitting during those time-slots. It is shown that under the Refined Policy

throughput is improved when compared to the Probabilistic Policy, while at the same

time the total number of transmitted messages is reduced, thus conserving energy.

An additional improvement proposed under the Refined Policy is the calculation

of the access probability value in a distributed manner and while the network op-

erates. As it is shown, this behavior increases throughput performance even more,

while at the same time eliminating the need for calculation and assignment of a

probability value prior to the network operation.

The third policy which is revisited in this work is the Adaptive Policy. Under

this policy, system throughput is increased when compared to the Probabilistic Pol-

icy’s throughput. However, as will be shown in the corresponding section, nodes

are not treated fairly in terms of how often they are able to access the medium.

Consequently, it is observed that some nodes monopolize the medium and manage

to achieve very high throughput while at the same time there are nodes that ex-

perience increased collisions and need a lot of re-transmissions to deliver a message

successfully.

Motivated by the Adaptive Policy’s unfair behavior, the Fairness Aware Policy
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is proposed. Under this policy, nodes become aware of their neighbors’ performance.

Possession of this knowledge allows each node to decide whether it has been treated

fairly or not when compared to its neighbors. After this decision is made, each node

adapts its transmission schedule accordingly with the purpose of achieving the best

possible degree of fairness among itself and its neighbors. As will be shown, this

behavior increases system throughput, when compared to the Probabilistic Policy’s

throughput, while at the same time preserving an acceptable degree of fairness

among the network nodes.

Finally, an implementation of the Deterministic Policy on low cost devices is pre-

sented with the purpose of evaluating the policy in a real-world scenario. The policy

is implemented in a small IoT network consisting of Arduino-based devices equipped

with 433 MHz RF modules. Experiments are conducted which confirm the theoret-

ical expectations of the Deterministic Policy, suggesting that topology-transparent

policies may be considered when designing a MAC policy for IoT networks.

A.7 Thesis Structure

This thesis contains seven chapters. The first chapter contains introductory ele-

ments. The second one describes the topology-transparent policies revisited here.

In the third chapter, one of the revisited policies is evaluated in various vehicular net-

work scenarios. The fourth and fifth chapters present the two topology-transparent

policies proposed in this thesis. The sixth chapter presents an implementation of

a topology-transparent policy using low-cost devices. The seventh chapter contains

the summary and conclusions of this thesis. Finally, some necessary appendices

conclude the present work.

In Chapter B, elements of the Galois field theory are presented which form the

basis of the Topology-Transparent Policies studied in this work. Then the Deter-

ministic Policy as proposed by Chlamtac and Faragó’s in [37] is described, followed

by detailed practical examples. Finally, two extensions of the Deterministic Pol-

icy are described, the aforementioned Probabilistic Policy [38] and Adaptive Policy

[39]. Those policies form the basis of two corresponding policies proposed in later

chapters.

In Chapter C, the Deterministic Policy is incorporated in the proposed TiMAC

protocol [126], [127]. Then, TiMAC’s performance is evaluated in various VANET
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network scenarios. The evaluation is conducted through simulations and TiMAC is

compared against VeMAC [40], an established MAC protocol for vehicular networks.

In Chapter D, the Refined Policy is proposed [128], [129], [130]. This policy ex-

tends the Probabilistic Policy and improves on its performance in terms of through-

put and energy consumption. The performance improvement under the Refined

Policy is attributed to the fact that nodes are aware of its neighbors’ time-slot

assignments thus they are able to refrain from probabilistic transmissions in non-

assigned time-slots that would take place in their neighbors’ assigned time-slots.

In Chapter E, the Fairness-Aware Policy is proposed [131]. Under this policy,

nodes make use of the envy [70] fairness metric to obtain feedback about the number

of successful transmissions achieved by the nodes in the local neighborhood. Based

on this feedback, nodes adapt the value of their transmission probability in non-

assigned time-slots with the purpose of maintaining an acceptable level of fairness

in medium sharing among the nodes. It is shown that, when compared to the

Probabilistic Policy, throughput performance is increased while at the same time

fairness is maintained in comparable levels.

In Chapter F an implementation of the Deterministic Policy is presented in a real-

world network scenario consisting of nodes that are based low-cost electronic devices

[132], [133]. Each one of those devices is based on an Arduino micro-controller and

low cost transmitters and receivers. Although the network size and the quality

of the electronic components introduce various limitations, the policy performance

is shown to be within acceptable bounds, demonstrating the potential of using a

topology-transparent scheme in low cost IoT networks.

Finally, in Chapter G the overall contribution of this thesis is summarized. Con-

clusions are drawn and directions for future research are discussed.





Chapter B

Introduction to

Topology-Transparent TDMA

Policies

I
N this thesis, as already mentioned, existing TDMA topology-transparent Poli-

cies are revisited and new are proposed which improve on the existing ones.

Every presented policy is based on Chlamtac and Faragó’s original work [37].

This work utilizes properties of Galois Fields to propose an algorithm which allo-

cates time-slots to the nodes in such way that no re-allocation is necessary when

topology changes.

In this chapter, initially some useful elements of Galois field theory will be pre-

sented. Then, Chlamtac and Faragó’s work [37] will be presented, which is also met

in the literature as the Deterministic Policy, followed by the presentation of two

existing policies that extend it, the Probabilistic Policy [38] and the Adaptive Policy

[39]. Additionally, practical examples will be given, for the purpose of providing a

better understanding of how the transparent scheduling works under specific network

parameters. Finally, the revisited policies’ disadvantages are described which con-

stitute the motivation behind the current work and a short overview of the proposed

solutions is presented.

21
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B.1 Useful Elements of Galois Field Theory

In this section, some useful elements of Galois field theory will be presented, which

constitute the basis of Chlamtac and Faragó’s original work [37]. A deeper analysis

of Galois field theory may be found in [134] and [135].

Definition 1 Let G be a set of elements and · a binary operation. G is called a

group with respect to this binary operation if:

1. (a · b) · c = a · (b · c), ∀a, b, c ∈ G

2. An element e exists where a · e = a, ∀a ∈ G

3. An element a−1 exists where a · a−1 = e, ∀a ∈ G

The rules presented in 1 are called the axioms of groups. This group can also

be denoted as (G, ·). The · operation is called multiplication and a · b is called the

product of a and b which can also be denoted simply as ab. In similar fashion, a

group can also be defined with respect to a binary operation denoted as +. This

group may also be denoted as (G,+). The + operation is called addition and a+ b

is called the sum of a and b.

Examples of groups with respect to multiplication include the set of non-zero

real numbers R∗ and the set of non-zero rational numbers Q∗. An example of a

group with respect to addition is Q.

Definition 2 Let G be a group and · a binary operation in G. If a·b = b·a,∀a, b ∈ G

then G is called an abelian group.

Definition 3 If G contains an infinite number of elements, it is called an infinite

group. If G contains a finite number of elements, it is called a finite group.

Definition 4 Let n be a positive integer. If an ̸= e stands for any n, then a is called

an element of infinite order. If n can have such values that an = e, then a is called

an element of finite order and the smallest of those values of n is called the order of

a.

Definition 5 Let F be a set of elements and ·, + two binary operations, called mul-

tiplication and addition respectively. F is called a field with respect to multiplication

and addition if:
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1. (F,+) is an abelian group

2. (F ∗, ·) is an abelian group and 0 is the zero of the group (F,+)

3. a(b+ c) = ab+ ac,∀a, b, c ∈ F

The rules presented in 5 are called the axioms of fields. This field may also be

denoted as (F ; +, ·). (F,+) may be called the additive group of this field and (F ∗, ·)
may be called the multiplicative group of this field.

The values a+b and a·b are called the sum and the product of a and b respectively.

The zero of the group (F,+) is also the zero of the Field F .

Definition 6 If F contains an infinite number of elements, it is called an infinite

field. If F contains a finite number of elements, it is called a finite field of a Galois

field.

Let Zq = {0, 1, 2, ..., q − 1}. Let the binary operation + be defined as mod(q) of

the addition of any two a, b ∈ Zq and the operation · be defined as mod(q) of the

multiplication of any two a, b ∈ Zq. It can be proven [135] that for Zq to be a field,

q has to be a prime number or a prime number power.

In the next section it will be presented how the aforementioned elements of Galois

field theory can be used for creating of topology-transparent TDMA schedules for

an ad hoc network.

B.2 Topology-Transparent Policies Based on Ga-

lois Field Theory

B.2.1 The Deterministic Policy

The core idea behind the Deterministic Policy [37] is that each node is assigned

a unique set of time-slots and is allowed to transmit during them without taking

into account the neighboring nodes’ time-slot assignments. Those assignments take

place in such way that each node is ensured at least one successful transmission

towards each one of its neighbors within every frame, regardless of which particular

nodes are neighbors and even if all of them transmit every time they are allowed to.
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The fact that the transmitting node is not interested in its neighbors’ assignments

constitutes this policy a topology-transparent one.

The first step towards setting up a network operating under the Deterministic

Policy, is that each node u is assigned a unique random polynomial fu(x) =
∑k

i=0 aix
i

where ai ∈ {0, 1, 2, . . . , q − 1}. The polynomial’s coefficients (ai) come from a finite

Galois field of order q, where q is a prime number. Such a polynomial is uniquely

associated with each node to derive its set of assigned time-slots Ωu. Thus, each

node is allowed to transmit during time-slot i ∈ Ωu, always assuming heavy traffic

load in the sense that there are always data available for transmission. Apparently,

it is not allowed to transmit during the non-assigned ones i /∈ Ωu. The assigned

polynomial may be seen as the unique ID of a network node that is already available

before the network’s operation.

The frame’s length is fixed for all nodes and consists of q2 time-slots. It is

divided in q subframes s of equal length q. Each node u is assigned exactly one

time-slot from each subframe s. The time-slot’s position within each subframe s

is given by fu(s) mod q, where s = 0, 1, . . . , q − 1. Consequently, |Ωu| = q. In

[37] the algorithm 1 is introduced which accepts as input the network size N (total

number of nodes) and the maximum node degree D (number of neighbor nodes)

and derives the k and q parameters. Under algorithm 1, two conditions have to

be satisfied. Firstly, there must exist enough unique polynomials for all nodes, so

it must be satisfied that qk+1 ≥ N . Secondly, there must be at least one time-

slot for each possible transmission during which it will be successful. Let’s suppose

that node’s u and node’s v polynomials of degree k are equated, the new polynomial

fu(s) mod q = fv(s) mod q has at most k solutions, thus at most k common assigned

time-slots exist among the two nodes. Since any node may have at mostD neighbors,

there can be at most kD time-slots where collisions may occur. Consequently, if

kD + 1 time-slots are assigned to each node, there will be at least one successful

transmission per time-slot. This is satisfied by the condition q ≥ kD + 1.

Eventually, under the Deterministic Policy [37], it is guaranteed that every pos-

sible transmission will succeed at least once per frame regardless of the underlying

topology.
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Algorithm 1: The GRAND algorithm

1 Let q1, q2, q3, .... be the sequence of prime numbers or their powers;

2 i← 0;

3 repeat

4 i← i+ 1;

5 q ← qi;

6 k ← ⌊(q − 1)/D⌋;
7 until k ≥ 1 and qk+1 ≥ N ;

B.2.2 Examples of networks operating under the Determin-

istic Policy

Detailed examples of networks operating under the deterministic policy will be pre-

sented in this section, to provide a better understanding of how the parameters of

this policy are calculated.

Let’s assume a network of N = 25 nodes with a maximum number of neighbors

D = 4. Let’s also assume that q1, q2, ... to be the sequence of prime numbers or

their powers, with the lowest of them being q1 = 3. Using N and D as input,

the Algorithm 1, which is called GRAND (Galois RAdio Network Design) and was

proposed in [37], will execute. When it terminates, the values of k = 1 and q = 5

will have been calculated.

The value k = 1 defines that the polynomials which will be assigned to each

node will be of 1st degree, thus will be of the form ax + b. The value q = 5 defines

that the polynomials’ coefficients a and b will come from the Galois Field of order

five, thus the only possible values for a and b can be any integer from the [0, 4]

interval. Additionally, the TDMA frame length will be q2 = 25 time-slots, split into

five subframes of five time-slots each.

The next step is the assignment of one polynomial to each node. The Algorithm 1

ensures that the number of polynomials is equal or greater to the maximum number

of nodes. Consequently, each node will be assigned its own unique polynomial.

Each polynomial corresponds to a unique set of time-slots within the TDMA frame.

Every set of time-slots contains one time-slot from each one of the five subframes.

For selecting the time-slot that will be assigned to each polynomial’s corresponding
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set, the number of the particular subframe must be set as the value of the x variable

of the polynomial. Then, the solution of the polynomial gives the position of the

time-slot that must be selected. Since the polynomials correspond to the Galois

Field of order q, if the solution is equal or greater than q then the modulo q of the

solution is used.

As an example, let’s consider the polynomial 3x+4. The corresponding positions

of each time-slot selected from each subframe are calculated as follows:

• Subframe 0: f(0) = (3 · 0 + 4) mod 5 = 4 mod 5 = 4

• Subframe 1: f(1) = (3 · 1 + 4) mod 5 = 7 mod 5 = 2

• Subframe 2: f(2) = (3 · 2 + 4) mod 5 = 10 mod 5 = 0

• Subframe 3: f(3) = (3 · 3 + 4) mod 5 = 13 mod 5 = 3

• Subframe 4: f(4) = (3 · 4 + 4) mod 5 = 16 mod 5 = 1

Fig. B.1 depicts the network nodes with their assigned polynomials and their

corresponding time-slot allocations. To improve the readability of the depicted ex-

ample, the polynomials have been assigned to the nodes in sequential order. How-

ever, this is not a requirement as the assignments may take place according to any

procedure that is suitable to the particular application.

Now any five random nodes can be chosen as neighbors but it is guaranteed that

even if they all transmit a message every time they are allowed to, there will be

at least one time-slot within the frame where their transmission will be successful.

To further demonstrate this, let’s assume the network depicted in Fig. B.2 which

is comprised of a selection of the nodes depicted in Fig. B.1. Let’s consider the

transmission 22→ 4. The nodes that are able to corrupt this transmission, provided

they transmit at the same time, are nodes 0, 3, 19 and the receiver node 4 itself.

Fig. B.3 depicts those nodes’ frames. It can be observed that 22 → 4 will succeed

in two out of the five total time-slots that is allowed to take place. It can also be

observed in Fig. B.3 that the transmission 0→ 4 will succeed in four out of the five

total time-slots.

As already mentioned, the Deterministic Policy guarantees that each particular

transmission will be successful at least once per frame. As was observed in Fig. B.3,
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Figure B.1: The TDMA frame for every node in a network of N = 25 maximum

nodes and D = 4 maximum neighbors operating under the Deterministic Policy.

Each node has been assigned a unique polynomial and based on this polynomial a

unique time-slot allocation has been derived.
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Figure B.2: An example of an ad hoc network.

0x+0 x0 x x x x
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22 → 4 S S F F F
0 → 4 S S F S S

Figure B.3: A scenario with a frame of five random polynomials. Two different

transmissions are depicted. Slots where a successful transmission takes place are

marked with S and time-slots where transmissions collide and fail are marked with

F. The 22 → 4 transmission succeeds in two out of five time-slots that takes place

while the 0→ 4 transmission succeeds in four out of five time-slots.
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Figure B.4: A worst case scenario where each node may have only one successful

transmission per frame. The corresponding time-slots where those transmissions

take place are marked with S.

different transmissions have different number of successes even when they belong

in the same neighborhood. Additionally, it is observed that both of the mentioned

transmissions succeeded in more than the minimum guaranteed number of successes.

Both of these facts can be attributed to the particular polynomials that have been

assigned to the neighboring nodes. It can be observed that different combinations

of polynomials produce different numbers of successful transmissions.

The example depicted Fig. B.3 contained a random selection of nodes. In this

particular example, the total successful transmissions per frame are 14, provided

each node always transmits when it is allowed to. Additional examples are given

next to present some edge cases that may appear on some particular polynomial

combinations, together with some interesting observations.

Fig. B.4 depicts a combination of polynomials which produces a worst case sce-

nario in terms of total successful transmissions. It can be observed that each node

succeeds only once per frame, thus leading to a total of five successful transmissions

in the frame. It can also be observed that when a collision occurs, no more than

two nodes participate.

Fig. B.5 depicts a best case scenario. Under this particular combination of poly-

nomials no collision takes place and all 25 attempted transmissions are successful. It

can be observed that the selected polynomials have one common coefficient (a = 2).

This leads to the observation that for the 25 nodes depicted in B.1 there are 5

(or q) combinations of polynomials that provide a collision-free schedule for their

corresponding neighborhoods.
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Figure B.5: A best case scenario where the combination of polynomials provides a

collision-free schedule. All 25 transmission attempts will succeed.
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Figure B.6: In this scenario every possible collision takes place in the same time-

slot. This leaves room for 20 out of 25 transmission attempts to be successful. The

corresponding time-slots where those transmissions take place are marked with S.
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Finally, another interesting scenario is depicted in Fig.B.6. This particular com-

bination of polynomials produces a schedule that provides 20 successful transmis-

sions out of a total of 25. It is observed that all possible collisions take place during

the same time-slot. It can also be observed that the selected polynomials have one

common coefficient (b = 4), although it is not the same coefficient as in Fig. B.5.

This also leads to the observation that there are q = 5 different combinations of

polynomials that produce this kind of scheduling.

Now we will consider another example which will allow some additional obser-

vations. Let’s assume a network with a maximum number of N = 125 nodes and a

maximum number of D = 2 neighbors. Those values are given as input to algorithm

1 and the parameters k = 2 and q = 5 are calculated. Consequently, the frame

length is L = q2 = 25 and the polynomials that will be assigned to the nodes are of

the 2nd degree. The total polynomials of 2nd degree that may exist with coefficients

from the GF (q) are qk+1 = 53 = 125, thus there are enough unique polynomials to

be assigned to the nodes.

The additional observation here occurs if the frame lengths of both examples are

compared while at the same time the total number of nodes N and the parameter k

is taken into consideration. It can be observed that in the first example, where k = 1,

the frame length is equal to the maximum number of nodes N while in the second

example, where k = 2, the frame length is smaller than N . This observation can

also be derived if we consider the required condition that enough unique polynomials

must exist to be assigned to the nodes. When k > 1, the frame length (which will

always be L = q2) is smaller than the maximum number of nodes that may exist in

the network (which is N = qk+1) since in this case it will always be k + 1 > 2.

Cases with k > 1 will occur as N increases while at the same time D is relatively

small. This observation is derived by studying algorithm 1. As N increases, q must

increase until the condition qk+1 ≥ N stands. If D is relatively small, some value of

k > 1 will eventually be calculated. If a network satisfies the conditions of having

a small maximum number of neighbors D but a relatively large maximum number

of nodes N , it is reasonable to assume that it will be a sparse network which spans

across a relatively large area.
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B.2.3 The Probabilistic Policy

The Probabilistic Policy [38] is based on the Deterministic Policy, consequently it

follows the exact steps of its predecessor regarding the time time-slot allocation to

the network nodes. However, under the Probabilistic Policy, nodes are allowed to

transmit in both their assigned and non-assigned time-slots. During their assigned

time-slots they may always transmit (as under the Deterministic Policy) but in their

non-assigned ones they transmit according to a fixed access probability p common

for all nodes. These additional transmissions utilize time-slots that would otherwise

be left unused but at the same time transmissions that would otherwise be success-

ful are now being corrupted. However, as shown in [38], a range of values for p

exists where the additional successful transmissions outnumber the additional colli-

sions and this allows for increased throughput when compared to the Deterministic

Policy’s throughput.

