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Abstract

The delay tolerant networks (DTNS) is characterized byuesq disconnections and long
delays of links among devices due to mobility, sparse dept of devices, attacks, and noise,
etc. Considerable research efforts have been devotedietteB TNs enabling communications
between network entities with intermittent connectivityfortunately, mobile devices have lim-
ited energy capacity, and the fundamental problem is thdittonal power-saving mechanisms
are designed assuming well connected networks. Due to raugérlinter-contact durations than
contact durations, devices spend most of their life timéhnieighbor discovery, and central-
ized power-saving strategies are difficult. Consequentbybile devices consume a significant
amount of energy in the neighbor discovery, rather thanfrequent data transfers. Therefore,
distributed energy efficient neighbor discovery proto¢ot<DTNs are essential to minimize the
degradation of network connectivity and maximize the bémétom mobility.

In this thesis, we develop sleep scheduling protocols imtkedium access control (MAC)
layer that are adaptive and distributed under differentlcleynchronization conditions: syn-
chronous, asynchronous, and semi-asynchronous. In @alditie propose a distributed clock
synchronization protocol to mitigate the clock synchratiian problem in DTNs. Our research
accomplishments are briefly outlined as follows:

Firstly, we design an adaptive exponential beacon (AEB)gua. By exploiting the trend
of contact availability, beacon periods are independeadjysted by each device and optimized
using the distribution of contact durations. The AEB praiaignificantly reduces energy con-
sumption while maintaining comparable packet delivenagelnd delivery ratio.

Secondly, we design two asynchronous clock based sleepmldaige (ACDS) protocols.
Based on the fact that global clock synchronization is diffito achieve in general, prede-
termined patterns of sleep schedules are constructed hsraychical arrangements of cyclic
difference sets such that devices independently selediffeyent duty cycle lengths are still
guaranteed to have overlapping awake intervals with otbeicds within the communication
range.

Thirdly, we design a distributed semi-asynchronous slededuling (DSA) protocol. Al-
though the synchronization error is unavoidable, somd ldvelock accuracy may be possible



for many practical scenarios. The sleep schedules arerootesi to guarantee contacts among
devices having loosely synchronized clocks, and parasiateroptimized using the distribution
of synchronization error. We also define conditions for Whice proposed semi-asynchronous
protocol outperforms existing asynchronous sleep scirgglptotocols.

Lastly, we design a distributed clock synchronization (p@®tocol. The proposed protocol
considers asynchronous and long delayed connections wickargging relative clock informa-
tion among nodes. As a result, smaller synchronizatiorr ecbieved by the proposed protocol
allows more accurate timing information and renders nesglliscovery more energy efficient.

The designed protocols improve the lifetime of mobile desitn DTNs by means of energy
efficient neighbor discoveries that reduce the energy wamsised by idle listening problems.
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Chapter 1

Introduction

1.1 Overview of Delay Tolerant Networks

Recently, considerable research efforts have been putlayldesruption Tolerant Networks
(DTNs) [1-8] enabling communications between disconrtenttwork entities. DTN architec-
ture is characterized by frequent disruptions and longy@el@onnections due to mobility, sparse
deployment of nodes, node failures, and noises, etc. Qisnyolerant networking is becoming
a more favorable term for DTNs since it applies to more gdrst@ations. Similar properties of
DTNs are also shown in some wireless mobile network topick s1$ intermittently connected
network, disconnected spare network, opportunistic comaoation, partially connected ad-hoc
network, and sparse mobile ad hoc networks.

Figure 1.2 shows the basic concept of DTNs. Since an enddaennection does not exist
between node A and node C, the message is routed to the diestinade C by a store and
forward mechanism. The message is stored in node A untilfdérisarded to an intermediate
forwarder node B. This store and forward process is repaatéitithe message arrives at the
destination or discarded after a given amount of time to(liveL) value.