The authors provide analysis that leads to the derivation of equations for the cal-

culation of the maximum achievable throughput and of the access probability value

under which this throughput value can be achieved. They show that calculating

maximum throughput with the use of those equations is hard, thus they addition-

ally derive simplified equations through which an approximate throughput value can

be calculated. For this approximation to be possible, the assumption is made that

all nodes have the same number of neighbors which equals the average number of

neighbors |S̄| in the network.

Regarding the access probability, since the exact value that maximizes through-

put is also hard to be calculated, two equations are derived that calculate the bound-

aries of an interval of values that are certain to provide increased throughput when

compared to the Deterministic Policy. Those equations calculate the aforementioned

values as a function of the topology density metric which is introduced in this work

and defined as |S̄|/D.

B.2.4 The Adaptive Policy

To further increase throughput, the Adaptive Policy was proposed [39] which extends

the aforementioned Probabilistic Policy. Initially, the Adaptive Policy operates sim-

ilarly to its predecessor. However, after a successful transmission takes place in a

non-assigned time-slot, the access probability for the particular node and time-slot



B.2. Topology-Transparent Policies Based on Galois Field Theory 33

becomes 1. In the event of a collision, the value of the transmission probability for

this time-slot reverts to the initial value that has been defined for the non-assigned

time-slots of every node.

At the beginning of its operation the Adaptive Policy operates exactly like the

Probabilistic Policy. After some time, nodes have gathered information regard-

ing their neighboring nodes’ transmissions and have adapted the probability value

during those non-assigned time-slots that they successfully transmitted a message

towards them. It is possible that two or more nodes have adapted their access

probability in a particular time-slot or this time-slot may have been assigned to a

neighbor node which did not transmit there during the previous frame because there

were no data available at the time. In any case, sooner or later a collision will occur

in this time-slot and every node that had adapted its access probability value there

will revert to the initial one. Eventually, the system will enter a mode of operation

where throughput performance is stable. This mode is referred to by the authors as

the steady-state mode of operation. Prior to this mode, the system operates under

the transient mode and the time interval that this mode remains active is defined

as the convergence period.

Eventually, the Adaptive Policy performs better in terms of throughput when

compared to the Probabilistic Policy, since it manages to transmit more frequently

during non-assigned time-slots.





Chapter C

Topology-Transparent Policies in

Vehicular Networks

A
N IoT application which has received a lot of attention from the research

community is vehicular networking. Soon, vehicles are expected to be able

to communicate either through an underlying network infrastructure of

directly with other vehicles in ad hoc fashion. The latter scenario is widely known

as VANET (Vehicular Ad hoc NETworking).

In VANETs, network topology is expected to change very often, because nodes

are characterized by high mobility. This fact constitutes the design of TDMA MAC

policies for this environment a challenging task, due to the need of time-slot re-

allocation. Consequently, it is possible that a topology-transparent policy is more

suitable in this kind of environments.

In this section, the Deterministic Policy is incorporated into a TDMA MAC pro-

tocol (TiMAC) and is compared against another TDMA MAC protocol (VeMAC).

The latter has been designed specifically for VANET environments but follows a

more traditional approach when it comes to allocating time-slots to nodes.

C.1 Vehicular Network Characteristics

A vehicular network can be seen as a special case of a mobile ad hoc network in

which the nodes (vehicles) typically move along predefined routes, i.e., roads. The

evaluation of both policies considered in this chapter focuses on improving safety

35
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through vehicle-to-vehicle communication, therefore the main evaluation metric is

the delay of messages that are exchanged among vehicles.

Due to vehicular networks’ mobility, a MAC protocol should be able to adapt to

frequent topology changes and the various patterns of these changes (e.g., vehicles

move along roads and not randomly). Two different environments may typically be

considered: (i) highway (high speed environment with variable density of traffic and

number of vehicles depending on time and day); and (ii) urban (lower speeds and

higher density than the highway scenario).

The typical speed in vehicular network is e.g., between 35 km/h and 110 km/h

in a urban environment, and e.g., between 70 km/h and 150 km/h in a highway

environment. Such mobility characteristics – not typical in mobile ad hoc networks

– may significantly affect the overall performance of the system (e.g., [136], [137],

[138]). The fact that vehicles have, to some extent, a predictable behavior in terms

of their movement, also limits the upper bound on the number of neighbor vehicles.

For example, the worst case with respect to the number of neighbors is during a

traffic jam in cross-roads. This remark is important and justifies the assumption

made by TiMAC regarding a predefined maximum number of neighbors.

Another special characteristic of vehicular networks refers to the inherent capa-

bility of vehicles to include a GPS [139] device that can give accurate measurements

with respect to position, velocity, direction, and time. In addition, due to their

inherent battery recharging capabilities, vehicles have ample energy for operating

their electronic equipment. This allows for use of devices that are able to offer ad-

equate processing power and storage capacity. Consequently, even though energy

consumption usually is an issue in most mobile ad hoc networks, this is not the case

in their vehicle counterparts.

Finally, when the focus is on vehicular-to-infrastructure communication, there

are different constraints with respect to performance (e.g., throughput may be more

important than time delay) when compared to the case of vehicular-to-vehicular

communication. For the latter case, and particularly for safety applications, as it

is the case for the policies considered here, time delay plays a critical role. As it

will be shown later, the number of re-transmissions under TiMAC is smaller than

under VeMAC while at the same time their throughput performance is comparable.

A detailed description of VeMAC is given in the following section.
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C.2 VeMAC Description

VeMAC [40] is a TDMA protocol operating in a multichannel manner, thus suitable

for both safety and non-safety applications. One channel is used for safety applica-

tions and the rest for non-safety ones. The TiMAC policy requires a single channel

to operate and focuses on safety applications, thus it will be compared to VeMAC’s

single channel operation which is also used for the same purpose.

Time is divided into frames of fixed number of time-slots. As mentioned, node

synchronization is achieved using GPS. GPS is also employed to determine the

direction each vehicle is moving in. Each frame is divided into three separate sets

of time-slots: L and R for those nodes moving on the left and right direction (or

downwards/upwards) and S for those communicating with roadside units. Since the

focus here is on vehicular-to-vehicular communication, the latter set will be omitted

and all time-slots will be divided in only two sets (L and R).

The medium access control policy of a node (in this case a vehicle) realized by

VeMAC is based on continuous transmissions (even in the absence of data) dur-

ing time-slots that are marked as free within a frame by the one-hop and two-hop

neighbors (i.e., the potential interference nodes due to the hidden terminal prob-

lem). Note that each node is aware of its direction (L or R) and competes for the

corresponding set of time-slots within the frame. In particular, when a node enters

the network, the first step is to become synchronized with its neighbor nodes and

then keep track of their transmissions for one frame. When a node transmits during

a particular time-slot, this time-slot is marked as being occupied by this particular

node so as other nodes are not able to reserve it.

Those time-slots occupied by the transmitting node’s one-hop neighbors are also

enlisted within the header of each transmission. Eventually, each node is aware of

the set of time-slots occupied by its two-hop neighbors after the first frame. The

next step is to select one of the unoccupied time-slots and keep transmitting during

this time-slot even if data are not available for transmission, since it is important to

announce to its neighbor nodes the occupation of the particular time-slot and the

piece of information regarding its neighbor nodes. Clearly, if no message is sent in a

previously occupied time-slot, the corresponding node is either powered off or went

out of range so this time-slot is now unoccupied, again.

Figure C.1 graphically illustrates an example of time-slot assignment under
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A)

B)

Nodes a and b are moving faster than nodes c and d and they are closing on them.
The current slot assignments (marked with X) allow for collisionless transmissions.
Note that all slots belong to the L set due to the direction of their movement.

After a while the two neighborhoods merge. Node b and d have been assigned the
same slot. This leads to message collision. Both nodes must release their slot and
listen to the medium for the duration of a frame.

C)

Nodes b and d select a new slot. Hopefully, the new slot allocation will be collisionless.
If the nodes happen to select the same slot, a collision will again occur and the selection
procedure will be repeated.
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Figure C.1: Time-slot re-assignment under VeMAC.
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VeMAC. Nodes in this example are depicted moving towards the same direction,

thus each one competes for a time-slot from the set that corresponds to this direc-

tion (the L set). Initially, two separate networks are formed among them (node a

with node b and node c with node d) and all four nodes are transmitting without

experiencing collisions. However, nodes a and b are moving faster than nodes c and

d, thus sooner or later the two distinct networks will merge into a single network

(figure C.1.B). In the new network, nodes b and d are assigned the same time-slot.

When a collision occurs, both nodes release their time-slot and listen to the medium

for the duration of one frame. After this interval has passed, both nodes are able to

randomly select a new time-slot that is not already occupied by some other node. It

is possible that both nodes will select the same time-slot. In this case, a collision will

again occur and the time-slot selection procedure will be repeated until the nodes

select a different one.

In the previous example, two types of collisions were observed: access and merg-

ing collisions. Access collisions occur when two or more nodes in the process of

randomly selecting their time-slot, select the same one. Merging collisions occur

when nodes initially positioned out of each others two-hop neighborhood and occu-

pying the same time-slot, suddenly come close enough so their transmissions collide.

When a collision occurs (irrespectively of the type), the particular nodes occupying

this time-slot release it and choose a new one (randomly) based on the information

gathered during the last frame. The collision detection mechanism is based on listen-

ing the frame following a transmission. If a collision occurs, then the transmitting

node will become aware of it since its own unique ID will not be included in the list

sent by its neighbor nodes during the following frame.

C.3 Performance Evaluation

A program in the OMNeT++ simulation platform [140] has been developed for the

evaluation of TiMAC in a vehicular environment, compared against VeMAC. In

order to have a fair comparison, and given that the frame length value for TiMAC

is derived following the algorithm presented in [37], the frame length for VeMAC

is set to be equal to a TiMAC subframe length. This ensures that all nodes under

both policies will carry out the exact same number of transmissions during a time

interval that corresponds to a TiMAC frame’s length.
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The network size is set to N = 1000 vehicles. It is assumed that all nodes are

perfectly synchronized for both protocols. Transmission range is the same for all

vehicles and the maximum number of neighbor nodes is D = 19 for all simulation

scenarios. Given these values, the algorithm in [37] outputs the values k = 1 and

q = 37. Therefore, under TiMAC the frame size is set to q2 = 1369 time-slots in

every scenario. The corresponding frame length for VeMAC is q = 37. All considered

scenarios correspond to averaged values for ten independent runs. The corresponding

95% confidence intervals are not depicted since their range is calculated to be less

than 1% for the case of throughput and less than 8% for the case of the average

number of retransmissions.

C.3.1 Network Topology, Traffic Characteristics and Eval-

uation Parameters

Two different network topologies are considered for the evaluation. First, a highway,

12 km long, containing two lanes of opposite directions. The node transmission range

is set to 28m. The distance between the two lanes is 10m, so each vehicle may be in

range with vehicles of the opposite lane, too. Each vehicle may move with medium,

high or very high speed which corresponds to 72 km/h, 108 km/h and 144 km/h,

respectively. For simulation purposes, when a node reaches the end of the road, it

reappears in the same lane on the other side of the topology.

The second topology corresponds to an urban road network, 1200m long and

1200m wide, consisting of 4 (parallel) horizontal and 4 (parallel) vertical roads.

Parallel roads are positioned 400m from each other and crossroads are formed at

the intersection of horizontal and vertical roads. Each vehicle may move with low,

medium, or high speed which corresponds to 36 km/h, 72 km/h and 108 km/h, re-

spectively. When a node reaches a crossroad, it randomly chooses one of the available

directions excluding the opposite of its current one.

For both topologies, nodes’ initial positioning and direction is randomly set. Each

node is able to determine its moving direction and consequently to align itself with

the proper subframe where it is allowed to transmit (in case the underlying protocol

utilizes this information, like in the case of VeMAC). Finally, various scenarios are

considered with respect to vehicle speeds. Those include scenarios where the speed

is randomly chosen for each vehicle separately, as well as scenarios where the speed
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is common to all vehicles. In any case, every selected vehicle’s speed comes from

the set of the aforementioned ones that correspond to each particular environment

and remains unchanged until the end of each simulation run.

Traffic load hereafter corresponds to the probability that there is a data packet

available for transmission for a randomly chosen neighbor destination at a particular

time-slot, provided that the transmitting node is allowed to transmit during this

time-slot, regardless of the chosen protocol. This probability (i.e., traffic load) is the

same for all vehicles. If a transmission fails, the collided packets are re-transmitted at

the next available time-slot. If the transmission succeeds (or there is no transmission

at all), a new package is created according to the previously mentioned probability

at the next available time-slot. The number of successful transmissions per node per

time-slot is referred to hereafter as throughput. Note that the channel is assumed to

be ideal, thus no re-transmissions are expected due to channel errors.

The maximum number of consecutive re-transmissions is used to compare the

evaluated MAC policies as an indicative factor of time delay, since small num-

bers of re-transmissions indicates small time delays. Therefore, the number of re-

transmissions will be used in the sequel as the delay metric. Each re-transmission

corresponds on average to a delay of 100ms (depending on the exact time-slot posi-

tion in the frame) which is an acceptable time delay value even if there is the need

for re-transmissions.

C.3.2 Simulation results for TiMAC vs. VeMAC

Throughput Performance

Figure C.2 depicts throughput as a function of traffic load for both the highway and

the urban vehicular environment. Vehicle speeds for these scenarios are randomly

selected from the three available speeds corresponding to each environment. For the

highway case (Figure C.2.a), as the traffic load increases, throughput under both

VeMAC and TiMAC increases. This is expected since both protocols are TDMA-

based and not contention-based ones. It is observed that for traffic load less than

0.6, the obtained throughput under TiMAC is about 3% larger than that under

VeMAC, whereas as traffic load further increases the observed picture changes in

favor of VeMAC (5% for the case of heavy load). This change is attributed (i)

to the disjoint set of time-slots assigned to different directions under VeMAC (and
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Figure C.2: Throughput as a function of traffic load for the highway (a) and the

urban (b) vehicular environment for both VeMAC and TiMAC.

thus, as traffic load conditions increase, VeMAC behaves better than TiMAC in

terms of throughput); and (ii) to the fact that as traffic load increases, the collision

probability under TiMAC also increases (note that under TiMAC, nodes transmit

only if there are data for transmission and not during every frame as it is the case

under VeMAC). Nevertheless, it is observed, that the obtained throughput under

both policies remains close.

Throughput remains close for the case of the urban environment too (Figure C.2.b),

where it is interesting to see that in this case TiMAC outperforms VeMAC under

all traffic load conditions by about 5% most of the time (falling down to a minimum

of 0.4% increase for the case of full load). This is attributed to the fact that in

an urban environment, traffic is not that predictable as it is the case for highways

and therefore, the assigned time-slots under VeMAC that correspond to a certain

direction should be reallocated to avoid collisions.

Figure C.3 depicts throughput as a function of traffic load for the scenarios where

all vehicles are moving with the same speed in the highway environment. It can

be observed that, under VeMAC (figure C.3.a), throughput performance decreases

as the speed of the vehicles increases. However under TiMAC (figure C.3.b), it

can be observed that throughput performance remains practically unchanged. This

observation confirms that VeMAC’s performance is sensitive to topology changes

while TiMAC justifies its topology-transparent nature.

Figure C.4 depicts throughput as a function of traffic load for the scenarios where
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Figure C.3: Throughput as a function of traffic load for various common vehicle

speed scenarios in highway environment for both VeMAC and TiMAC.

0

0.005

0.01

0.015

0.02

0.025

0.03

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T
h
ro
u
gh

p
u
t

Traffic Load

VeMAC Urban 36km/h
+

+
+

+
+

+
+

+
+

+

+
VeMAC Urban 72km/h×

×
×

×
×

×
×

×
×

×

×
VeMAC Urban 108km/h∗

∗
∗

∗
∗

∗
∗

∗
∗

∗

∗
0

0.005

0.01

0.015

0.02

0.025

0.03

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T
h
ro
u
gh

p
u
t

Traffic Load

TiMAC Urban 36km/h
+

+
+

+
+

+
+

+
+

+

+
TiMAC Urban 72km/h×

×
×

×
×

×
×

×
×

×

×
TiMAC Urban 108km/h∗

∗
∗

∗
∗

∗
∗

∗
∗

∗

∗

a. b.

Figure C.4: Throughput as a function of traffic load for various common vehicle

speed scenarios in urban environment for both VeMAC and TiMAC.
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Figure C.5: Throughput as a function of traffic load for random vehicle speed sce-

narios in urban and highway environments for both VeMAC and TiMAC.

all vehicles are moving with the same speed but this time for the urban environ-

ment. Again it can be observed that, under VeMAC (figure C.3.a), throughput

performance decreases as the speed of the vehicles increases. However, it can also

be observed here that the performance difference among the three depicted speed

scenarios is larger than the difference observed in figure C.3.a corresponding to the

highway scenarios. This difference is not unexpected since the topology changes

under urban scenarios are more unpredictable when compared to changes on the

highway scenarios. Additionally, it is observed that TiMAC’s performance is again

practically unaffected by the topology changes.

Similar observations can be made in figure C.5 which depicts throughput perfor-

mance difference when nodes operate under the same policy and the variable is the

type of environment. Random vehicle speeds have been selected here and through-

put is again depicted as a function of traffic load. It is confirmed (figure C.5.a) that

VeMAC performs worse under the urban environments when compared to itself op-

erating under the highway environments, due to the more unpredictable changes

in topology. It is also confirmed (figure C.5.b) that TiMAC is unaffected by the

network topology it is operating in, as long as the remaining network characteristics

remain the same.
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Figure C.6: Average value of maximum re-transmissions per node as a function of

traffic load for both the highway and urban vehicular environments for both VeMAC

and TiMAC with vehicles moving with randomly assigned speeds.

Delay Performance

The average value of the maximum number of retransmissions per node for the high-

way and the urban vehicular environments are depicted on the left and the right side

of Figure C.6 respectively and for the scenarios where vehicles are moving with ran-

dom speeds. It is clear that the (average) number or retransmissions under TiMAC

is less than that under VeMAC (depending on the traffic load it is observed to be

decreased more than 50%). Given that throughput is close for both VeMAC and

TiMAC, the smaller number of retransmissions indicates that TiMAC can deliver

(almost) the same amount of data with smaller delay than VeMAC.

Figure C.7 again depicts the average value of maximum re-transmissions per node

as a function of traffic load but this time for all vehicle speed scenarios. Only the

highway environment scenarios are depicted here. Figure C.7.a depicts the perfor-

mance of VeMAC under those scenarios. It can be observed that, under the scenarios

where the vehicles move with a common speed, the number of re-transmissions is

comparable, although performance decreases as the vehicle speed is increases. How-

ever, when vehicles move with random speeds, a larger decrease in performance is

observed as under this scenario about 150% more re-transmissions take place when

compared to the common speed scenarios. On the contrary, TiMAC’s performance

(figure C.7.a) is comparable under all scenarios.

It can also be observed that, under the common vehicle speed scenarios in high-
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Figure C.7: Average value of maximum re-transmissions per node as a function of

traffic load for all vehicle speed scenarios in highway environments for both VeMAC

and TiMAC.

way environments, VeMAC clearly outperforms TiMAC in terms of average maxi-

mum re-transmissions. This can be attributed to the fact that, since all vehicles are

moving with the same speed and those moving in opposite directions are assigned

time-slots from different subsets, the topology is essentially unchanged. Conse-

quently, under those scenarios and given enough time, VeMAC eventually manages

to produce an optimal scheduling among the nodes. The situation is reversed under

the random speed scenarios. If VeMAC’s average number of re-transmissions value

for the random speed scenario of figure C.7.a is compared with the corresponding

value of figure C.7.b, it is observed that TiMAC performs better than VeMAC.

More specifically, TiMAC’s performance, as mentioned, remains unchanged when

compared to the common speed scenarios but VeMAC’s performance decreases to

the point where TiMAC outperforms VeMAC by about 50%. Those observations

are better depicted in figure C.8 where both VeMAC and TiMAC’s average re-

transmissions are depicted for the highway scenario and for random vehicle speeds

and common vehicle speeds corresponding to 72km/h.

Figure C.9 depicts the average value of maximum re-transmissions per node as

a function of traffic load for the urban environment and for all considered speed

scenarios. The observations drawn here are similar to those made earlier in this

section when urban scenarios were considered. Specifically, the urban environment

favors TiMAC due to the fact that the topology changes here are more unpredictable
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Figure C.8: Average value of maximum re-transmissions per node as a function of

traffic load for highway scenarios and for random vehicle speeds and common vehicle

speeds of 72km/h.
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Figure C.9: Average value of maximum re-transmissions per node as a function of

traffic load for all vehicle speed scenarios in urban environments for both VeMAC

and TiMAC.

when compared to the highway environment. Consequently, TiMAC performs bet-

ter in every scenario. As before, TiMAC’s performance is practically unchanged

in all scenarios, while VeMAC’s performance decreases as vehicle speed increases.

Finally, under VeMAC it is observed that the random speed scenario’s performance

is comparable to the one where vehicles are moving with the faster of the considered

common speed scenarios.

In figure C.10 both VeMAC and TiMAC’s average re-transmissions are depicted,

corresponding to the urban scenario for random vehicle speeds and to the scenario

of the lowest common vehicle speed which is 36km/h. It can be observed that, even

when vehicles are moving with the lowest of the considered speeds, VeMAC shows

about 70% higher maximum number of re-transmissions per node when compared to

either of TiMAC’s vehicle speed scenarios. When vehicles under VeMAC move with

random speeds, the performance is about 150% worse when compared to TiMAC’s

performance.

Distribution of maximum numbers of re-transmissions

Figure C.11 depicts the obtained distribution of re-transmissions over nodes for

both highway and urban vehicular environments. Vehicle speed for those scenarios

is random and traffic load probability is 0.5. It is interesting to see that the majority

of the nodes under TiMAC are concentrated near the average value, whereas under
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Figure C.10: Average value of maximum re-transmissions per node as a function of

traffic load for urban scenarios and for random vehicle speeds and common vehicle

speeds of 36km/h.
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Figure C.11: Distribution of re-transmissions over nodes for both the highway and

urban vehicular environments and traffic load 0.5 for both VeMAC and TiMAC.
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Figure C.12: Distribution of re-transmissions over nodes for various speed scenarios

in the highway environment and traffic load 0.5 for both VeMAC and TiMAC.

VeMAC there is a large number of nodes whose re-transmissions are more than

the corresponding average value (the averaged values are depicted in Figure C.6).

Therefore, a random node under VeMAC is expected (on average) to re-transmit

more frequently than under TiMAC, under the same conditions.

Figure C.12 depicts how each policy compares to itself in terms of the re-

transmissions distribution when vehicles are moving with different speeds and with

network traffic load 0.5. Under VeMAC (figure C.12.a) and for the common speed

scenarios it is observed that all values are concentrated near the average value (about

1.2). About 950 out of the 1000 vehicles need no more than one re-transmission to

deliver each message successfully and only a small number of them performs slightly

worse with a maximum of four re-transmissions for some nodes. When vehicles are

moving with random speeds, performance is decreased. Less than 400 vehicles need

only one re-transmission while the majority need two or more. Additionally, it is

observed that a small number of them needs as much as 20 re-transmissions before

at least one of the messages is successfully delivered to the destination.

Under TiMAC (figure C.12.b), a similar performance is observed for all vehicle

speed scenarios. Most vehicles need a maximum of one or two re-transmissions per

message and only a handful of them need as much as six. Furthermore, similarly

with earlier observations regarding the average value of re-transmission numbers, it is

observed that VeMAC performs better than TiMAC when vehicles are moving with

common speeds while TiMAC outperforms VeMAC in the random speed scenario.
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Figure C.13: Distribution of re-transmissions over nodes for various speed scenarios

in the urban environment and traffic load 0.5 for both VeMAC and TiMAC.

Regarding the scenarios in Urban environments (Figure C.13), it is observed that

TiMAC outperforms VeMAC for all speed scenarios. Under VeMAC, some vehicles

need as much as 23 re-transmissions to successfully deliver some messages while

under TiMAC the corresponding number is no more than six.

In figures C.14.a and C.15.a it is better demonstrated how VeMAC outperforms

TiMAC in highway scenarios when vehicles move with a common speed since the

topology there, as mentioned earlier, can be considered almost unchanged. The

situation is reversed in urban scenarios as shown in figures C.14.b and C.15.b

because vehicles change their direction of movement unpredictably, although their

speed is common and unchanged as in the corresponding highway environment.

Figure C.16 depicts the distribution of re-transmissions over nodes in the highway

environment with respect to the network load. Under VeMAC (figure C.16.a), it

is observed that the majority of vehicles need more re-transmissions as the load

increases. The same observation can be made for TiMAC (figure C.16.b).

Similar observations can be made for figure C.17. However, when comparing this

figure with figure C.16, it can additionally be observed that TiMAC’s performance

remains comparable between the two environments while VeMAC’s performance for

the scenarios in the urban environment is worse than the corresponding ones in the

highway environment for all considered traffic load values.
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Figure C.14: Distribution of re-transmissions over nodes for the scenarios where

vehicle speed is 72km/h for both VeMAC and TiMAC in Highway and Urban sce-

narios.
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Figure C.15: Distribution of re-transmissions over nodes for the scenarios where

vehicle speed is 108km/h for both VeMAC and TiMAC in Highway and Urban

scenarios.
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Figure C.16: Distribution of re-transmissions over nodes in the highway environment

for various network traffic load values and for the scenarios where vehicle speed is

random.
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Figure C.17: Distribution of re-transmissions over nodes in the urban environment

for various network traffic load values and for the scenarios where vehicle speed is

random.
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C.4 Conclusions

Vehicular networks are among the most demanding network environments when

it comes to MAC policy design and the main reasons behind this are the fast-

changing topology and the diversity of applications that have to be supported by

the underlying medium access policy. Especially when passenger safety applications

have to be considered, it is crucial that messages are delivered to their destinations

within a certain time interval. This requirement has led the research community to

consider TDMA-based policies as they are able to offer time bounded access to the

medium. Moreover, the implementation of TDMA topology-transparent policies in

vehicular network environments might also be a reasonable choice as those policies

eliminate the need for time-slot re-assignment in mobile ad-hoc networks.

In this chapter, the Deterministic Policy (as was introduced in [37] and described

in section B.2.1) is incorporated in a TDMAMAC policy (TiMAC) and this policy is

evaluated in various VANET scenarios and compared against an already established

VANET MAC policy (VeMAC). The two policies’ primary difference is how they

assign time-slots to the network nodes. TiMAC implements the Deterministic Pol-

icy’s topology-transparent algorithm while VeMAC implements a more traditional

time-slot assignment algorithm. The comparison results are summarized below.

In terms of throughput, both policies perform similarly. In highway environment

scenarios, VeMAC holds an edge when network traffic load is high, while TiMAC

performs slightly better under lower loads. This can be attributed to the fact that

TiMAC, in contrast to VeMAC, does not transmit empty messages when there are

no data available for transmission, thus it experiences less collisions than VeMAC as

traffic load decreases. In urban environment scenarios where the topology changes

are more unpredictable, TiMAC performs slightly better than VeMAC under every

network traffic load, with their peak performance difference again being observed

under medium loads.

When the policies are evaluated with respect to delay, various results are observed

depending on the particular scenario. VeMAC performs clearly better than TiMAC

in highway environments and when all vehicles are moving with identical speeds.

This is an expected result since, under those parameters, the network topology

can be considered unchanged for the duration of the particular simulation run and

VeMAC eventually settles for an optimal time-slot allocation among the nodes. The
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situation is reversed in highway scenarios with randomly chosen vehicle speeds as

well as in all urban scenarios, as TiMAC performs better there.

An interesting observation can be made if both policies are compared against

themselves with the variable being the rate of topology change. It can be observed

that, as topology changes become more frequent and more unpredictable, TiMAC’s

performance remains practically unchanged while VeMAC’s performance decreases.

This behavior confirms TiMAC’s (and thus the Deterministic Policy’s) topology-

transparent nature.

Based on these results, it may be proposed that topology-transparent policies

can be considered as suitable candidates for vehicular network applications where

passenger safety is the primary concern.



Chapter D

The Refined Policy

O
NE disadvantage of TDMA policies is the low utilization of the communi-

cation channel in sparse network environments and this is also true for the

Deterministic Policy [37]. To tackle this problem, the Probabilistic Pol-

icy [38] was introduced which allows nodes to additionally transmit during unused

time-slots but under a predefined and common access probability p.

Although throughput under the Probabilistic Policy is increased under certain

values of p, message collisions are also increased. A lot of those collisions occur dur-

ing time-slots that under the Deterministic Policy a successful transmission would

take place there. Another disadvantage is that the value of p has to be calculated

and assigned to the nodes prior to the network operation and this procedure is not

particularly suitable to MANET’s dynamic and distributed nature.

In this chapter, the Refined Policy is proposed which extends the Probabilistic

Policy by tackling its two aforementioned problems. Under the Refined Policy, nodes

are able to refrain from probabilistic transmissions that would otherwise take place

during some neighboring node’s assigned time-slot, thus avoiding transmissions that

would most probably cause a collision. Furthermore, a method for nodes to calculate

their own individual access probability p is introduced. This calculation is carried

out in distributed fashion and while the network operates.

It is shown that the Refined Policy performs better in terms of throughput when

compared to the Probabilistic Policy while at the same time nodes experience fewer

message collisions. Furthermore, it is shown that the use of the individual access

probability calculation contributes to further throughput increase when compared

56
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to the assignment of a common access probability to all nodes.

D.1 The Refined Policy

Under the proposed Refined Policy, nodes are allowed to transmit during the as-

signed time-slots as under the Deterministic and the Probabilistic Policies. Assum-

ing a transmission from node u to its neighbor node v, denoted as u→ v, the aim is

to derive a subset of the non-assigned time-slots i /∈ Ωu such that no other neighbor

node will be allowed to transmit during its assigned time-slot.

Let Fu be the set of time-slots that have not been assigned either to the trans-

mitting node u or any of its neighbor nodes; Fu will be referred to hereafter as free

time-slots. A node u can derive set Fu by using information available inside the

header of successfully received messages, specifically the ID of the source node that

is the only information needed for the calculation of the coefficients of its assigned

polynomial. This requires at least one successful transmission from each neighbor

node before node u is able to calculate the complete Fu set. Having derived this set,

transmission u→ v may take place according to the access probability p. Thus,

The Refined Policy: Provided there are data available for transmission at time-

slot i, then for transmission u→ v:

• If time-slot i ∈ Ωu, then transmission u→ v always takes place;

• If time-slot i ∈ Fu, then transmission u→ v takes place with probability p.

At the beginning of the network operation, each node is unaware of its neigh-

bors. As already mentioned, nodes receive messages from their neighbors as part

of the network’s initialization process. Regardless of whether these messages are

destined for this node or another one, the ID (i.e., the polynomial coefficients) of

the transmitting node u can be extracted from the packet header. Consequently,

the time-slot allocation can be calculated. The set of free time-slots Fu can then be

derived by combining the time-slot allocations of every neighboring node. Initially,

Fu contains all non-assigned time-slots but its contents are modified as successful

transmissions are received. This adjustment is essential in dynamic topologies, as it

allows node u to constantly adapt to neighborhood changes.
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Figure D.1: The frame for an example line network of three nodes (a, b and c) as

appears under the Deterministic, Probabilistic and Refined Policies. It consists of

three subframes and there are three time-slots for each one (0-1-2 , 3-4-5 , 6-7-8,

respectively). Time-slots marked (i) with X correspond to assigned time-slots; (ii)

with p correspond to those non-assigned time-slots that a node transmits according

to the access probability. Time time-slots left blank correspond to those that a node

is never allowed to transmit.

D.1.1 A frame example

The frame corresponding to a simple line network of three nodes (a, b and c) is

depicted in Fig. D.1 to help visualize the key idea behind the Refined Policy. There-

fore, the corresponding frames under all three policies are depicted. As observed

from the first one corresponding to the Deterministic Policy, nodes can transmit only

during the assigned time-slots (marked with X). It can be observed that a time-slot

may be assigned to more than one node (e.g., time-slots 0 and 7). Consequently,

when nodes a and c transmit during time-slot 0 towards node b (assuming all nodes

operate under heavy traffic conditions), a collision will occur. Still, it is guaranteed

that there will be at least one successful transmission for each node (e.g., time-slots

4, 5, 8).

For the frame under the Probabilistic Policy, nodes are allowed to transmit dur-

ing non-assigned time-slots, which are marked with p. Probabilistic transmissions

introduce collisions among neighbors for time-slots that transmissions would have

been successful under the Deterministic Policy (e.g., a, b and c during time-slot 2).

However, as shown in [38], there is a range of values for the access probability p that

the additional successful transmissions compensate for the introduced collisions.

The third frame depicted in Fig.D.1 corresponds to the proposed Refined Policy.

Every node is aware of its neighbors’ assigned time-slots, i.e., the free time-slots,

and will only transmit (with probability p) during these time-slots (in addition to
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the assigned ones). This behavior prevents unfortunate transmissions that would

almost certainly lead to collisions. For example, node a will never transmit during

time-slots 2 and 3 knowing that these are assigned to node b. As it is shown later,

the Refined Policy increases system throughput even compared to the Probabilistic

Policy and at the same time reduces the overall number of transmissions.

D.1.2 Definitions

Some useful sets of nodes are defined next. Assuming transmission u → v, the

interest is on these transmissions that may corrupt u → v (i.e., a collision takes

place).

• Ωu: The set of time-slots assigned to node u.

• Fu: The set of free time-slots for node u.

• AAu→v: The set of time-slots that are assigned to node u as well as to at least

one of its 1-hop or 2-hop neighbors, which can corrupt the transmission u→ v.

Transmission u→ v will always become corrupted during these time-slots.

• AFu→v: The set of time-slots that are assigned to node u and are not assigned

to any node that can corrupt the transmission u→ v. It is likely that some

2-hop neighbor might perceive these time-slots as free and may transmit with

probability p, thus corrupting the transmission u→ v. Such neighbor node

cannot be 1-hop since every 1-hop neighbor of u is aware that these time-

slots are assigned to node u, so they would not perceive them as free. The

transmission during these time-slots will succeed provided none of these 2-hop

neighbors transmits.

• FAu→v: The set of time-slots that node u perceives as free but are also assigned

to one or more neighbors able corrupt the transmission u→ v. These can only

be 2-hop neighbors or node u would not perceive any of these time-slots as

free. Transmission u→ v will always fail during these time-slots.

• FFu→v: The set of time-slots that node u perceives as free and are not assigned

to any node able to corrupt the transmission u→ v. Other nodes may also per-

ceive these time-slots as free and may transmit, thus corrupting transmission
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u→ v. These nodes will be either 1-hop or 2-hop neighbors to node u, includ-

ing node v. The transmission during these time-slots will succeed, provided

no other of the aforementioned neighboring nodes transmits simultaneously.

• S2hop
u→v : The set of nodes that are 2-hop neighbors to node u and are able to

corrupt transmission u→ v.

• SAFu→v
i : The set of nodes that may corrupt transmission u→ v during time-

slot i ∈ AFu→v. It is a subset of S2hop
u→v .

– |SAFu→v |: The average number of nodes that may corrupt transmission

u→ v for all time-slots in AFu→v set.

– |SAF |: The average number of |SAFu→v | for all considered transmissions.

• SFFu→v
i : The set of nodes that may corrupt transmission u→ v during time-

slot i ∈ FFu→v.

– |SFFu→v |: The average number of nodes that may corrupt transmission

u→ v for all time-slots in FFu→v set.

– |SFF |: The average number of |SFFu→v | for all considered transmissions.

Based on the previous definitions, it is concluded that:

• AAu→v and AFu→v sets are mutually exclusive.

• |AAu→v|+ |AFu→v| = |Ωu| = q.

• FAu→v and FFu→v sets are mutually exclusive.

• |FAu→v|+ |FFu→v| = |Fu|.

D.1.3 Set examples

To further elaborate on the previous definitions that will be used later for the analysis

of the proposed Refined Policy, an example network of eight nodes in a 4-regular

graph topology is depicted in Fig. D.2. It is a ring topology where each node is

neighbor to the two nearest left-side nodes and the two nearest right-side nodes.
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Figure D.2: Regular graph example with eight nodes and four neighbors per node.

Fig. D.3 depicts the frame state of all eight nodes illustrated in Fig. D.2. Simi-

larly, as in Fig. D.1, X, p and empty boxes correspond to assigned time-slots, free

time-slots and time-slots that no transmission is allowed, respectively. Table. D.1 de-

picts the size of the various sets defined earlier for all the four possible transmissions

originating from node a.

Based on Fig. D.3 and Table. D.1, the following observations can be made:

• The value of |AAu→v| depends on the receiver node, i.e., node v. For example,

when transmission a→ b takes place, |AAa→b| = 2, but when the transmission

a→ g takes place, |AAa→g| = 3.

• The same applies to |FFu→v|. For example when transmission a → c takes

place, |FFa→c| = 4, while for the transmission a→ h takes place, |FFa→h| = 6.

• SAFu→v
i is different for every time-slot. For example, when transmission a→ c

takes place during time-slot 5, |SAFa→c
05 | = 2, while for the same transmission

during time-slot 20, |SAFa→c
20 | = 1. It is also observed that |SAFu→v

i | changes
for different transmissions taking place at the same time-slot.

• The same applies to the SFFu→v
i set. For example, when transmission a → h

takes place at time-slot 17, |SFFa→h
17 | = 2, but when the same transmission
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Figure D.3: The frame corresponding to the network of fig D.2. It is assumed that

q = 5 and k = 1. Consequently, eight 1st degree polynomials with coefficients 0, 1,

2, 3 or 4 have been randomly assigned to the network nodes.

takes place at time-slot 24, |SFFa→h
24 | = 4. As before, |SFFu→v

i | changes for

different transmissions taking place during the same time-slot.

• S2hop
u→v depends on the relative position of nodes u and v in the network. For

example, when transmission a → b takes place, S2hop
a→b = {d} but when a → c

takes place, S2hop
a→c = {d, e}. It can also be observed that |S2hop

u→v | is either 1 or

2. these values can be generalized for any K-regular graph which follows the

current example’s ring topology fashion. Thus, it can be observed that |S2hop
u→v |

is an integer value between 1 and K
2
.

D.2 Analysis of the Refined Policy

An analytical expression regarding throughput of the proposed Refined Policy is

presented next before deriving an analytical expression for the access probability.