DTNs have a broad range of potential applications includicgnarios with high delay and
scenarios with frequent disruptions and disconnectioameSpotential application for DTNs in-
clude military battlefields [9], vehicular communicatidh$, deep space communications [10],

1



Terrestrial networks

Interplanetary and deep space - Military battle fields

communications - Internet access in remote areas

- Habitat monitoring
Underwater Acoustic

Networks

Figure 1.1: Examples of DTNs

habitat monitoring [11], and internet access in rural afé2s As there are many application
scenarios for DTNs, the design of DTNs varies greatly dependn the application scenario.
Contact schedules of nodes such as contact predictamlityvaiting times affect the design of
DTNs. For example, while the contact schedules of orbitaiki@s are mostly predictable, the
contact schedules of automobiles are much less predict@letact schedules in a decreasing
order of predictability can be listed as follows: deep spacbital satellite, transit bus, high-
way, human movement, random waypoint movement, and finaltdom movement. As well,
capacity on contact affects the design of DTNs. Radio c@eerange and bandwidth depend on
the radio technology being used and contact duration d@testhe amount of transferable data.
Additional network components such as fixed or mobile relag antroduce a new variable when
designing DTN protocols. Consideration for resource atdity is also important. Available
storage capacity determines forwarding capabilities rmediate nodes, and available energy
supply determines the lifetime of communication devices.

1.2 Power Saving Protocols in Wireless Mobile Networks

The capacity of the battery determines how long the deviaase used before replacing or
recharging the battery. Energy efficiency is a critical esgar mobile devices that are communi-

2



c) d)

Figure 1.2: Store and forward mechanism of DTNs. A messagernsfrom a source node A to
a destination node C via an intermediate node B.

cation oriented since considerable portion of total enésgyonsumed by the wireless network
interface. It becomes even more important in scenariosevhes nearly impossible to recharge
or replace batteries, such as in sensor networks. To entla@@mergy efficiency, many power
saving protocols have been proposed for various netwotktaatures and at different layers of
wireless network protocol stack [13, 14]. Some examplesoefgr management techniques at

different layers of protocol stack are outlined in Figurg.1.

In particular, existing sleep scheduling protocols can &egorized into three types: on-
demand wakeup, scheduled wakeup, and asynchronous wdkaupn-demand wake up proto-



Application Layer /
Transport Layer
-Backbonebased . .
Network Layer “Topology Control based } Power Efficient Routing
- Automatic Repeat Request (ARQ)
) LLC - Forward Error Correction (FEC)
Data Link - Packet Scheduling
Layer
MAC - Synchronous clock based )
- Asynchronous clock based Sleep Scheduling
- Adaptive Modulation/ Channel Coding
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cols, mobile nodes are equipped with a secondary low povaéo raodule or a soft-state timer
to wake up its radios to be ready for data exchange. For exampeparate signaling lower
power radio [15], a RFID tag [16], or a soft-state timer [1@hdoe used to wake up the device
for data exchanges. For scheduled wakeup protocol, nodées imetwork wake up at synchro-
nized intervals to communicate with each other. IEEE 80P.3M [18] is the most well known
synchronous sleep scheduling protocol originally desigioe single hop networks. As illus-
trated in Fig. 1.4a, wireless devices, called nodes, witiclsonized clocks, periodically turn
on or off their radio to save energy. This process is calledts cyclingor asleep scheduling
For multihop wireless networks, nodes can cooperativetydioate their wake schedules to in-
crease the energy efficiency of the network while maintgsuificient connectivity for required
bandwidth [19]. However, these protocols assume that nadesynchronized by global syn-



chronization algorithm. For asynchronous wakeup pro®{20-22], nodes connect with each
other by waking up at predetermined time intervals that goi@e overlap with awake intervals
of neighboring nodes, as illustrated in Fig. 1.4b. Asynaloigs wakeup protocols do not require
synchronized clocks, and they are suitable in scenariosemiebal clock synchronization is
impossible or impractical to realize. Furthermore, thetists performance tradeoff between
energy efficiency and neighbor discovery ratio for différeycle lengths of the sleep sched-
ules. The performance can be further improved if each nod@daptively use a sleep schedule
that optimizes the individual performance requirementapti/e asynchronous sleep scheduling
protocols provide a set of sleep schedules with differealeckengths that guarantee overlapping
awake intervals between any pair of sleep schedules [23-28]