D.2.1 Throughput

The first step is to calculate throughput for a particular time-slot i and a particular

transmission u → v. This corresponds to the probability of transmission u → v

being successful and is denoted as PR,i,u→v. When node u transmits towards node v

during time-slot i, this time-slot may either be assigned to u or perceived as free by
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v = b v = c v = g v = h

|Fa| 8 8 8 8

|AAa→v| 2 2 3 3

|AFa→v| 3 3 2 2

|FAa→v| 3 4 3 2

|FFa→v| 5 4 5 6

|SAFa→v
0 | 0 0

|SAFa→v
5 | 1 2 2 1

|SAFa→v
10 | 0

|SAFa→v
15 | 0

|SAFa→v
20 | 1 1

|SFFa→v
1 | 2 2

|SFFa→v
3 | 3 2 2

|SFFa→v
12 | 2 2

|SFFa→v
16 | 3 2

|SFFa→v
17 | 3 2

|SFFa→v
19 | 4 4 4

|SFFa→v
23 | 2 2

|SFFa→v
24 | 4 4 4 4

|S2hop
a→v | 1 2 2 1

Table D.1: The size of various sets for the network of Fig. D.2 and the frame

assignment of Fig. D.3.

u. Furthermore, this time-slot may or may not be assigned to another node that can

corrupt the transmission. In the latter case, for the transmission to be successful, no

node able to corrupt it should transmit at the same time. These cases correspond

to all four possible outcomes for transmission u→ v during time-slot i, thus,



64 Chapter D. The Refined Policy

PR,i,u→v =


0, i ∈ Ωu, i ∈ AAu→v

(1− p)|S
AFu→v
i |, i ∈ Ωu, i ∈ AFu→v

p(1− p)|S
FFu→v
i |, i /∈ Ωu, i ∈ FFu→v

0, i /∈ Ωu, i ∈ FAu→v

(D.1)

Throughput regarding transmission u→ v for all time-slots, denoted as PR,u→v,

is defined as the average of PR,i,u→v,

PR,u→v =
1

q2

q2−1∑
i=0

PR,i,u→v (D.2)

As SAFu→v
i and SFFu→v

i sets vary by time-slot i, average values are considered

next in order to proceed with the analysis. The validity of this average analysis will

be demonstrated later using simulation results. Hereafter, it will be assumed that

|SAFu→v
i | = |SAFu→v | and |SFFu→v

i | = |SFFu→v |.
Any node u is assigned q time-slots. Out of these time-slots, |AAu→v| have been

assigned to at least one neighbor able to corrupt u→ v. Consequently, a successful

transmission will take place during |AFu→v| = q − |AAu→v| assigned time-slots,

provided none of the |SAFu→v
i | nodes transmits (with probability p). Eventually,

the number of successful transmissions during the assigned time-slots of node u

for the transmission u → v is |AFu→v|(1 − p)|S
AFu→v |. Similarly, the number of

successful transmissions u → v during time-slots not assigned to node u as well

as to any node able to corrupt it can be calculated. As mentioned earlier, there

are |FFu→v| = |Fu| − |FAu→v| such time-slots, during which node u must transmit

with probability p and |SFFu→v
i | nodes must not transmit (probabilistically), for a

successful transmission to take place. Consequently, the number of these time-slots

is |FFu→v|p(1− p)|S
FFu→v |. Eventually, the sum of Equation D.2 can be substituted

by the two values calculated above, thus,

PR,u→v =
|AFu→v |(1−p)|S

AFu→v |+|FFu→v |p(1−p)|S
FFu→v |

q2
(D.3)

System throughput PR is defined as the average probability of success for all

transmissions. It is actually the throughput for each transmission (i.e., PR,u→v) over
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the total number of nodes (assuming that each node always transmits to the same

neighbor node). Thus,

PR = 1
N

∑
∀u

|AFu→v |(1−p)|S
AFu→v |+|FFu→v |p(1−p)|S

FFu→v |

q2
(D.4)

However, as already mentioned, sets AFu→v, S
AFu→v , FFu→v and SFFu→v are dif-

ferent for each transmission. As before, average values of these sets will be considered

next, their validity shown later at the evaluation section. That is, for the rest of the

analysis it will be assumed that |AFu→v| = |AF |, |SAFu→v | = |SAF |, |FFu→v| = |FF |
and |SFFu→v | = |SFF |. Eventually, PR, is given by,

PR = 1
N

∑
∀u

|AFu→v |(1−p)|S
AFu→v |+|FFu→v |p(1−p)|S

FFu→v |

q2
(D.5)

PR = |AF |(1−p)|S
AF |+|FF |p(1−p)|S

FF |

q2
(D.6)

D.3 The Individual Access Probability

The Refined Policy, as presented in Section D.1, uses a common and fixed access

probability p for transmitting in non-assigned time-slots. In this section, an analysis

will be presented which calculates an individual access probability for each node in

a distributed manner. Two cases are considered: first, each node u assumes that

is part of a complete graph network topology and calculates its individual access

probability (denoted as p̂1(u)) considering only its 1-hop neighbors; second, let Du

be node’s u number of neighbors, each node assumes that is part of a K-regular

graph network topology where every node has the same number of neighbor nodes

as itself (thus K = Du) and calculates its individual access probability (denoted as

p̂2(u)) considering both its 1-hop and 2-hop neighbors.

The Complete Graph Case

Assuming a complete graph network topology under the Refined Policy, then every

node is aware of the time-slot assignments of any other node in the network. Each

node derives exactly the same Fu set since the available neighbor information is



66 Chapter D. The Refined Policy

common to all nodes. Consequently, every node u will transmit under probability

p̂1(u) in the same time-slots. For such a transmission to succeed, none of its Du

neighboring nodes must transmit at the same time. Note that, for the complete

graph topology case as well as for the K-regular graph topology case considered

next, Du = D for each node u. For a particular transmission u → v and for a

time-slot i perceived as free by node u, throughput is given by,

Pi,u→v = p̂1(u)(1− p̂1(u))
Du (D.7)

Studying the roots of the first derivative of Equation (D.7) with respect to p̂1(u),

the value that the maximum throughput is assumed can be calculated and is given

by,

p̂1(u) =
1

Du + 1
(D.8)

The K-Regular Graph Case

An analytical expression for p̂2(u) will be derived next. In this case, both 1-hop and

2-hop neighbors are considered. However, knowledge of 2-hop neighbor count is not

available. To compensate for this lack of information, every node u assumes that

all nodes have the same neighbor count Du as itself. This assumption essentially

means that every node assumes that is part of a K-regular graph topology where

K = Du. A 4-regular graph network similar to Fig. D.2 will be considered for the

derivation of p̂2(u). It is a ring topology where each node is neighbor to the two

nearest left-side nodes and the two nearest right-side nodes.

Considering the u→ v transmission, whenever node u transmits probabilistically

in a time-slot i which perceives as free, it has to assume that there are Du additional

nodes that might also transmit at the same time. The difference here (compared to

the complete graph case) is that some of those nodes are 2-hop neighbors to node u

and this means that node u is unaware whether time-slot i is also perceived as free by

all transmitting nodes, or has been assigned to at least one of them. Consequently,

there are two possible cases:

• Slot i has been assigned to at least one 2-hop neighbor of node u able to corrupt

transmission u → v, thus i ∈ FAu→v set, as defined earlier in section D.1.3.
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This means that u→ v will always fail in time-slot i. Consequently, the best

individual probability value for this particular time-slot should be p̂2(u) = 0.

• Slot i has not been assigned to any 2-hop neighbor of node u able to corrupt

transmission u→ v, thus i ∈ FFu→v, as defined earlier in section D.1.3. This

means that allDu neighbors of node umight probabilistically transmit in time-

slot i. Similarly to the complete graph case, the best individual probability

value for this particular time-slot should be p̂2(u) =
1

Du+1
.

Let the access probability of node u for a particular time-slot i when both 1-hop

and 2-hop neighbors are considered, p̂2(i, u) be given by,

p̂2(i, u) =

{
0, i ∈ FAu→v

1
Du+1

, i ∈ FFu→v

(D.9)

Since there are two distinct values which, depending on the particular time-slot,

only one of them is correct, an average value will be calculated and used in every

time-slot perceived as free. Let the average access probability p̂2(u) when 2-hop

information is acquired be given by,

p̂2(u) =
1

|Fu|
∑
∀i∈Fu

p̂2(i, u) (D.10)

for each time-slot i given by Equation (D.9).

Node u perceives |Fu| time-slots as free and will probabilistically transmit in

them. Furthermore, every node has been assigned q time-slots from a total of q2.

The probability of a time-slot not being assigned to two particular nodes at the

same time can be calculated and is q2−q
q2

or q−1
q
. Let S2hop

u→v be the set of node u’s

2-hop neighbors able to disrupt u→ v transmission. Those are the only nodes which

may have been assigned a time-slot that is perceived as free by u. Consequently,

the probability of time-slot i not having been assigned to at least one of the nodes

able to corrupt the transmission is ( q−1
q
)|S

2hop
u→v |. This probability can now be used for

splitting the perceived as free time-slots in two groups:

• There are |Fu|( q−1
q
)|S

2hop
u→v | time-slots that have not been assigned to any 2-

hop neighbor node able to corrupt u → v. For these time-slots it should be

p̂2(i, u) =
1

Du+1
.
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• There are |Fu|(1 − ( q−1
q
)|S

2hop
u→v |) time-slots that have been assigned to at least

one 2-hop neighbor node able to corrupt u→ v. For these time-slots it should

be p̂2(i, u) = 0.

Since the values of p̂2(i, u) for the time-slots of the second group equal zero, those

values can be excluded from the sum of p̂2(i, u) in Equation (D.10). Consequently,

Equation (D.10) can be written as,

p̂2(u) =
1

Du + 1
(
q − 1

q
)|S

2hop
u→v | (D.11)

The final step is the calculation of |S2hop
u→v |. However, this value corresponds

to a particular transmission. Next, the average value denoted by |S2hop| will be
considered. In the 4-regular graph network of Fig. D.2 it can be observed that

any node may transmit to four possible destinations. The value of |S2hop
u→v | changes

depending on the positions of u and v in the topology. For the example of Fig. D.2,

when the transmission a→ b is considered, node d is the only 2-hop neighbor of node

a able to disrupt this transmission, so |S2hop
a→b | = 1. When the transmission a→ c is

considered, nodes d and e are both 2-hop neighbors of node a and able to disrupt

the transmission, consequently |S2hop
a→c | = 2. We can generalize the above observation

for any similar K-regular graph topology. Depending on the transmitter and the

receiver nodes’ positions within the topology, |S2hop
u→v | can be an integer value taking

values from 1 to K
2
. Since the target node is randomly selected, all values within the

aforementioned interval have an equal probability of appearing. Consequently, the

average number of nodes able to interfere and corrupt a (probabilistic) transmission

is given by |S2hop| = 1+K
2

2
.

Following the calculation of |S2hop| and considering that K = Du = D for this

type of network, the final form of the p̂2(u) is derived as follows,

p̂2(u) =
1

Du + 1
(
q − 1

q
)
1+Du

2
2 (D.12)

Each node u will derive its p̂2(u) based on the assumption that every perceived

as free time-slot i will also be perceived as free by every neighbor that has not been

assigned this time-slot. However, it is possible that, due to locally obtained infor-

mation, some neighbor may not perceive time-slot i as free and will never transmit

in this time-slot. Consequently, the best value for p̂2(u) may be slightly higher than



D.4. Performance Evaluation 69

the one calculated with the use of Equation (D.12). However, this information is not

available to node u. In the experiments section next, it is shown that the difference

between the maximum achievable throughput and the one achieved with the use of

p̂2(u) is negligible.

D.4 Performance Evaluation

In this section, the proposed Refined Policy is evaluated through simulations against

the Deterministic and the Probabilistic Policy in terms of throughput, total trans-

missions and successful transmissions during assigned and non-assigned time-slots

separately. Additionally, the individual access probability calculation is evaluated,

compared to a range of access probability values common to all nodes.

System throughput reflects the ability of a system to transmit as many messages

as possible, so it always constitutes a primary evaluation metric. For the perfor-

mance evaluation experiments, it is defined as the number of successful transmissions

per node per time-slot, and the following Equation will be used next:

throughput =
# successful transmissions

# nodes× # time-slots

Each transmission directly impacts the transmitting node’s energy consump-

tion; therefore, it is of increased interest to evaluate the policies in terms of total

transmissions. Fewer transmissions are expected under the Refined Policy since the

number of non-assigned time-slots that a node can transmit is smaller than under

the Probabilistic Policy.

Moreover, the number of successful transmissions during assigned or non-assigned

time-slots is also used for evaluation purposes. Since nodes under the Refined Pol-

icy try to avoid transmissions during time-slots that are assigned to neighbors, it

is expected that there will be an increase in successful transmissions during these

time-slots. It is also interesting to investigate whether there will be a decrease in

successful transmissions during non-assigned time-slots and how this decrement will

affect the overall performance.

Finally, p̂1(u) and p̂2(u) will be used for the calculation of the individual access

probability for each node and those scenarios will be evaluated against the scenarios

where nodes transmit with a common access probability p.
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D.4.1 Experimental setup

A simulation program was developed using the OMNET++ platform [140] and

simulations are conducted to evaluate the proposed Refined Policy compared to both

the Probabilistic and the Deterministic Policy. Three different network topologies

are used, the Random Geometric Graph (RGG) [141], the Soft Random Geometric

Graph (SRGG) [141] and the K-regular graph. Ten different networks are created

for each topology.

For the RGG topology, each one of the ten networks contains N = 1000 nodes.

The communication range is common for all nodes and is selected such that the

maximum number of neighbors in the network is D = 19. These values are then

used to derive k = 1 and q = 37. Eventually, the frame length is set to q2 = 1369

time-slots, consisting of q subframes of length q. Given its unique ID and the values

of q and k, each node can use the corresponding polynomial to derive its assigned

time-slots. The simulation duration is 20 frames or 27380 time-slots.

For the SRGG topology, each one of the ten networks contains N = 961 nodes.

Under the SRGG model, any pair of nodes may be connected under a connectivity

probability p(r) = e−(r/rc)γ , where rc is the connectivity radius of each node, r is

the particular pair’s euclidean distance and γ is a constant related to the particular

environment. For the simulations conducted here, γ = 2 and r = 0.08 are selected.

The maximum number of neighbors in all SRGG networks is D = 19. N and D are

used to derive k = 1 and q = 31 for those networks. Eventually, frame length is set

to q2 = 961 time-slots. The simulation duration is 20 frames or 19220 time-slots.

For the K-regular graph topologies, each one of the ten networks contains N =

1000 nodes and K = 18 is selected. The same parameters k = 1 and q = 37 are

also used, leading to the same frame length (q2 = 1369) and number of assigned

time-slots per node as in the RGG networks. Note that every node calculates the

same value for the individual access probability for this topology.

Finally, four additional RGG topologies with different N,D, k and q parameters

were created where the throughput of the individual access probability case is again

compared to the common probability case but as well as to the calculated throughput

with the use of Equation D.6.

After the initial setup, the topology remains unchanged for the duration of each

experiment. Node clocks are considered fully synchronized and each node operates
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under heavy traffic load, meaning that there are always data available for trans-

mission whenever a node is allowed to transmit. For the RGG and SRGG network

topologies, node 0 is arbitrarily selected as the final destination node for each mes-

sage. Thus, every node selects its target according to the shortest path leading

to node 0. For the regular graph networks, each node randomly selects one of it’s

neighbors prior to each transmission. The physical medium is ideal, so no packets

are lost due to physical medium errors. Only collisions due to simultaneous trans-

missions take place. Each target node responds with an ACK message at the end of

each time-slot and upon successful message transmission, thus notifying the source

node for the successful reception.

D.4.2 Simulation results for RGG and SRGG topologies

Fig. D.4 and fig. D.5 depict throughput simulation results for the Random Geometric

Graphs and Soft Random Geometric Graphs respectively, as a function of the access

probability p (the Deterministic Policy corresponds to p = 0). The two horizontal

lines represent throughput for the individual access probabilities p̂1 and p̂2 (the

particular nodes u are omitted for notation simplification). It can be observed that

throughput under the proposed Refined Policy is higher than under the Probabilistic

Policy for any value of the access probability p. For the fixed access probability

common to all network nodes, the maximum throughput under the Refined Policy

is about 10% higher than under the Probabilistic Policy. However, throughput for

both individual access probability cases is larger than the maximum throughput

achieved under the common access probability. For the case of p̂2, throughput is

observed to be slightly higher than for the case of p̂1.

Fig. D.6 depicts the number of total transmissions for the RGG scenarios and

for all three policies as a function of the fixed access probability p that is common to

all nodes (the Deterministic Policy corresponds to p = 0), as well as two horizontal

lines representing the two individual access probability cases (i.e., p̂1 and p̂2). It

can be seen that under the proposed policy, there are fewer total transmissions than

under the Probabilistic Policy for any value of p. This is also the case for those

values of p that each policy assumes the maximum throughput (p = 0.8 under the

Probabilistic Policy and p = 0.9 under the Refined Policy). As can be observed, there

are 8.4% fewer transmissions under the proposed policy. Regarding the individual
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Figure D.4: Throughput as a function of the access probability p for the Random

Geometric Graph topology. The two vertical lines correspond to p = 0.8 and p =

0.9 where the Probabilistic Policy and the Refined Policy assume the maximum

throughput under common p, respectively. The two horizontal lines correspond to

the individual access probability scenarios, p̂1(u) and p̂2(u). Confidence intervals

are no greater than 2.5%.
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Figure D.5: Throughput as a function of the access probability p for the Soft Random

Geometric Graph topology. The two vertical lines correspond to p = 0.7 and p =

0.8 where the Probabilistic Policy and the Refined Policy assume the maximum

throughput under common p, respectively. The two horizontal lines correspond to

the individual access probability scenarios, p̂1(u) and p̂2(u). Confidence intervals

are no larger than 3.91%.
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Figure D.6: The total number of transmissions as a function of the access probability

p for the Random Geometric Graph topology. The vertical lines correspond to

p = 0.8 and p = 0.9 where the Probabilistic Policy and the Refined Policy assume

the maximum throughput, respectively. Confidence intervals are no greater than

0.13%.

access probability cases, the total number of transmissions are comparable to those

under the Probabilistic Policy when the maximum throughput is assumed. A better

performance is also observed when using p̂2 compared to p̂1.

Fig. D.7 depicts the average number of successful transmissions per node per

frame for the Random Geometric Graph topology during assigned or non-assigned

time-slots separately. For the assigned time-slots and for the fixed access probability,

it is observed from the depicted results that p = 0.9 corresponds to 19.94 successful

transmissions per frame per node under the Refined Policy, which is about 45%

better compared to the 13.68 successful transmissions under the Probabilistic Policy

(for p = 0.8 where the maximum throughput is assumed). On the other hand, for

the non-assigned time-slots, nodes under the Refined Policy succeed on 37.8 time-

slots which are about 2% worse than under the Probabilistic Policy (38.5 successful

transmissions on average). However, the increase of successful transmissions during

the assigned time-slots outweighs the decrease of successes during the non-assigned
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Figure D.7: Average number of successful transmissions for assigned and non-

assigned time-slots per node per frame as a function of the access probability p for

the Random Geometric Graph topology. The vertical lines correspond to p = 0.8

and p = 0.9 where the Probabilistic Policy and the Refined Policy assume the max-

imum throughput, respectively. Confidence intervals are no greater than 3.5%.

time-slots. Regarding the individual access probability cases, it is observed that

the successes during assigned time-slots are comparable to the Refined Policy case,

where the highest throughput under the common access probability is achieved.

At the same time, the successful transmissions during non-assigned time-slots are

increased.

D.4.3 Simulation results for regular topologies

Fig. D.8 depicts throughput under the Probabilistic and the Refined Policies for

an 18-regular graph topology. Similarly to the RGG and SRGG topology cases,

the Refined Policy outperforms the Probabilistic Policy. The two horizontal lines

correspond to the individual access probability cases (p̂1 and p̂2). Both throughput

values corresponding to those cases match the throughput of two of the common

access probability scenarios, which is to be expected since it is a regular graph
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Figure D.8: Average throughput of ten networks for a 18-regular graph topology.

The magnifying glass depicts the largest throughput value under common access

probability, compared to both individual access probability values.

topology so all nodes calculate the same individual access probability value. It

is observed that even though employing the individual probability, the maximum

throughput, corresponding to a slightly higher probability value, is not assumed.

However, the distance from the top is almost negligible. This difference, as already

mentioned in Section D.3, can be attributed to the fact that some nodes that were

expected to transmit probabilistically during some time-slots, do not transmit at all

because, based on their own local information, they do not perceive those time-slots

as free.

D.4.4 Simulation results for various RGG topologies

Figures D.9, D.10, D.11 and D.12 depict throughput of the Refined Policy for four

RGG networks, created with different parameters. The fixed access probability

scenarios are compared with the p̂2 individual access probability case. Furthermore,

the analytical expression corresponding to the throughput calculation is evaluated

here, as given in Equation D.6. Results from these simulations are used as input for
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Figure D.9: Throughput evaluation for a RGG network topology with the following

parameters: N = 961, D = 25, k = 1, q = 31.

Equation D.6.

Under all four scenarios, it is observed that the individual access probability

calculation performs better in terms of throughput than the best common access

probability scenario. Regarding the evaluation of the throughput analytical expres-

sion, it is observed that the numerical and the experimental results are close. For

all four scenarios, it is also observed that the analytical expression results in larger

values when p is close to the maximum. In contrast, as p increases, the analytical

expression calculations decrease faster than the experimental results resulting in a

lower value. This is attributed to the fact that the various average values used for

the derivation of Equation D.6 introduce a deviation to the calculated values that

eventually affect the overall performance.

Finally, two tables (D.2 and D.3) present results regarding those sets that are

important for the derivation of the individual access probability for both cases. It

can be observed that the standard deviation is relatively low, suggesting that if the

individual values are substituted with their averages, the loss of accuracy will be

low.

The results presented here suggest that the Refined Policy eventually avoids
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Figure D.10: Throughput evaluation for a RGG network topology with the following

parameters: N = 1681, D = 23, k = 1, q = 41.
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Figure D.11: Throughput evaluation a RGG network topology with the following

parameters: N = 1849, D = 25, k = 1, q = 43.
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Figure D.12: Throughput evaluation for a RGG network topology with the following

parameters: N = 2209, D = 24, k = 1, q = 47.

transmissions that would cause collisions. This allows other transmissions – that

would otherwise be corrupted – to be successful and this, in turn, leads to an overall

increase in system throughput and decreased energy consumption. Additionally, it is

shown that calculating an individual value of the access probability in a distributed

fashion is feasible and produces better results than the pre-assignment of a fixed

access probability value common to all nodes.

D.5 Discussion and Conclusions

In this chapter, the Refined Policy is presented which is a TDMA topology-transparent

policy extending the Deterministic and the Probabilistic Policies described earlier.

The Refined Policy’s contribution is twofold: Firstly, a way is provided for utilizing

the unused time-slots of the TDMA frame with the use of probabilistic transmissions

and secondly, a way is introduced for calculating this transmission probability value

in a decentralized fashion.

Regarding the unused time-slots utilization, the Refined Policy is based on the

Probabilistic Policy under which, as described earlier, nodes are allowed to addi-
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Set Count Min Max AVG STD.DEV

|SAFa→b| 4,06 4,76 4,4 0,10

|SFFa→b | 16,43 16,54 16,49 0,02

|AFa→b| 19 29 22,89 1,41

|Fa| 799 820 809,8 3,25

|FFa→b| 696 715 705,46 3,05

Table D.2: Example values for various sets in an 18-regular graph topology network

with the following parameters: N = 1000, D = 19, k = 1, q = 37.

Set Count Min Max AVG STD.DEV

|SAFa→b| 0,25 6,85 3,05 1,01

|SFFa→b| 1,9 15,1 8,71 2,26

|AFa→b| 20 36 29,39 2,68

|Fa| 783 1296 1047,61 92,60

|FFa→b| 694 1261 949,58 93,31

Table D.3: Example values for various sets in a RGG network topology with the

following parameters: N = 1000, D = 19, k = 1, q = 37.

tionally transmit during all their non-assigned time-slots with an access probability

p. However, under the Refined Policy only a subset of those non-assigned time-slots

is selected for probabilistic transmissions. This subset is derived by each node in

a decentralized way. Each node utilizes information already contained inside the

received messages (the transmitter’s unique ID) to derive the set of time-slots that

are non-assigned both to itself and to its 1-hop neighbors. This behavior is shown

to increase system throughput when compared to that of the Probabilistic Policy’s.

This performance increase is attributed to the fact that those transmissions that

did not take place (but they do under the Probabilistic Policy) had a very high

chance of corrupting neighboring transmissions, since they would take place during

some neighbor’s assigned time-slot. This behavior is clearly demonstrated when a

throughput comparison is made separately for the assigned and non-assigned time-
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slots. It is shown that nodes under the Refined Policy achieve increased through-

put during transmissions originating in their assigned time-slots. On the contrary,

throughput in their non-assigned time-slots is decreased. This decrease is also to

be expected, since the number of total transmissions during non-assigned time-slots

is smaller under the Refined Policy. However, this decrease is outweighed by the

increase observed during the assigned time-slots, resulting in the aforementioned

general system throughput increase.

Additionally, it is observed that the total transmissions that took place under

the Refined Policy are less than those under the Probabilistic Policy. Consequently,

the aforementioned throughput increase was achieved while nodes performed fewer

transmissions in total. This reduction can contribute to energy conservation.

The discussion until now assumes that nodes under both policies transmit with a

common access probability value and the comparison between them was conducted

for a range of values that are assumed to have been assigned to the nodes prior to

the network operation. However, if the policy is to be used in a real network, a way

for calculating and assigning a single probability value has to be implemented. This

requirement introduces various problems, since it is obvious that a procedure has

to be devised for both the calculation of the value and its assignment to the nodes

afterwards. Such problems might include the gathering of information towards a

centralized authority, which might be difficult in an ad hoc environment, or the

implementation of a distributed algorithm, which might introduce high overhead

especially in the case where nodes are mobile and the calculations have to be repeated

at regular intervals.

To tackle those problems, the Refined Policy introduces the option of calculating

in distributed fashion an individual access probability value for each node. This

calculation is performed by each node individually and the only information required

is its 1-hop neighbor count. Then, each node assumes that every other node in

the network has the same neighbor count and based on this assumption proceeds

to calculate a probability value that maximizes throughput under those network

parameters. This calculation can be repeated whenever the node’s neighbor count

changes as no significant overhead is introduced.

The individual access probability method is evaluated in topologies including

Random Geometric Graphs (thus the neighbor count per node will vary, contrary to

the performed assumption) as well as K-regular graphs (thus the assumption made
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by the nodes will match the simulation scenario). Under the RGG topologies, it is

shown that the use of the individual access probability further improves throughput

when compared to the aforementioned common access probability scenarios. Under

the K-regular graph topologies, the individually calculated value is common for all

nodes, thus it matches some common probability scenario, consequently no through-

put improvement can be expected under such topology. However, simulation results

demonstrate that the individually calculated probability value is very close the one

that produces the maximum possible throughput when a common probability value

is used.

In conclusion, the results presented in this chapter suggest that probabilistic

approaches similar to those implemented in the Refined Policy are able to increase

system performance in various ways. Consequently they might be suitable for various

applications, especially when the objective is the utilization of unused time-slots in

TDMA topology-transparent schemes like the Deterministic Policy.



Chapter E

The Fairness-Aware Policy

A
N important factor for consideration when designing a MAC policy is the

fair treatment of every node in the network. Fairness can be defined in

various ways depending on the particular application. In the MAC layer,

it is usually defined as the ability to equally distribute the medium access time

among the nodes. However, this is a very generic definition, as the meaning of the

word “equally” may also be defined according to the requirements of the particular

application.

Traditional TDMA schemes are inherently fair because nodes operating under

them are guaranteed to access the medium during their assigned time-slots. Under

those schemes, nodes are usually assigned the same number of time-slots within a

frame, consequently the medium is distributed “equally”, in the literal sense of this

word. The Deterministic Policy may also be considered inherently fair because all

nodes are assigned the same number of time-slots and are guaranteed a minimum

number of successful transmissions. However, since collisions are allowed here, it

cannot be expected that all nodes will successfully access the medium for “exactly”

the same number of time-slots (as demonstrated in section B.2.2), so the definition of

fairness for this policy has to consider the minimum guaranteed number of successes.

Finally, the Probabilistic Policy can also be considered inherently fair because it

assigns an “equal” access probability value to all nodes but it can be expected that

nodes with less neighbors will be able to perform more successful transmissions as

the medium is less congested in this area.

In this chapter, the Adaptive Policy [39] is revisited which extends the Proba-

83
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bilistic Policy by adapting the value of the transmission probability during time-slots

that a successful probabilistic transmission takes place. It will be shown that this

behavior suffers from fairness issues, in the sense that some nodes experience very

low throughput in favor of others. To tackle those issues, the Fairness Aware Policy

is proposed in this section. Under this policy, nodes make use of a fairness evalua-

tion metric as feedback and adapt their access probability value accordingly, with

the purpose of achieving the maximum possible fairness among them.

E.1 Fairness Issues

Although the aforementioned adaptive policy achieves greater average throughput

than both the Deterministic and the Probabilistic Policies, it also treats unfairly

some of the nodes by not allowing them the same opportunities to access the wireless

medium. The reason behind this unfair treatment is the fact that a problem similar

to the hidden terminal problem exists. An example is suitable to give an insight to

the problem before going to the formal definitions of the fairness metrics.

Let the example topology of Figure E.1 to be considered. Each node transmits

data packets to its neighbor node towards node a and the network operates under

full load (each node always has data to transmit). Under the adaptive policy, as

soon as node b transmits a packet successfully to node a during a time-slot i /∈ Ωb,

then it will try in subsequent frames with probability one. If during the same time-

slot node d transmits to node c, there will be a collision since node c also receives

the transmission of node b towards node a. The transmission probability of node

b for the particular time-slot should revert to its original value to allow node d to

transmit successfully in some of the subsequent frames but this will never take place

since there is no way for node b to become aware that its transmission interferes

with node d’s transmission. Node b will always receive an ACK from node a and

will continue transmitting with probability one during that particular time-slot at

every consequent frame. Consequently node d is being treated “unfairly” in terms

of channel allocation since there will be very few (if any) time-slots that it may

successfully transmit.

Although the demonstrated problem corresponds to a very simple scenario, the

above topology could well be part of a larger network where more nodes experience

this unfair treatment.
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Figure E.1: Four nodes in a chain topology. The status of two consecutive frames of

theirs under the adaptive policy is depicted underneath them, including the events

that take place during the fourth time-slot. Nodes b, c and d transmit data packets

to its neighbor node towards node a.



86 Chapter E. The Fairness-Aware Policy

This problem does not appear under the Deterministic Policy because the algo-

rithm responsible for the time-slot allocation ensures that each node will have at

least one successful transmission per node. It also does not appear under the Prob-

abilistic Policy since all nodes have exactly the same opportunity of transmitting

during a non-assigned time-slot.

Motivated by this observation, a new policy is proposed in this chapter that takes

into consideration the system fairness as well as the individual fairness of each node.

Before presenting this new policy, the fairness evaluation metrics are described in

the following section.

E.2 Fairness Evaluation Metrics

Among the numerous fairness metrics [142] Jain’s index and envy are considered in

this work and presented next.

E.2.1 The Jain’s Index

The Jain’s index [64] provides a simple centralized way of evaluating a system’s

fairness. It is defined as,

J (X) = [
∑

∀u xu]
2

n
∑

∀u x
2
u

(E.1)

where xu is node’s u resource allocation and X a vector of all allocations [64]. Later in

the simulations section, the resource allocation will correspond to the total number

of successful transmissions per node. The previous function produces a value within

the [0, . . . , 1] range. The higher this value the fairer the system. When J (X) is

close to 0 this is an indication that the vast majority of individuals are treated

unfairly in favor of a few. In contrast, when resources are allocated evenly among

the individuals then it is the case that J (X) = 1.

E.2.2 The Envy Metric

The envy metric [70] has a distributed nature since it considers neighboring nodes

for estimating their mutual envy. More specifically, a utility function U is defined

that measures the impact of a current resource allocation xu for node u by providing

a value within the [0, . . . , 1] range. When U(xu) = 0, this corresponds to the case



E.2. Fairness Evaluation Metrics 87

that node u did not transmit successfully not even once while U(xu) = 1 corresponds

to the case that node u managed to transmit successfully at every time-slot.

Envy can be defined in various ways, which are thoroughly analyzed in [70] and

[142] the ones considered here are given next.

- Pairwise envy : Euv(X) for two nodes u and v and a given allocation X

represents the amount of “envy” a node u “feels” for a node v for a resource

allocation X. Based on our previous definitions, the pairwise envy can be

defined as,

Euv(X) = U(xv)− U(xu) (E.2)

For the case of Euv(X) > 0, node u is envious of v and the opposite is true

when Euv(X) < 0.

- Individual envy: Eu(X) of a node u represents the amount of envy that node

u feels, compared to all its Du neighbors at the same time, when the resource

allocation is X. Each node’s individual envy is the average of all its pairwise

envies and it is defined as,

Eu(X) =
1

Du − 1

∑
∀v,v ̸=u

Euv(X) (E.3)

In a similar fashion as with pairwise envy, when Eu(X) > 0, node u is not

satisfied with the resource allocation within its neighborhood and the opposite

is true when Eu(X) < 0.

The envy metric will be used later as an integral part of the algorithm im-

plemented in the proposed policy presented here. The result, as will be seen in

subsection E.4.4, is the improvement of throughput to a point where fairness is

not compromised. Since the envy metric can be distributively calculated based on

information that is available in the nearby nodes, it does not add any significant

overhead as would be the case with Jain’s index. Still, Jain’s index will also be used

for evaluation purposes.
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E.3 The Fairness-Aware TDMA MAC Policy

The main idea behind the proposed policy is to obtain feedback regarding fairness

and exploit this information to adjust accordingly the value of transmission proba-

bility for each node. As already mentioned, the individual envy metric is employed

as a fairness metric.

The first step under the proposed Fairness-Aware Policy is to determine the set

of assigned time-slots Ωu to each node u per frame as given by the Deterministic

Policy. When data are available for transmission, then a transmission takes place

for any time-slot i ∈ Ωu. When the time-slot i /∈ Ωu, then a trasmission takes place

with probability p as long as there are data available for transmission.

Let pmin be the particular value of the transmission probability when no successful

transmission has taken place before for a given time-slot i /∈ Ωu for a node u. Assume

the event of a successful transmission at time-slot i /∈ Ωu for node u. Then, under the

proposed policy, during the next frame, node u at time-slot i /∈ Ωu will transmit with

probability pmax. If a collision occurs, then the transmission probability becomes

pmin.

At the beginning of the system’s operation pmax = 1 but as time passes the value

of pmax may be periodically modified taking values from within the [pmin, . . . , 1]

range. This periodical adjustment of pmax throughout the network operation is the

core of the proposed policy.

The next step is to adjust the value of the transmission probability p considering

successful transmissions and fairness issues. In order to implement this step, each

node is required to keep count of its own successful transmissions and pass this

information within the header of every data packet it transmits. This extra field

will be a small one, thus, adding negligible extra overhead to the overall system.

Whenever a particular node successfully receives a data packet, extracts this

information from the header and stores it for future use, regardless of whether the

intended receiver was itself or another node. This information is updated when

a new packet is received from the same transmitter node. In the case of mobile

network scenarios, the list of neighbor nodes may also be dynamically updated.

Given that the count of successful transmissions of each node is known to its

neighbor nodes, the utility function of the envy metric (U and E for notation sim-



E.4. Performance Evaluation 89

plicity), can be easily calculated for each node in the network as

U =
successful transmissions until now

total number of time-slots
. (E.4)

Every node is now able to calculate its own pairwise envies by using the values

of U in Equation (E.2). Then, with the use of Equation (E.3) the particular node’s

individual envy E is also calculated.

Given the E value, the following three cases are identified:

- (E > 0): If the value of the calculated individual envy of a node is positive,

this corresponds to the case the particular node has been treated unfairly until

now compared to its neighbors. Consequently this node may increase its pmax

(and adjust all corresponding time-slots), provided that pmax ≤ 1.

- (E < 0): when the individual envy is negative, this corresponds to the case

that the particular node has benefited from the current time-slot allocation

compared to its neighbors. Consequently it should decrease pmax (and adjust

all corresponding time-slots) to allow its neighbors to increase their successful

transmissions, provided that pmax ≥ pmin.

- (E = 0): pmax remains unchanged.

The increase/decrease of the pmax value will take place by adding or subtract-

ing an arbitrarily predefined constant value c to its current value. This method

should suffice for the needs of the present work, however a more optimal method of

modifying pmax may exist and will be considered in future works.

As already mentioned, the proposed policy relies on local information and adapts

whenever a successful transmission takes place and given the individual envy metric.

Its throughput and fairness is evaluated against the other policies in the following

section using simulation results.

E.4 Performance Evaluation

A program has been developed in the OMNET++ simulation platform [140] for

the evaluation of the proposed fairness-aware policy, compared against the three

topology-transparent policies (i.e. the deterministic policy, the probabilistic policy

and the adaptive policy). The value for the increment constant c = 0.1.
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The network size is set toN = 1000 nodes. The maximum node degree isD = 19.

The application of the Chlamtac-Faragó algorithm to this type of network results in

k = 1 and q = 37. Nodes’ clocks are assumed to be perfectly synchronized and the

wireless channel is considered ideal. Re-transmissions occur only after collisions. Ten

different networks are randomly created that correspond to the above parameters.

All networks are connected random geometric graphs, communication range is 0.054

for every node and node 0 is always selected as the node that all data packets will

be transferred to over a shortest path tree. The duration of each simulation is 20

frames. The simulation scenarios will run at each one of the above networks and

the average of the resulting values will be used for evaluating the MAC policies.

E.4.1 Evaluation Metrics

The evaluation metrics that are considered are (i) throughput; (ii) network fairness

(Jain’s index); (iii) node fairness (individual envy); (iv) the maximum number of

consecutive re-transmissions.

Throughput is defined as the number of successful transmissions per node per

time-slot,

throughput =
total successful transmissions

total nodes× total time-slots
.

Network fairness is evaluated by calculating the Jain’s index at the end of the

simulation. The wireless medium is not shared among all nodes so depending on

the topology it is expected that some nodes will have chance of less collisions than

others.

Fairness per node is evaluated by using the individual envy metric. During each

simulation this metric is calculated at the end of every frame to provide feedback

to the fairness-aware policy. However, only the particular value at the end of the

simulation is used for evaluation.