1.3 Research Motivations and Objectives

Unfortunately, many mobility scenarios in DTNs depend orbil@odevices that have lim-
ited energy capacity, and the fundamental problem is thdittonal power saving protocols are
designed assuming well connected networks. Different fitoertraditional power saving proto-
cols, it is not possible to coordinately schedule on and effqals in DTNs to save power. Also,
previous researches in DTNs has mostly focused on DTN rggtiatocols, and these protocols
assume continuous access mode (CAM) without sleep schgdulechanisms where the radio
is always turned on. For a sparsely connected network, tionations between contacts are
generally much larger than contact durations for more thmeorder of a magnitude [29], which
indicates that nodes spend most of their life time in thelidtening mode and centralized power
saving strategies are difficult. Experimental studies By [BL] show that power consumption in
an idle listening mode is almost as high as in a receiving mGad@sequently, a large amount of
energy, over 95 percent of the total energy [32], is consuoydte idle listening mode searching
for neighbors, rather than by infrequent data transfers idite listening problem seriously af-
fects the lifespan of energy constrained devices in DTNgrdfore, it is essential to have power
saving protocols for DTNs that is distributed and effecteeducing energy waste in the idle
listening mode in order to minimize the degradation of nekn@mnnectivity and to maximize
the benefits from mobility.
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1.4 Research Contributions

In this research, we intend to address the following re$equestion:

"Given a sparsely deployed wireless mobile nodes havinguieat disconnections, how can
we design power saving protocols to provide extended riketof wireless mobile nodes and
support the required delay and delivery performance by rmedrefficient sleep scheduling and
clock synchronization?”

The research contributions and significance of this thesis@ammarized as follows.

e Synchronous Clock based Adaptive Sleep Scheduling for DTN83] - We propose a
distributed adaptive exponential beacon protocol by atiptpthe intermittent connection
characteristic of DTNs in synchronized clock based scendiihe beacon periods of nodes
are independently adjusted depending on the trend of doavadability. The proposed
protocol is optimized for different network environmentsng the probability distribution
of contact durations. Simulation results show that energgte/from the idle listening
problem can be effectively reduced by adaptive sleep sdimgdprotocols, and energy
savings up to 35 percent are achieved compared with exipmger saving protocols,
while maintaining similar average packet delays and pad&ktery ratios to that without
a sleep scheduling. This work is presented in Chapter 3.

e Asynchronous Clock based Adaptive Sleep Scheduling for DT&34, 35] - We propose
two asynchronous clock based sleep scheduling protoctiaté distributed, adaptive, and
energy efficient. Moreover, the sleep schedules can bercmtet using simple systematic
algorithms. We also discuss how the proposed protocolseanfemented in mobile de-
vices for adapting to dynamic network conditions in DTNs e®tetical analysis is given
to demonstrate the energy efficiency and scalability of tio@gsed protocols. Simulation
results show that the proposed protocols reduce the energgumption in the idle listen-
ing mode up to 35 percent in comparison with other existinghalsronous clock based
sleep scheduling protocols, and more than 90 percent ceapéth the protocol without
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a sleep scheduling, while maintaining comparable pacKeteag delay and delivery ratio.
This work is presented in Chapter 4.

Semi-Asynchronous Clock based Sleep Scheduling for DTN86] - We propose a dis-
tributed semi-asynchronous sleep scheduling protocosidening loosely synchronized
clocks in sparse mobile wireless networks. The sleep sd¢bedue constructed to guaran-
tee contacts among distributed nodes by utilizing cloclkchyonization error information
rather than assuming that clock synchronization is infdasir impossible. Individual
nodes using the proposed protocol not only can adjust tanejaonnectivity but also to
the estimated clock synchronization error to further eskasmergy efficiency. Also, the
proposed protocol can be optimized using the probabilggritiution of the clock synchro-
nization error to maximize the energy efficiency. Using tie¢ical analysis and simulation
results, we demonstrate that the proposed protocol caeachigher energy efficiency
than existing asynchronous sleep scheduling protocolss Wbrk is presented in Chap-
ter 5.