The maximum number of consecutive re-transmissions is considered here as a

metric that is closely related to the delay seen by a node. Large numbers of consec-

utive re-transmissions correspond to increased delay due to the consecutive collision

events that are the reason for the re-transmissions.

Finally, Pearson’s correlation coefficient will be used to investigate whether there

is any sort of linear association between an individual node’s fairness level and its

corresponding delay.
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Figure E.2: Throughput as a function of the transmission probability. The upper

and lower bounds of 95% confidence interval do not exceed 3.29% of the average
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mum throughput for each policy.
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E.4.2 Throughput Evaluation

The average throughput of the ten networks is depicted in Figure E.2 as a function

of the transmission probability p. The throughput value of the deterministic policy

can be seen when p = 0. This is the case where the nodes transmit only during

the time-slots that were assigned on them by the algorithm. For any other value of

0 < p ≤ 0.4, throughput corresponding to the Probabilistic, Adaptive and Fairness-

Aware Policies is depicted.

It can be observed that throughput under all three non-deterministic policies is

greater than that under the Deterministic Policy when 0 < p ≲ 0.23. Furthermore,

the Adaptive Policy achieves the highest throughput value, assuming its maximum

value at p = 0.03 (136% increase when compared to the Deterministic Policy) while

the Probabilistic Policy assumes its maximum value at p = 0.08 (81% increase).

Throughput under the proposed Fairness-Aware Policy lies between them, and a

throughput improvement by 98% is observed against the Deterministic Policy at

p = 0.04.

E.4.3 Network Fairness

In Figure E.3, Jain’s Index is depicted for all four policies as a function of the

transmission probability p (the Deterministic Policy corresponds to p = 0). As

expected, the fairest scenario is the one where p = 0 (Deterministic Policy) since all

nodes have the same opportunities to transmit. However, the rate of success for each

node is determined, as described in section B.2.2, by the specific polynomial group

allocated to every neighborhood. Consequently, although all nodes are allocated the

same number of time-slots, the number of successful transmissions differs among

them, leading to a Jain’s index value slightly lower than 1.

For the case of p > 0, it is observed (and confirmed as expected) that the Adap-

tive Policy is the least fair one, even though throughput under this policy is greater

than that under the others. The best policy in terms of fairness is the Probabilistic

Policy since nodes are allowed to transmit with the same probability during non-

assigned time-slots. An interesting observation is that the proposed Fairness-Aware

policy is slightly inferior to the Probabilistic Policy in terms of fairness. Note that

throughput is larger under the Fairness-Aware Policy when compared against the

Probabilistic Policy. Thus, it appears from the macroscopic view of the (overall)
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Figure E.4: Individual envy per node as a function of maximum number of consecu-

tive re-transmissions under the probabilistic policy. Pearson’s coefficient r = 0.5194

network fairness that the proposed policy is preferred against the Adaptive Policy

in terms of fairness.

E.4.4 Fairness and Maximum Number of Re-transmissions

per Node

Figures E.4, E.5 and E.6 depict each node’s individual envy value for one arbitrarily

selected network out of the ten that were created and for p = 0.03, in conjunc-

tion with the maximum number of re-transmissions per node. Individual envy was

calculated with the use of equation (E.3). The particular value of the transmis-

sion probability p = 0.03 is the one that the adaptive policy assumes maximum

throughput.

It is observed that under the Probabilistic Policy (Figure E.4) the individual envy

values for the majority of nodes are concentrated within the [−0.0075, 0.0075] range.
Only a few nodes are treated more favorably having their individual envy values close

to−0.015. The most unfairly treated nodes have individual envy values concentrated

around 0.01. The maximum number of re-transmissions does not exceed 20. A
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Figure E.5: Individual envy per node as a function of maximum number of consec-

utive re-transmissions under the adaptive policy. Pearson’s coefficient r = 0.5380
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Figure E.6: Individual envy per node as a function of maximum number of con-

secutive re-transmissions under the fairness-aware policy. Pearson’s coefficient

r = 0.5394
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moderate correlation between unfairness and delay is also observed, as the nodes

with the higher number of consecutive re-transmissions tend to be unfairly treated,

while the opposite holds true for the nodes with small number of consecutive re-

transmissions.

Under the Adaptive Policy, as depicted in Figure E.5, it is observed that the

individual envy values for the majority of the nodes lies between −0.02 and 0.02.

This is a 100% increase compared to the Probabilistic Policy. When looking at

the edge values one can observe that the increase is even larger since there are

some extremely favorably treated nodes of individual envy about −0.12 and the

most unfavorably treated nodes concentrate around 0.04. These results confirm the

claim that the Adaptive Policy treats several nodes unfairly while others are more

privileged. Again, as under the Probabilistic Policy, there seems to be a moderate

positive correlation between fairness and delay.

It is interesting to observe that under the Fairness-Aware policy, the obtained

results are close to those under the Probabilistic Policy. In particular, the individual

envy value for the majority of the nodes lies within the [−0.005, 0.005] range and

the edge values just exceed the [−0.015, 0.01] range. Thus, it can be concluded that

the proposed policy, compared to the Probabilistic, achieves roughly the same levels

of individual fairness and numbers of consecutive re-transmissions. A moderate

positive correlation between fairness and delay is observable here too.

E.4.5 A Fairness Evaluation of the Refined Policy

In this section, the Refined Policy as presented in chapter D is revisited and evaluated

with respect to fairness. Additionally, a comparison between the Fairness-Aware and

the Refined Policy is conducted. The comparison of the two policies proposed in

this thesis is interesting as they both extend the Deterministic and the Probabilistic

Policy and they both improve on their predecessors’ performance. However, in order

to achieve their goals, they follow very different approaches.

Figure E.7 depicts throughput performance of the Fairness-Aware Policy com-

pared to the Refined Policy. For the latter, both the common access and the indi-

vidual access probability cases are considered. It can be observed that the common

probability case of the Refined Policy performs better from the Fairness-Aware Pol-

icy in terms of their assumed maximum throughput value, although their difference
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Figure E.7: Throughput of the Fairness-Aware Policy in comparison to the Refined

Policy.

can be considered negligible. Their main difference lies in the value of the ac-

cess probability that this maximum value is assumed. The Fairness-Aware Policy

assumes its maximum throughput value when p = 0.4 while the Refined Policy as-

sumes its maximum throughput value when p = 0.9. The depicted vertical lines

correspond to those two cases. When the individual access probability cases are

considered, throughput performance is increased, as can be observed by the two

horizontal lines and as was already presented in the corresponding chapter where

the Refined Policy was described.

In figure E.7 the two policies are compared in terms of total transmissions. It

can be observed that the Refined Policy performs better when both policies operate

under the same common access probability value. However, when only the cases

where each policy assumes its maximum throughput are compared, it can be seen

that the Fairness-Aware Policy transmits fewer messages than the Refined Policy.

Note that when the Refined Policy was compared to the Probabilistic Policy in

the corresponding chapter (figure D.6), the former was transmitting fewer packets

even when only the cases where they assumed their maximum throughput were

considered. The individual access probability cases transmit even more messages
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Figure E.8: Total transmissions of the Fairness-Aware Policy in comparison to the

Refined Policy.

but at an increased throughput performance as already mentioned.

Figure E.9 depicts the individual envy for each node of a network operating un-

der the Refined Policy and for the p1 access probability case. Note that this is the

same network that was used for figures E.4, E.5 and E.6. It can be observed that

the majority of nodes are concentrated within the (−0.02...0.02) interval in terms of

individual envy and within the (5...25) interval in terms of maximum number of con-

secutive re-transmissions. There are many nodes that were treated favorably when

compared to the rest. Furthermore, some nodes demonstrate increased number of

re-transmissions (more than 25). The depicted figure resembles the one depicted in

figure E.5 which corresponds to the Adaptive Policy. However an interesting obser-

vation can be made here. Under the Adaptive Policy, the nodes that demonstrate

the worst performance in terms of maximum re-transmissions, at the same time

show a positive envy value, meaning that they consider themselves to have been

treated unfairly when compared to their neighbors. Under the Refined Policy, those

nodes have a negative envy value, meaning that they believe to have benefited from

the current medium allocation when compared to their neighbors. Furthermore, the

nodes that under the Refined Policy have benefited most, do not seem to perform
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Figure E.9: Individual envy per node as a function of maximum number of consecu-

tive re-transmissions under the Refined Policy operating with the individual access

probability p̂1 case. Pearson’s coefficient r = 0.27.

much better in terms of delay when compared to the rest as has been the case with

the corresponding nodes under the Adaptive Policy. Consequently, it can be con-

cluded that there is no correlation among the individual envy each node calculates

and its performance in terms of delay. This can also be derived from the fact that

the Pearson’s correlation coefficient for those two variables is r = 0.27, a value which

implies that there is negligible correlation between them.

Figure E.10 depicts the individual envy for each node of the previously used

network when it operates under the Refined Policy with the use of the p̂2 access

probability. Similar conclusions can be drawn to those of figure E.9. However, it

may additionally be observed that the envy values corresponding to the nodes that

benefited most are slightly larger (implying that the benefit was smaller). Similar

observation can be made for the nodes that demonstrated higher delay, as those

values have been slightly reduced as well. Those observations imply that the use

of the individual access probability p̂2, when compared to the use of p̂1 might pro-

vide a higher degree of fairness while at the same time providing slightly increased

throughput.
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Figure E.10: Individual envy per node as a function of maximum number of consec-

utive re-transmissions under the Refined Policy operating with the individual access

probability p̂2 case. Pearson’s coefficient r = 0.22.

A final conclusion which can also be drawn by studying figures E.9 and E.10 is

that both depicted policies do not treat the nodes fairly. This conclusion becomes

more evident if those figures are compared with figure E.4 which depicts the fairness

evaluation of the Probabilistic Policy. However, this unfairness is to be expected

because since under the Refined Policy (when it operates using either p̂1 or p̂2) nodes

assume various values for their transmission probability in non assigned time-slots,

based on their neighbor count. Consequently, it is a logical expectation that nodes

with few neighbors will transmit more frequently than nodes with more neighbors

and will also achieve more successful transmissions since the transmission medium

is likely to be less congested in their local neighborhood. This can be confirmed in

figures E.11 and E.12 where each node’s individual envy is depicted with respect

to its number of neighbors. It can be observed that the nodes that have benefited

most are the ones with only one neighbor. It is also obvious that a correlation exists

between those two variables.

Figure E.13 depicts the individual envy for the nodes of the same network that

was also used in figures E.4, E.5 and E.6 but here it operates under the Refined Policy
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Figure E.11: Individual envy per node as a function of the number of neighbors per

node under the Refined Policy operating with the individual access probability p̂1

case.

with common access probability. Its value is p = 0.03 as was also the case with the

aforementioned policies during their evaluation. It can be observed that the policy’s

performance with respect to fairness as well as to delay is better than the other

three policies’ performance. However, under the current access probability value,

throughput performance of the Refined Policy is lower than that of the Fairness-

Aware Policy but comparable to that of the Probabilistic Policy.

Figure E.14 depicts the individual envy for a regular graph network with K = 18

operating under the Refined Policy and for both individual envy cases (p̂1 and p̂2). It

can be observed that the individual envy value for all nodes is close to zero, meaning

that all nodes feel that the resource allocation was fair. This was an expected result,

since under this topology all nodes have exactly the same number of neighbors and

they will also transmit under the same access probability p value. The differences

in terms maximum consecutive re-transmissions can be attributed to the fact that,

as mentioned earlier in section B.2.2, different combinations of polynomials produce

different numbers of successful transmissions.
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Figure E.12: Individual envy per node as a function of the number of neighbors per

node under the Refined Policy operating with the individual access probability p̂2

case.

E.5 Discussion and Conclusions

In this chapter, another TDMA topology-transparent MAC policy is introduced,

the Fairness-Aware Policy. This policy, similarly to the Refined Policy (introduced

earlier in chapter D) and the Probabilistic and Adaptive Policies (which it extends)

tries to increase throughput performance by allowing probabilistic transmissions

in non-assigned time-slots. The value of the transmission probability is adjusted

dynamically based on a feedback mechanism that considers whether the transmission

medium has been allocated fairly among the nodes.

An important matter for consideration is how fairness can be defined and how

it is quantified so as comparisons based on certain values are possible. For the

purposes of evaluating the policies considered here, fairness is defined as the ability

of each considered policy to provide an equal number of successful transmissions

to the nodes. Consequently, based on this definition, the quantification of fairness

relies simply on counting the number of successful transmissions of each node.

Two already existing fairness metrics are presented and used for evaluation. The
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Figure E.13: Individual envy per node as a function of maximum number of con-

secutive re-transmissions under the Refined Policy operating with common access

probability p = 0.03

−0.2

−0.15

−0.1

−0.05

0

0.05

0 5 10 15 20 25 30 35 40 45

In
d
iv
id
u
al

en
v
y

Maximum number of consecutive re-transmissions

•••• ••••• •••••• ••••• •• • ••• •• • ••• •• ••••• •••• •••• •• •• •• •••••• •••••• •• •• •••••• •• ••• ••• ••• •• • •••••••••• • •• • •••• •• •• ••••• • •• •••••• • • •• ••• •• •• •••• • •• •• • •••••••• ••••• ••• ••• •••••••••• •••• •• • ••• • •••• •••••• •• •• •• • ••••• ••• •• •••••••• •• •• • ••• •• •••• •• ••• ••• •• •• ••••• ••••••• •••••• • ••• •• •• • •• •• •• ••• •••••••• •• •• •••••••• ••• ••••• •• • •••• •• ••• •••• ••••• •••••• •• ••• • •••• • ••••• •••• • ••• •• •••••• • •• ••• • ••• •••••••• •• •••• •••••• • ••• ••• •••••• •••• •• ••• •• •• • •• •• •• •• •• •••• •••••• •••• ••• •••••• •• ••• ••• ••• •••• •• •• • •• •••• •• •• ••• ••• • •••• ••••• ••• •• ••••••• ••• ••• ••• •••• •• •••••••• ••••••• •••• •• ••••••• •••• •••• •• •••••••••• • •••••••••• •••• ••• ••••••• ••••••••••• • •• •••• •••••• • •• •• •••• •• •• ••• ••• •• •••• ••••• ••• ••• •••• ••• •••• ••• • •• ••••• •••••• ••• ••••• •• •••• ••••••••••• ••••• •••• •• •••• •••• •••• •••• •• •••• ••• •••• ••• ••••••• •••••• •• •••• •• •••• ••••• •••••• ••••• •• • •• ••• •• ••• ••••••• •• •••••• ••• • •••• •• •• • •• •••• •••••••••• ••• ••• •••••• ••• • •••••••••••• •• •• ••• ••• •••• •••• •••• ••• •• ••• •• ••••••• ••••••••• ••• •••• • ••• •••••• • •••• •••••• • •••• ••••••• ••• •• • ••• ••••••

−0.2

−0.15

−0.1

−0.05

0

0.05

0 5 10 15 20 25 30 35 40 45

In
d
iv
id
u
al

en
v
y

Maximum number of consecutive re-transmissions

•• ••••• ••• ••• • •••• •• ••• • •• ••• ••••• •• ••• ••• ••••••••• • •• ••• • •••• ••••••••• •••••••• ••• • •• ••• • •• •••• •••• •••••••• ••• ••••••••• •• ••• ••• ••• •••• • ••• ••• •• •• ••• •••••• ••• ••• •• •••••• •• •• •••• •• •• •••••••• •• ••••• •••••••••• •• •• •••• •••••• •• •••• ••• ••• •• ••• ••• •••••• •• ••• ••• ••• •••••••• •••• •••• ••• ••• ••••• • ••• •••••• • •• •• •• •• • ••••• •• •••• ••• ••••• •••••• •••• ••• •• ••••• ••••••• •• • •••• ••••• •••••• ••••••• • ••• ••• ••• •• ••• ••• ••• ••••••• • •••• •• ••••••••• •••• •••• ••• ••••• • •••• •• ••• •• • •• ••••• •• •••• •••• •••• ••••••• •• •• ••••• •• •••••••• •••• •• •••••• •• •••••••• •••• •• •• ••• •••• ••••• •• •••••••••••••••• •• •••• ••• ••• ••• •••• •• • •• ••••••••• •••• •••• • ••••••• •• ••••••••• ••• •• •• •• ••••• •• •••• •• •••••• •• •• ••• • •• ••• •• ••• •• •• ••••• • •••••• ••••••• •• •••• ••••••• •• ••••••••••• ••• • •• •••• •••• • ••••••••••• •••• •• •• ••• •••••• ••••• •• ••••••• • ••••• •• ••• •••••••••• ••••• •• ••• •• ••• ••• •• •• •• ••• •• •••• •• •••• •• •••••• •••••••• ••••••• •••• ••••••• ••• •••• ••• •••••• ••• ••• ••••••••••• •••• ••• •• •• • •• •••• •••• •••• ••• •••• •••• ••• •• •••••• •• •• •• • •••••• • •• ••• •••••• •••••••••• •••• •• ••• ••• •• ••••

a. b.

Figure E.14: Individual envy per node as a function of maximum number of consec-

utive re-transmissions for a K-18 regular graph network operating under the Refined

Policy with common access probability p = 0.03
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Jain’s index requires global information and evaluates the total network fairness in

a centralized fashion. The envy metric can be applied distributively so it was used

by each node in the feedback mechanism that allows the dynamic adjustment of the

transmission probability in non-assigned time-slots.

The introduced policy was compared against the Deterministic, Probabilistic,

Adaptive and Refined Policies in terms of fairness, throughput, maximum consec-

utive re-transmissions and total number of transmissions. Simulation results show

that the Fairness-Aware Policy, while not being able to achieve system throughput

as high as the Adaptive Policy, it improves it when compared to the Deterministic

and Probabilistic Policies and is only slightly inferior to the Refined Policy, when

the latter operates with a common access probability value for all nodes. This im-

provement appears when the transmission probability on non-assigned time-slots (p)

lies between a particular range of values. Under all the probabilistic policies, a peak

throughput value is also observed for some value of p, different for each policy.

Under the Adaptive Policy it is obvious that some nodes are allocated too many

time-slots so that their counterparts suffer from reduced performance both in terms

of throughput and delay. Under the proposed policy, a node becomes aware to the

fact that it has overused the medium and refrains from transmitting, thus allowing

its neighboring nodes to have more frequent access to the medium. The opposite

holds true for the unfairly treated nodes as they gradually increase their transmission

probability to get increased access to the medium until they are satisfied.

When the Fairness-Aware Policy was compared to the Refined Policy, some inter-

esting observations were made. When nodes under the Refined Policy operate with

a common probability, the peak throughput for both policies is comparable. How-

ever, the Fairness-Aware Policy achieves its peak throughput on a lower probability

value than the Refined Policy does. This fact seems to lead to a reduced number of

total transmissions for the Fairness-Aware Policy. Another interesting observation

is the fact that the Refined Policy, when using individual probability values for the

nodes, seems to treat them unfairly and to a degree that is comparable to the Adap-

tive Policy’s treatment. However the difference here is that the unfair treatment

in terms of throughput under the Refined Policy does not seem to correlate with

delay increase, as was the case under the Adaptive Policy. A correlation does exist

though, between throughput and the number of neighbors. However this correlation

is to be expected since the Refined Policy calculates higher individual probability
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values for the nodes that have lower neighbor count. Consequently, nodes with fewer

neighbors transmit more often in their non-assigned time-slots.

Based on the observed unfairness of the Refined Policy, an argument can be made

whether the envy metric as defined here and used for feedback in the Fairness-Aware

Policy is suitable for the evaluation of the Refined Policy. Since the latter is a policy

that intentionally allows nodes to increase their total transmissions with respect to

their neighbor count, perhaps a different definition is required for the envy metric

if this policy is to be evaluated in terms of fairness.

In conclusion, the Fairness-Aware Policy demonstrated the potential of using

a fairness metric as feedback mechanism that contributes to the improvement of

system throughput to a point that the network fairness is not compromised consid-

erably.



Chapter F

Low-cost Device Implementation of

a Topology-Transparent Policy

S
OME particular types of IoT networks consist of a large number of low-

powered and low-cost devices. Those devices are usually of low computational

capabilities as well. For such a network to be viable, power consumption of

each node must be a primary concert. In such environment, the use of a TDMA

MAC policy can be considered as an option because of its inherent power efficiency.

In this chapter, an implementation of the TiMAC protocol (as described in chap-

ter C) in low-cost devices is presented. Even though the implementation is limited

by synchronization issues and a small number of nodes, the results demonstrate the

potential for employing topology-transparent policies on IoT networks consisting of

low-cost devices.

F.1 The Proposed System

A network consisting of low-cost devices is assumed to play the role of the IoT

system. Each device is a wireless node of the considered network and certain spec-

ifications regarding node operation need to be taken into consideration in order to

implement the previously described TiMAC policy. The particular information along

with various implementation issues (e.g., TDMA synchronization) is presented next.

More specifically, the elements comprising the low-cost devices (nodes) are given in

F.1.1, the types of messages being exchanged among the nodes are described in F.1.2,

105
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Figure F.1: A device of the considered system enhanced with an LCD screen.

TDMA parameters are presented in F.1.3, and synchronization issues are given in

F.1.4.

F.1.1 Low-cost devices

As already mentioned, each device has to be low-cost and in this sense, industrial

motes cannot be used because of their high cost. To achieve the low-cost goal, each

node has been assembled using three essential elements. The first element is the

core part of the node and is represented by an Arduino prototyping platform [143].

The rest of the elements are two RF modules operating at 433 MHz and are used
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Figure F.2: The wiring between the Arduino and the RF modules that implements

the device for both transmission (i.e, Tx-module data connected to pin 12) and

reception (i.e, Rx-module data connected to pin 12). The antenna (ANT) along

with the power supply pins (i.e., GND and VCC) are also depicted.

for transmission and reception purposes. In Fig. F.1, one of the nodes comprising

the system is shown. All three mentioned elements are installed, alongside with an

LCD screen for experiment monitoring and debugging purposes.

Regarding the Arduino prototyping platform, it is an open-source and low-cost

electronics platform, easy to use, and capable of hosting various components (e.g.,

the RF modules considered in this work). There are plenty of Arduino board designs

utilizing a variety of microprocessors and controllers. The particular board used for

this work is the Arduino Uno Rev. 3. The latter is a board that is built on top of

the ATMEL ATMEGA328 micro-controller with a clock speed of 16MHz and 2KB

of SRAM [144].

As for the wireless communication part of the devices, it is handled by short-

range RF modules operating in the license-free Industrial, Scientific and Medical

(ISM) Band of 433.050 - 434.790 MHz. This particular band is free licensed to users

for amateur and radio-location services [145]. Two different components are used to

realize transmission (Tx) and reception (Rx), i.e., TWS-BS-V1.0.3 [146] and RWS-

371-V1.0.3 [147], respectively. As already mentioned, these modules co-operate with

Arduino and the wiring applied to them is schematically illustrated in Fig. F.2.



108Chapter F. Low-cost Device Implementation of a Topology-Transparent Policy

F.1.2 Message types

For the implementation of the TDMA protocol, two types of messages are exchanged

among the network nodes of the considered low-cost IoT system. The group of

messages that belong to the first type of messages are the SYNC messages. SYNC

messages are transmitted by all network nodes at the beginning of each frame, for

time synchronization purposes. The payload of SYNC messages “carries” the time

remaining until the first time-slot begins. The second type of messages contains

the DATA messages. By the time a network node has data ready for transmission,

it constructs a DATA message that contains the data to be sent. The next step is

to transmit the DATA message during the particular node’s time-slot. The existence

of these two distinct message types is necessary for the smooth operation of the

TDMA protocol. At the beginning of each frame, all nodes exchange and process

SYNC messages in order to achieve synchronization of the receiver’s TDMA clock

timer. DATA messages, carrying the valuable information nodes are supposed to

send, are transmitted by the network nodes during the particular time-slots that

have been assigned to them.

F.1.3 TDMA parameters

On the one hand, low-cost devices and the elements comprising them ensure a

low price for the final system. On the other hand, several limitations regarding

frame timing parameters have to be taken into account when implementing the

TDMA protocol on the selected ISM Band (of 433.050 - 434.790 MHz) using low-

cost devices. More specifically, such limitations are: (i). nodes’ internal clock

may deviate significantly [148]; (ii). the interference on the selected band may

be high [149, 150]; and (iii). the low-cost transmitter’s accuracy and receiver’s

sensitivity may be reduced.

In order to tackle the effects and drawbacks of the above limitations, some coun-

termeasures are taken. For avoiding collisions occurring due to the clock drifts, each

time-slot (tsi) of the TDMA frame is set to last for a considerably long period (i.e.,

500ms), whereas a 300ms long guard time (tg) is introduced between them for the

same reason. For achieving the synchronization needed, at the beginning of each

frame, nodes are allowed to get synchronized during a time period of 2000ms (st).

At the end of the frame, one more guard period, the frame guard period, is consid-
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Figure F.3: The TDMA frame of the implemented MAC protocol. Each time-slot

(tsi) ends with the guard period (tg). The synchronization time (st) along with the

frame guard period (tfg) are also depicted.

ered lasting 500ms (tfg), thus allowing for further node’s operations (e.g., sensing,

message processing) to take place. The complete TDMA frame of the implemented

policy is depicted in Fig. F.3.

F.1.4 Synchronization

A significant factor in TDMA environments is the nodes’ awareness of the time that a

frame begins. In order to fulfill the above requirement in multi-hop environments, a

(multi-hop) decentralized clock synchronization mechanism has to be implemented.

Timestamping techniques that have been extensively employed in the literature by

several proposed synchronization algorithms (e.g., [151, 152, 153]) are employed

here. Moreover, in the current work, the considered synchronization mechanism has

to take into account that the focus is on the implementation of TiMAC on low-

cost devices; thus, considering the drawbacks the low-cost nature results to. In this

sense, a long enough time period of 2000ms is considered for nodes to synchronize

their clocks. During this time period, starting at the beginning of each frame, nodes

synchronize their clocks by transmitting the previously described SYNC messages.

The latter process goes as follows: a reference node transmits a SYNC message to

its neighbor nodes, thus informing them about the time remaining until the first

time-slot of the frame starts. Subsequently, every node that receives this message

for the first time adjusts its clock accordingly and transmits a new SYNC message

to its neighbor nodes.
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Figure F.4: Illustration of the synchronization mechanism within a synchronization

period (st), among nodes r, u and v connected in a chain topology. Nodes wait for

a certain amount of time (i.e., tdr, tdu and tdv respectively) before transmitting the

time remaining until the first time-slot (i.e., t0, t1 and t2 respectively). The internal

clocks cu, cv along with the transmission time ttx are also depicted.

Fig. F.4 depicts the considered synchronization mechanism between the selected

reference node (r), and nodes u and v, connected in chain topology (i.e., r-u-v).

In the example depicted, at the beginning of the synchronization period (st), the

reference node r waits for a certain time interval tdr and then transmits its clock

t0 = st− tdr to node u. When u receives the message, it subtracts the transmission

time from t0 and changes its clock accordingly (i.e., cu = t0 − ttx). Subsequently,

node u waits for a certain time interval (i.e., tdu) before transmitting its clock (i.e.,

t1) to node v. Following the same procedure and by the time node v receives the

message, it (i). changes its clock (i.e., cu = t1− ttx); (ii). waits for a certain amount

of time (i.e., tdv); and (iii). transmits its clock to the next-in-line node (if any).

Apparently, node u may also receive node’s v SYNC message, but since one has

already been received, this one will be ignored.

F.2 Experimental Methodology & Results

A full graph topology is considered here for the experimental setup, consisting of

five nodes. The considered network is assumed as part of a larger IoT network of

maximum N = 25 nodes where the maximum number of neighbors is D = 4. Taking
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the above into consideration, the five nodes were set up in a full graph topology so

as to simulate the maximum possible neighborhood of the assumed network. As a

result, each node has exactly four neighbors, while collisions are expected to occur.

The expectation regarding the performance of TiMAC is to accomplish the “at least

one transmission per node per frame” goal, i.e., at least one transmission free of

collisions. Note that transmissions may be unsuccessful for various reasons. For

example, there might be interference in the 433Mhz band, since the selected band

is an ISM one and several devices placed near to the system’s devices may also use

it during the experiment. For avoiding as many such cases as possible, special care

was taken to conduct the experiments in isolated areas (e.g., the basement of the

premises of the University campus).

F.2.1 Methodology

As already mentioned, TiMAC is based on TDMA and in this sense, its implemen-

tation is also based on TDMA. Considering the values deriving by the experimental

system setup (i.e., N = 25 nodes and maximum number of neighbors D = 4), the

corresponding values for k (i.e., k = 1) and q (i.e., q = 5) are extracted [37]. As

a result, first-degree polynomials are going to be used for the time-slot allocation

due to k = 1, and the length of the TDMA frame will be set at q2 = 25, divided

into five subframes of q = 5 time-slots each. Then, each node is randomly assigned

a first-degree polynomial with coefficients from GF (5) and according to the latter

polynomial, the particular time-slot during which each node is allowed to transmit

within each sub-frame is derived. Eventually, every node is allowed to transmit in

five time-slots per frame.

Eleven different sets of polynomials are considered here, corresponding to the

eleven different scenarios developed for the particular system. Consequently, differ-

ent time-slots were assigned to each node per scenario and the obtained results are

the summation of transmissions of 100 frames. Note that increased traffic conditions

are assumed for the experimental setup, and therefore each node has always data

ready for transmission during every time-slot. As for the receivers of transmitted

packets, for each node, one of its neighbors is arbitrarily selected as the destina-

tion of the transmitted packets. The latter selection of receivers remains unchanged

throughout the experiments.
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The first set of polynomials is chosen in order to create a collision-free time-slot

allocation scenario, such that each node transmits packets in different time-slots than

that of its neighbors. The rest of the (ten) polynomial sets are created randomly.

The main parameter under investigation is the throughput value each polynomial

set (i.e., scenario) results to. The obtained throughput is derived as the fraction of

the average successful transmissions (i.e., total successful transmissions over the

number of nodes) over the number of total time-slots i.e.,

throughput =
total successful transmissions

total nodes× total time-slots

During the period of 100 frames, each node is eligible for transmission for up to

500 time-slots whereas, the number of total time-slots equals 2500. Consequently,

the maximum network throughput is given by,

capacity =
500

2500
= 0.2

Throughput as large as capacity is not expected to be achieved due to various

reasons like the channel interference, the transmitter’s accuracy and the receiver’s

sensitivity, etc., as already mentioned. On the other hand, TiMAC guarantees that

at least one successful transmission per node per frame will take place. Consequently,

the minimum network throughput is given by,

minimum throughput =
100

2500
= 0.04

F.2.2 Results

In Fig. F.5, the derived values of throughput for the eleven polynomial sets are de-

picted. It is observed here that in all cases, throughput is higher than the minimum

value guaranteed by the TiMAC policy (i.e., 0.04). In addition, it is clear that the

first polynomial set (scenario) results in the highest value of throughput; however,

it is smaller than the maximum value (i.e., 0.2). The latter result is expected since,

on the one hand, the particular set of polynomials leads to a collision-free time-slot

allocation. On the other hand, the channel interference, transmitter’s accuracy, and

receiver’s sensitivity may provoke unsuccessful transmissions.

Figure F.6 depicts the average successful transmissions per frame per node for

the eleven polynomial sets. The particular results confirm the TiMAC policy’s lower
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Figure F.5: Throughput corresponding to various polynomial sets. In all cases, the

throughput lays between the expected maximum (i.e., 0.2) and minimum (i.e., 0.04)

values.

bound of one successful transmission per frame per node. For the first polynomial

set, it is observed that the successful transmissions are significantly more than the

successful transmissions in the other ten scenarios. However, they are less than the

maximum theoretically expected value of five, which is the number of successful

transmissions per node per frame in cases where no packets are lost for the duration

of the 100 frames.

The particular polynomials used in each set are listed in Table F.1. Although

the network topology remains unchanged throughout the experimental phase, each

set leads to different number of successful transmissions.

The successful transmissions per polynomial set are listed in Table F.2. Each set’s

sum of successful transmissions was used to derive the aforementioned throughput

values.

F.3 Discussion and Conclusions

In this chapter, the TiMAC protocol, as presented in chapter C, was implemented in

a small IoT network consisting of low-cost devices based on Arduino and 433 MHz

RF modules. A decentralized method was used for synchronizing the nodes’ clocks
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Figure F.6: Average number of successful transmissions per frame per node corre-

sponding to various polynomial sets. In all cases, the number of successful trans-

missions is between the expected maximum (i.e., 5) and minimum (i.e., 1) values.

Polynomial Set 1 2 3 4 5 6 7 8 9 10 11

Node A 0x+0 1x+2 0x+1 0x+4 1x+0 0x+1 0x+3 0x+1 0x+2 0x+1 2x+1

Node B 0x+1 1x+3 0x+4 1x+1 1x+3 0x+4 1x+0 0x+2 0x+3 2x+0 2x+4

Node C 0x+2 2x+0 2x+0 1x+2 1x+4 2x+2 2x+4 0x+4 2x+4 2x+3 3x+0

Node D 0x+3 2x+2 2x+2 2x+0 3x+3 3x+3 3x+1 1x+0 3x+2 2x+4 3x+4

Node E 0x+4 3x+0 2x+3 3x+2 4x+4 4x+4 4x+4 4x+1 4x+1 4x+1 4x+2

Table F.1: The particular polynomial sets used in the experiments.

as required from the underlying TDMA policy. Experiments were conducted in a

full graph topology network under increased network traffic load.

The conducted experiments confirm in practice the theoretical expectations from

TiMAC as all of the results were within the expected boundaries in terms of through-

put and successful transmissions per frame. The decentralized synchronization

method used here also proved to be successful. At the same time, the fact that

a particular experimental setup was close to the theoretical maximum expected val-

ues, suggest that the proposed policy can be improved if unique characteristics of

particular polynomial sets are taken into account before assigning them to network

nodes.

In conclusion, the experimental results presented in this chapter suggest that



F.3. Discussion and Conclusions 115

Polynomial Set 1 2 3 4 5 6 7 8 9 10 11

Node A 495 203 101 100 301 200 100 300 298 98 202

Node B 423 399 200 101 300 199 102 200 201 194 300

Node C 500 193 258 398 400 300 200 206 200 400 198

Node D 396 275 302 99 198 200 200 97 198 195 200

Node E 396 102 398 99 99 200 200 99 102 195 200

Total 2210 1172 1259 797 1298 1099 802 902 999 1082 1100

Table F.2: Successful transmissions per node for each polynomial set.

TDMA topology transparent policies could be considered when designing an IoT

system, as they offer a means of node deployment without the usual considerations

of traditional TDMA schemes (physical location combined with particular time-slot

assignment), which could prove to be easier due to the nature of this type of networks

and still could meet the strict time constrains of various delay-sensitive applications.



Chapter G

Conclusions and Future Work

I
N this thesis, existing topology-transparent TDMA policies were revisited and

studied and new ones were proposed which improve on the previous ones in

various aspects.

G.1 Summary and Conclusions

Initially, the Deterministic Policy is revisited which essentially implements Chlam-

tac and Faragò’s original idea on topology-transparent TDMA scheduling. This

policy is incorporated in the TiMAC protocol which is compared against VeMAC,

a well established protocol for Vehicular Ad hoc Networks. The results show that

both protocols perform similarly in terms of throughput but TiMAC achieves lower

delays. Consequently, TiMAC and other similar topology-transparent policies may

be a suitable candidate when designing MAC protocols for safety applications in

Vehicular Ad hoc Networks.

The next revisited policy is the Probabilistic Policy, which extends the Deter-

ministic Policy by allowing nodes to additionally transmit in all their non-assigned

time-slots but under a pre-defined and common to all nodes access probability p. In

this way, throughput is increased but at the cost of an increased number of trans-

missions and message collisions. The Refined Policy is proposed which extends the

Probabilistic Policy by making the nodes aware of their neighbors’ assigned time-

slots. This knowledge allows nodes to refrain from certain probabilistic transmissions

that are very likely to cause collisions with neighboring nodes’ transmissions. It is

116
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shown that this behavior, when compared to the Probabilistic Policy, leads to in-

creased throughput while at the same time fewer total transmissions take place.

Additionally, the concept of the individual access probability is introduced. Instead

of calculating and pre-assigning a common access probability value to all nodes prior

to the network operation as under the Probabilistic Policy, under the Refined Policy

this value is calculated individually by each node and while the network operates.

This addition to the Refined Policy is shown to increase its throughput even more,

while at the same time eliminating the need of calculating and assigning a common

probability value in a centralized way.

The last policy revisited in this thesis is the Adaptive Policy which further ex-

tends the Probabilistic Policy. Under this policy, nodes are able to adapt their

transmission probability in certain time-slots. Specifically, whenever a successful

transmission takes place in a non-assigned time-slot, the transmitter node adapts

the access probability value to 1 for this time-slot. The original value is restored

whenever a collision is detected in this time-slot. Although under the Adaptive Pol-

icy throughput performance is greatly increased when compared to the Probabilistic

Policy, the problem is that the transmitter node very often fails to detect message

collisions that would trigger the restoration of the original access probability value.

This leads to unfair treatment of some nodes with respect to medium access. To

tackle with this problem, the Fairness-Aware Policy is introduced. Under this pol-

icy, each node is able to obtain information about how fairly its neighbors have

been treated until this particular moment and adjust its access probability value

accordingly. Under the Fairness-Aware Policy, throughput performance is improved

when compared to the Probabilistic Policy without compromising fairness.

Finally, an implementation of the TiMAC protocol in low-cost devices is pre-

sented. Those devices are comprised of the well-known Arduino electronic proto-

typing platform and inexpensive transceivers which operate in the 433MHz ISM

Band. Despite the problems that are posed by the physical medium, the protocol

managed to perform was expected, demonstrating the potential of using a TDMA

topology-transparent policy in IoT environments.
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G.2 Future Work Directions

The results presented in this thesis highlight the potential of using topology-transparent

TDMA policies in IoT environments. However, there are still problems to be solved

if those policies are to be implemented in a real-world scenarios.

The ideas presented and evaluated here assume an ideal physical medium. How-

ever, in a real-world implementation, packets may be lost due to channel errors.

This means that the Deterministic Policy’s minimum guaranteed successful trans-

missions per frame may not be achievable. As high throughput performance is not

the purpose of the Deterministic Policy, it is interesting to be investigated whether a

probabilistic scheme like those proposed here can be used in such way that, instead

of improving throughput, tries to make up for the packets lost due to channel errors.