Distributed Asynchronous Clock Synchronization for DTNs[37] - We propose a dis-
tributed asynchronous clock synchronization protocolddiNs. Different from existing
clock synchronization protocols, the proposed protocolazhieve global clock synchro-
nization among mobile nodes within the network over asyoicbus and intermittent con-
nections with long delays. Convergence of the clock valseeached by compensating
clock errors using mutual relative clock information trapropagated in the network by
contacted nodes. The level of clock accuracy is depreciaitdrespect to time in order
to account for long delays between contact opportunitiesthigimatical analysis and sim-
ulation results for various network scenarios are presdistedemonstrate the convergence
and performance of the proposed protocol. The proposedgobtan achieve faster clock
convergence speed and, as a result, reduce energy cost nkeighbor discovery by half.
This work is presented in Chapter 6.



1.5 Outline of the Thesis

This thesis is organized as follows. The system model ofrdssarch is presented in Chap-
ter 2. The distributed adaptive sleep scheduling protomolsynchronous, asynchronous, and
semi-asynchronous clocks are respectively given in Chapt€hapter 4, and Chapter 5. The
distributed asynchronous clock synchronization protaggiven in Chapter 6. Finally, conclu-
sion and further research are given in Chapter 7. To beltestriate the relationship among the
research accomplishments, the organizational flowchahisthesis is depicted in Fig. 1.5.
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Figure 1.5: The organizational flow chart of the thesis. &@llotted) lines represent direct
correlations (partial correlations) between two funcéilgmarties and arrows indicate the flow of
communication.



Chapter 2

System Model

2.1 Network Model

We consider a network represented by gréfih) = (V, E(t)), where the vertex sét con-
tainsN mobile nodes and the edge #&t) is defined as the set of nodes in contact at tinfdue
to frequent link disconnections and dynamic network toggld’(¢) varies with time. Contact
schedules among nodes are not known in advance. At#jtweo nodes andj are connected,
ie., (i,7) € E(t), if they can successfully exchange connection setup messabhe set of
contact times of nodeand node # j are represented &7 = {t}7,...,¢;?,...}. Links are
undirected and symmetric. Therefore(dfj) € E(t), we also havéj, i) € E(t). We assume
a distributed communication topology where there are naiapeeference nodes such as roots
or gateways, and all nodes execute exactly the same algorfor clock synchronization pro-
tocols, upon each contact, nodes exchange and updateithieig information. The procedure
and modeling of clock value and frequency updates applyl twoales in the network.
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2.2 Clock Model

Each node maintains a logical software clock as a functioim@fhardware oscillator. The
clock value of node at timet is given by

Cl(t) = (1 + gz) /t CUZ'(T)dT + Cl(to),l = 1, 2, ey N (21)

to

where¢; is a proportional coefficient of the nod®scillator,w;(7) is the frequency of the hard-
ware oscillator at time-, andC;(t,) is the initial clock value at timeé,. Under stable exter-
nal conditions (e.g., temperature and pressure), thelatscilfrequency can be approximated
by a time-invariant constant. The clock value is incremeriig an oscillator with frequency
fi(t) = %0 asillustrated in Fig. 2.1a, the frequency of a perfect klmative to Coordinated
Universal Time (UTC) is‘%’ft) = 1. However, the clock deviates from the perfect clock over
time due to errors in clock frequency and changes in suppgtage, temperature, and so on. We

have?%(® ~ 1 for a fast clock, andi”) < 1 for a slow clock.

For an inaccurate clock, the clock frequency value is represl as an estimate with a lower
and an upper bound as

l—=p<

d(i;ft) <1l+p, Vit (2.2)
wherep is a constant maximum clock frequency error specified by #rdware manufacturer,
and the bounded error for each node is modeled by the unifestmlbuition [38]. Typical error
for a quartz crystal oscillator is € [10, 100] ppm, which corresponds to a 0.6 ms to 6 ms error
in 60 s. We also consider changes in the clock frequency doeditlator aging of 5 ppm per
year [39] in our simulations. We assume a clock resolutiod @ with 64 bits as in Time

Synchronization Function (TSF) of IEEE 802.11 [18].