However, the use of a probabilistic scheme is in itself reason enough for questioning

the guaranteed transmissions offered by the Deterministic Policy, since due to the

probabilistic transmissions taking place in every slot, no transmission is guaranteed.

Consequently, another interesting topic for investigation is whether the introduced

increase in performance under a probabilistic scheme makes up for the possible loss

of determinism in terms of guaranteed successful transmissions per frame.

Further research with respect to the physical medium should consider the use of

modern technologies like smart antennas and full-duplex communication. Multiple

channels could also be considered as the polices proposed here are designed for single

channel operation.

In chapter B.2.2 it was shown that the number of successful transmissions per

frame for a node depends on the particular polynomials that have been assigned

to its neighborhood. Consequently, it might be worth investigating whether this

attribute can be exploited in clustering techniques, where each cluster is assigned a

set of polynomials that ensure a minimum number of collisions among them.

Vehicular ad hoc networking is an application where the implementation of

TDMA topology-transparent policies may be promising due to the fact that topology

may change at a very fast rate. Consequently, future work could include enhance-

ments that take into account specific characteristics of vehicular environments like

specific vehicle movement patterns.

Regarding the ideas presented in the two policies proposed in this thesis, they

both follow different paths in order to achieve their goals. Consequently, it is pos-
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sible that a combination of their ideas in a new policy may be feasible. Specifically

for the Fairness-Aware Policy, different definitions of fairness that consider addi-

tional characteristics can be considered and implemented as feedback mechanisms.

Such characteristics may include the number of neighbors per node, the successful

transmissions during some of the latest frames only or the delay of the transmitted

messages. The aforementioned loss of determinism may also be incorporated in a

definition for fairness. Additional experimentation can be conducted for fine-tuning

the access probability value’s adjustment. For example, different increment values

(not necessarily constant) can be considered, as well as the boundaries of its mini-

mum and maximum values. Furthermore, mobility scenarios should be considered

for evaluating the policy’s performance.

Similar experimentation with the access probability value’s boundaries may be

considered for the calculated value of the individual access probability. For example,

it was shown in chapter E.4.5 that nodes with one or two neighbors are allowed to

transmit very often due to the calculation of a large value for their access probability.

It is interesting to investigate how the overall system performance will be affected if

the access probability is bounded by a maximum value. Furthermore, similarly to

the Fairness-Aware Policy, mobility scenarios should be considered.

Regarding the implementation of TiMAC in low-cost devices, future work should

experiment with larger networks so that the policy may be tested in multi-hop

environment. Additionally, every policy considered in this thesis may also be worth

experimenting in a similar low-cost device scenario.
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Appendix I

Comparison Figures - Fairness

This section contains ten figures that correspond to the ten different networks that

were used throughout the experimental phase for the fairness evaluation of the poli-

cies in comparison (Probabilistic Policy, Adaptive Policy, Fairness-Aware Policy,

Refined Policy). Each figure is split into four subfigures with each one of them

corresponding to one of the aforementioned policies.

All ten networks are comprised of 1000 nodes which are placed according to a

connected random geometric graph topology. The access probability value during

non-assigned time-slots for all policies is common to all nodes and is p = 0.03. Note

that for the Fairness-Aware Policy this value corresponds to the pmin parameter.

Each subfigure contains 1000 points, each point corresponding to one of the 1000

network nodes. Each point depicts the individual envy of the corresponding node

as a function of its maximum number of consecutive re-transmissions.
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Figure I.2: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 253)



141

-0.15

-0.10

-0.05

0

0.05

Probabilistic Policy Adaptive Policy

-0.15

-0.10

-0.05

0

0.05

5 10 15 20 25 30 35 40

In
di

vi
du

al
 e

nv
y

Maximum number of consecutive re-transmissions

Fairness-Aware Policy

5 10 15 20 25 30 35 40

Refined Policy

Figure I.3: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 266)
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Figure I.4: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 271)
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Figure I.5: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 310)
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Figure I.6: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 450)
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Figure I.7: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 662)
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Figure I.8: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 795)



144 Appendix I. Comparison Figures - Fairness

-0.15

-0.10

-0.05

0

0.05

Probabilistic Policy Adaptive Policy

-0.15

-0.10

-0.05

0

0.05

5 10 15 20 25 30 35 40

In
di

vi
du

al
 e

nv
y

Maximum number of consecutive re-transmissions

Fairness-Aware Policy

5 10 15 20 25 30 35 40

Refined Policy

Figure I.9: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 803)
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Figure I.10: Individual Envy as a function of the maximum number of consecutive

re-transmissions (Network ID: 893)



Appendix II

The OMNeT++ Discrete Event

Simulator

The simulation results presented in this thesis were conducted with the use of the

OMNeT++ Simulator [140][154]. Their developers describe it as “an extensible,

modular, component-based C++ simulation library and framework which also in-

cludes an integrated development and a graphical runtime environment” [154]. Its

Integrated Development Environment (IDE) is based on the well known Eclipse IDE.

OMNeT++ is distributed under the Academic Public License. Its current version

is 6.0.1 and is freely avaible from its website (omnetpp.org).

An OMNeT++ simulation is comprised of modules. A module may represent

either a complete network node or a node’s component that performs a specific

function. Multiple modules that perform distinct functions can be hierarchically

grouped into more complex modules that represent a complete network node. The

hierarchically lower modules are called simple modules. Those are the ones that

implement every possible action that may be taken by a network node. Simple

modules can be grouped into compound modules. Multiple compound modules can

also be grouped into one compound module as well. Compound modules do not

implement any functionality, their sole purpose is to group simple modules together.

The hierarchically higher modules are the simulated network’s nodes, thus a

network object has to be created that will incorporate them and organize them

according to any desirable topology. Various parameters can be defined within the

network object, for example the real network’s physical area boundaries can be set
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if they are relevant to the simulation scenario. Naturally, a number of nodes has to

be created within the network and connections have to be established among them

so as a network topology can be formed.

The usual way of creating a network topology is to connect nodes with other

nodes through gates. Gates represent the input and output interfaces of modules.

A node’s single gate may only be connected to a single gate of another node but

each node may have multiple gates or gate arrays. Then two specific nodes are able

to communicate through the channel that is created between their corresponding

connected gates. A node that wishes to communicate with a neighboring node has

to create a message object and submit it to its output gate that is connected with the

neighbor’s corresponding input gate. Then, the message is automatically delivered

to the recipient node. If a delay has been set (either through the corresponding

channel parameter or within the message itself) then the message will be held and

delivered at the appropriate time.

The simulation environment maintains a queuing system, the Future Event Set

(FES), with the purpose of organizing the delivery of messages. Those are delivered

sequentially, according to the order in which they were positioned in the queue.

Each message submitted for delivery is put in the FES. Each message’s position

there is determined by a timestamp called the arrival time. Specifically, messages

that are scheduled to arrive earlier to their destination are given priority over others.

If the arrival times match, then they are prioritized according to a first-come first-

serve policy. It is possible to manipulate the priority among messages with identical

arrival times by setting a scheduling priority.

When a message is delivered to its destination, an event occurs in the recipient

object. This event triggers the automatic execution of a specific function in this

object. This function is initially blank but its purpose is to be overridden and re-

written by the simulation designer in such way that it will act according to the

information contained in the message.

The elapsed time during the simulation (simulation time) is not related in any

way to the real time as it is normally perceived. The current simulation time es-

sentially is the arrival time of the currently processed message. It does not matter

how large is the difference between the arrival times of two consecutive messages.

When the processing of the first message ends, the simulator will not wait until

the corresponding time interval has passed but instead will instantly start process-
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ing the next message and the simulation time will be set at the appropriate value.

Consequently, the real time duration of a simulation will not match the simulation

time as those depend on the total number of events, on how much processing work

is required for each event and on the processing power of the hardware that runs

the simulations. It is usual that the real time required for the completion of the

simulation is much more than the time interval that corresponds to the simulated

scenario, especially when the network contains hundreds of nodes.

A simulation project consists of various types of files. The main types are de-

scribed below:

• Ned files: This type of files is used for creating the network topology. “Ned”

stands for “network description”. As their name implies, they are exclusively

used to describe the various network elements. Each network environment

and each different network node type corresponds to a ned file. This file is

essentially a class definition and based on this class, as is the case with any

object oriented language, multiple objects can be created. In similar fashion,

multiple networks may be defined, each one corresponding to its own ned file.

The programming language used in these files is called the NED language

which was built for this purpose by the OMNeT++ creators. Its syntax is

similar to the C++ language.

• C++ files: These include the usual header and cpp files that are widely used

in the C++ language. Those files are exclusively used for implementing the

various actions that might take place upon the arrival of a new message to a

node, thus their purpose is to define the behavior of the network nodes. As

expected, the C++ language is used here. As mentioned earlier, the nodes’

behavior is implemented exclusively in simple modules as compound modules

are only used for grouping simple modules together and network modules

contain the description of the network topology with no functionality included.

Consequently, C++ files are only supported for simple modules.

• Ini files: These, as their name implies, are files that contain initialization pa-

rameters. The syntax here follows its own rules but it is usually just a matter

of assigning values to variables defined in the ned files. Their use is optional,

because the initialization parameters can be set directly into the corresponding
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Figure II.1: The OMNeT++ Integrated Development Environment.

ned file, however, their use provides a centralized way of assigning parameters

to multiple ned files and additionally allows for the execution of multiple sim-

ulation runs where each run has been initialized with a different set of values.

When a new simple module is created, the simulation environment automati-

cally creates its corresponding ned, header and cpp files. Initially, the contents of

those files are based on a very basic template. The simulation designer has to edit

them and add the parameters and functionality that are needed for the specific sim-

ulation scenario. When a new compound module or network is created, only the

corresponding ned file is provided, as no functionality can be defined here.

Figure II.1 depicts the main window of the IDE. The project explorer, where

multiple projects may exist at the same time, can be found on the left side of the

window. As can also be seen, the element that occupies most of the available space

is the editor and this is where the ned, ini, cpp and header files are created and

edited.

In the editor window of figure II.1, a typical C++ class declaration for a class
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with name “Node2” is depicted. This is a basic example of a class that has been

created by the simulation designer with the purpose of creating multiple network

nodes that are based on this class. It extends the “cSimpleModule” class. The

extension of “cSimpleModule” is the standard procedure when creating a simple

module for the network. The extension of this class provides two essential methods

that are also depicted in this figure. Those methods are meant to be overridden by

the simulation designer and they are described in more detail below:

• initialize(): This method is automatically executed when the object is created.

Its purpose, as its name implies, is to initialize the object’s variables with

suitable values.

• handleMessage(cMessage *msg): This method is automatically executed when

the object receives a message. The received message is passed as an argument

to the “msg” pointer. Most of the coding is usually done within this method.

The standard procedure is to check the contents of the message and perform

an action accordingly. Consequently, it is very common that this method

contains multiple “if...then” statements that take care of every different type

of received message.

The careful implementation of the two aforementioned classes is essential for any

simulation scenario. Countless additional classes and methods exist which are all

documented in the OMNeT++ Simulation Manual which is freely accessible from

the OMNeT++ website.

Figure II.2 depicts the window that monitors the progress of the currently run-

ning simulation scenario. An example scenario is depicted that corresponds to a

full-graph topology. On the left side of the window, elements containing informa-

tion about the various modules can be found. On the bottom side, information

about the events that take place during the simulation is depicted. On the top side,

buttons implementing (among others) the “start”, “pause”, “stop” and “accelerate”

actions are available that allow for controlling the simulation scenario as desired.

After the simulation has been set up, it can be run either with the use of a

Graphical User Interface (GUI) (like the one depicted in figure II.2) or in command

line mode. The use of a GUI allows for visual inspection while the simulation is

running and is useful for debugging purposes. However, it will add considerable
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Figure II.2: The OMNeT++ Graphical Runtime Environment.
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overhead if the simulation contains a large number of modules and performs compu-

tationally intensive tasks. Therefore, when the simulation scenario has been tested

with a small number of nodes and it has been confirmed that it will execute as ex-

pected, the GUI can be disabled and the simulation can be run under a text based

environment which allows for greatly decreased execution times.

After the simulation scenario has been completed successfully, OMNeT++ pro-

vides various tools for gathering the simulation results. Alternatively, the designers

may write their own methods for exporting the results in plain text files, using any

desired custom format which will allow data processing under any 3rd party software

that may be required.
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Publication Table

Refereed Journals
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Appendix IV

Glossary

Access

Probability

The probability value under which a node may transmit in a

non-assigned slot

Ad Hoc

Network

A network that is built spontaneously, allowing nodes to com-

municate with each other without the existence of typical net-

work infrastructure devices

Body Area

Network

A Body Area Network is a network where the nodes are de-

vices that are worn or carried by a person

Channel

Access Scheme

A method which allows multiple nodes to share the same com-

munication channel

Complete

Graph

A graph in which every vertex is directly connected to any

other vertex by an edge

Frame A specified interval which is repeated over time and in which

a node is accessing the medium with a specific method or

pattern

Internet of

Things

The Internet paradigm under which everyday objects are in-

terconnected with each other

Medium Access

Control

Network data transfer policy that determines how data are

transmitted between two or more network nodes through a

common transmission medium
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Mobile Ad hoc

Network

An ad hoc network comprised of mobile nodes

Personal Area

Network

A network which extends the connectivity of a Body Area

Network so that its devices can communicate with devices a

few meters away

Random

Geometric

Graph

A graph that is comprised of uniformly distributed vertices

that connect with any other vertex only if their euclidean

distance r is smaller than a predefined value

Regular Graph A graph in which all vertices have the same number of neigh-

bors

Soft Random

Geometric

Graph

A graph that is comprised of uniformly distributed vertices

that connect with any other vertex under a connectivity prob-

ability p(r) = e−(r/rc)γ , where rc is the connectivity radius of

each node, r is the particular pair’s euclidean distance and γ

is a constant related to the particular environment

Subframe A time interval that corresponds to one portion of a frame

which is assumed to be split into multiple portions of equal

duration

Throughput A number that represents the ability of a system to success-

fully transmit messages or data packets in a given time inter-

val

Topology-

Transparent

policy

A policy that remains unaffected from changes in topology

Transmission

Delay

The time interval between the creation of a message in a trans-

mitter node and its successful reception from the receiver node

Vehicular Ad

hoc Network

A mobile ad hoc network where the nodes are vehicles
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Wide Area

Network

A Local Area Network that covers an area of a few hundred

meters.

Wireless

Local Area

Network

A Local Area Network where its nodes are connected wire-

lessly, either with network infrastructure devices or in ad hoc

fashion
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Appendix V

Notations

q Order of a Galois field

GF (q) A Galois field of order q

k Degree of a polynomial with Galois field coefficients

Ωu Set of node u’s assigned time-slots

fu(x) Node u’s Galois field polynomial

s A subframe of the Determninistic Policy’s frame

N The number of total nodes in the network

D The number of maximum neighbors per node in the network

L Frame length

|S̄| Average number of neighbors in the network

|S̄|/D Topology density under the probabilistic policy
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p Access probability

Fu The set of time-slots that have not been assigned either to the transmit-

ting node u or any of its neighbor nodes

u→ v A transmission from node u to node v

AAu→v The set of time-slots that are assigned to node u as well as to at least

one of its 1-hop or 2-hop neighbors, which can corrupt the transmission

u→ v

AFu→v The set of time-slots that are assigned to node u and are not assigned to

any node that can corrupt the transmission u→ v

FAu→v The set of time-slots that node u perceives as free but are also assigned

to one or more neighbors able corrupt the transmission u→ v

FFu→v The set of time-slots that node u perceives as free and are not assigned

to any node able to corrupt the transmission u→ v

S2hop
u→v The set of nodes that are 2-hop neighbors to node u and are able to

corrupt transmission u→ v

S2hop
u→v The set of nodes that are 2-hop neighbors to node u and are able to

corrupt transmission u→ v

SAFu→v
i The set of nodes that may corrupt transmission u→ v during time-slot

i ∈ AFu→v

|SAFu→v | The average number of nodes that may corrupt transmission u→ v for

all time-slots in AFu→v set

|SAF | The average number of |SAFu→v | for all considered transmissions

SFFu→v
i The set of nodes that may corrupt transmission u→ v during time-slot

i ∈ FFu→v

|SFFu→v | The average number of nodes that may corrupt transmission u→ v for

all time-slots in FFu→v set

|SFF | The average number of |SFFu→v | for all considered transmissions
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PR,i,u→v Throughput for a particular time-slot i and a particular transmission

u→ v under the Refined Policy

PR,u→v Throughput for transmission u → v for all time-slots under the Refined

Policy

PR System throughput for the Refined Policy

Pi,u→v Throughput for a particular transmission u → v and for a time-slot i

perceived as free by node u under the Refined Policy

p̂1(u) The individual access probability of node u for the complete graph case

under the Refined Policy

p̂2(i, u) The access probability of node u for a particular time-slot i for the K-

regular graph case under the Refined Policy

p̂2(u) The individual access probability of node u for the K-regular graph case

under the Refined Policy

X A vector of the resource allocation of all nodes in a network

J (X) Jain’s index for the resource allocation X

xu Current resource allocation for node u

U Utility function for envy evaluation

U(xu) Utility function for envy evaluation for resource allocation xu

Euv(X) Pairwise envy between node u and node v

Eu(X) Individual envy of node u

pmin The value of the access probability when no successful transmission has

taken place before for a given time-slot i /∈ Ωu for a node u under the

Fairness-Aware Policy
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pmax The value of the access probability after a successful transmission has

taken place before for a given time-slot i /∈ Ωu for a node u under the

Fairness-Aware Policy

E A simplified notation for Eu(X)
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Appendix VI

Abbreviations

BAN Body Area Network

CDMA Code Division Multiple Access

CSMA Carrier Sense Multiple Access

FES Future Event Set

FDMA Frequency Division Multiple Access

GPS Global Positioning System

GUI Graphical User Interface

GRAND Galois RAdio Network Design

IDE Integrated Development Environment

IoT Internet of Things

MAC Medium Acess Control
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MANET Mobile Ad hoc NETwork

PAN Personal Area Network

RGG Random Geometric Graph

SRGG Soft Random Geometric Graph

TDMA Time Division Multiple Access

VANET Vehicular Ad hoc NETwork

WAN Wide Area Network

WLAN Wireless Local Area Network

WSN Wireless Sensor Network
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Appendix VII

Index

Access probability, 17

Ad hoc network, 3

Adaptive Policy, 32

Arduino, 106

Body Area Network, 3

Carrier Sense Multiple Access, 5

Channel access scheme, 5

Code Division Multiple Access, 6

Complete graph, 65

Delay, 5

Deterministic Policy, 23

Energy consumption, 5

Envy, 86

Fairness, 10

Fairness Aware Policy, 84

Frame, 6

Frequency Division Multiple Access, 6

Galois field theory, 22

Global Positioning System, 7

GRAND algorithm, 25

Individual access probability, 65

Individual envy, 87

Internet Of Things, 1

Jain’s index, 86

Medium Access Control, 4

Mobile ad hoc network, 1

Pairwise envy, 87

Personal Area Network, 3

Probabilistic Policy, 32

Random Geometric Graph, 70

Regular graph, 65

Soft Random Geometric Graph, 70

Subframe, 24

Synchronization, 5

Throughput, 4

TiMAC, 35

Time Division Multiple Access, 6
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Time-slot, 6

Topology-transparent, 7

Vehicular ad hoc network, 3

VeMAC, 35

Wide Area Network, 3

Wireless Local Area Network, 3

Wireless Sensor Network, 2
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