2.2.1 Sources of Clock Synchronization Error

In general, the frequency of quartz crystal oscillator ad@b(w; (7)) is a time-varying ran-
dom variable. The randomness is due to short-term and leimginstabilities. Short-term insta-
bility is caused by environmental factors, such as changésmperature, pressure, and supply
voltage, whereas long-term instability is caused by thélasar aging. We study the effect of
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Figure 2.1: Clock model: a) Clock error caused by clocks mgpmat different rates; bpffset
compensationclock value is tuned to the clock value of the perfect cldulkt, the clock offset
increases due to the clock skew error;SRew compensatiortlock frequency is tuned to the

clock frequency of the perfect clock, but the clock offseeésimot match due to the clock offset
error.
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time variant oscillator frequencies in Section VI-B-5. th@rmore, uncertainty in the message
delays cause clock estimation errors. Usually, in a muttiwireless network, an accurate esti-
mate of the message delay at each hop is critical for synctation protocols since the end-to-
end delay is comparable to the error caused by message d€laygponents of a message delay
include medium access time, transmission time, radio watpan time, and detection time. In
DTNSs, however, as the inter-contact duration increasestanérequency of message exchange
decreases, the clock error induced by the inaccurate ctegkéncy increases, whereas the error
related to the message delays remains constant [40]. Nalee#) there exists uncertainty in
message delays over various hardware interfaces and tekesgrchannel. The uncertainty in
the message delays cause error when estimating clock iafmmamong nodes. As a result, the
clock offset and the clock skew are estimated with some @wand.

2.2.2 Clock Compensation

The goal of clock synchronization protocols is to maintai@ minimum possible clock error
among nodes in the network. As described in the clock modelatcuracy of a clock is mea-
sured by two parameters: clock value and clock frequenaiceShere is no reference node in the
distributed network, the prefect clock value and frequeareyimpossible to obtain. Instead, rela-
tive clock value and frequency between two nodes can beraatddy simple two-way exchange
of time synchronization messages. The difference in clabkevreading€’;;(t) = C;(t) — C;(t)
is calledrelative clock offsetand the difference in logical clock frequengy(t) = f;(t) — fi(t)
is calledrelative clock skewThe process of minimizing the clock offset (skew) amongesod
referred to aslock offset (skew) compensatiofss shown in Figs. 2.1b and 2.1c, respectively,
offset (skew) compensations are done at times,, andt; (¢,) to match the logical time (clock
frequency) among nodes. Consequently, our goal is to masimalative clock offset and relative
clock skew among nodes in the network through compensations

2.3 Sleep Scheduling Model

Each node follows a predetermined combination of awake afep time intervals, called
asleep schedulehat is successively repeated. A complete cycle of thgodebedule is called
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aframe and its length is denoted kly;. A frame A may consist of unequal sized intervals as
in [41] or equal sized intervals, callesfiots forming asetas in [23, 25, 25, 26, 28, 42]. Here,
E 4 represents a list of awake slots within a frareFor the protocols with unequal sized slots,
as illustrated in Fig. 2.2a, l€t,,, andL,; respectively represent the duration of awake intervals
and asleep intervals. Similarly, for the protocols with &lgsized slots of lengths, dividing

a frame inton, = L;/L, slots, as illustrated in Fig. 2.2b, let,, andn,;; respectively repre-
sent the number of awake slots and asleep slbfsis the length of the Announcement Traffic
Indication Message (ATIM) window length required to excparconnection setup messages
(Beacon-ATIM-ATIM Response) as defined in [18].

2.4 Power Consumption Model

There are four different modes of operation for the wiretasto interface: transmit, receive,
idle, and sleep. The interface of a node is either activelggmitting beacons or messages in
the transmit mode, actively receiving beacons or messatieireceive mode, waiting for bea-
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cons or messages in the idle mode, or turned off to save powbeisleep mode. In the sleep
mode, nodes can save a considerable amount of power, fortheomean order of a magnitude,
but are unable to exchange beacons or messages. In partfoulsleep scheduling protocols,
a well known power consumption model of 2.4 GHz IEEE 802.1lised [30] where power
consumptions in the transmit modg.f), receive modek,.), idle mode {,4.), and sleep mode
(Psicep) are 1.3272 W, 0.9670 W, 0.8437 W, and 0.0664 W, respectiviety clock synchro-
nization protocols, a well known power consumption modederisor motes is used [43] where
power consumptions in the transmit mode, receive modemadige, and sleep mode are 42 mW,
36 mW, 24 mW, and 0.02 mW, respectively.

2.5 Performance Metrics

To evaluate the performance of our proposed protocolsaiogperformance measurements
are necessary. In this thesis, we consider the followinfpp@ance metrics.
2.5.1 Energy Consumption

Energy consumption is the amount of energy consumed meahsudeules { = W - s) by
the operations of the wireless network interface.
2.5.2 Average Packet Delivery Delay

Average packet delay is the time delay of packets from sonockes to destination nodes.
For multiple copy routing protocols, such as spray and vaaiting protocol [7], which generates
multiple copies of the same packet, the delay of the firstiagipacket at the destination among
multiple copies is considered.

15



2.5.3 Packet Delivery Ratio

Packet delivery ratio is the number of packets received byd#stination nodes divided by
the number of packets generated by the source nodes. Faplauwbpy routing protocols,
duplicated copies of the same packet are not counted.

2.5.4 Active Ratio

The energy efficiency of sleep scheduling protocols is nrealsloy the active ratiak, which
describes how often the node is in active mode. Rtie defined for a given frame of lengihy
with unequal sized slots as

R=L,,/L
/Ls (2.3)
Ly = Lon + Logy
and for a given frame of length; with equal sized slots as
R = ngn/ns
(2.4)

Nng = Lf/Ls = Non + Nofy-

2.5.5 Neighbor Sensitivity

The required connectivity of sleep scheduling protocolmé&asured by the neighbor sensi-
tivity, NS, which describes how well the node finds a neighboring nodleinvits transmission
range. TheNS is defined as the worst-case delay for a node to detect a negvwiiblin its
coverage. In asynchronous sleep schedules)beas determined by the minimum frame size
that guarantees at least one overlapping slot between fieoatit schedules.

2.5.6 Average Relative Clock Offset and Skew

The performance of clock synchronization protocols arduatad by how quickly the clock
values of different nodes can converge to a global averadee nietrics used to describe the
convergence are relative clock offset and relative clo&nsk-or a total number oV nodes in
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the network, the average relative clock offset and the aeeralative clock skew at timeare
calculated by

ConlD) = i3 2 20,100 = (0 @25)
fonl®) = N3 & 32, 1l = 500 (26)
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Chapter 3

Adaptive Synchronous
Sleep Scheduling Protocol in
Delay Tolerant Networks

As discussed in Chapter 1, mitigating the idle listeninghbem is the key to enhance the
performance of mobile devices in DTNs. Assuming that clazksodes are globally synchro-
nized, nodes can cooperatively coordinate their sleepdstde to reduce energy waste due to
the idle listening problem. The key issue in sleep schedutirotocols is to decide when to
wake up from sleep to communicate with other mobile nodeshoddgh it is often difficult to
know exactly when and how long contacts will be in advance amynDTN scenarios, changes
in the contact rates are caused by changes in node densitig¢sa#fic requirements in different
regions. The changes in the density are caused by dynamiem®us of nodes. Even in RWP
model, the spatial node distribution is not uniform [44]. Mdover, the density differences be-
come more evident in non-random movement models. Thereforeadaptive protocols such
as continuous access mode (CAM) or PSM may not be effectioeekample, when there are
very few nodes wanting to exchange data, turning on the rfagliuently to check the presence
of other nodes wastes energy without discovering usefuboig On the other hand, when there
are many nodes wanting to exchange data, it is desirableke wafrequently to connect with
other nodes.
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Therefore, in this chapter, we focus on adaptive sleep sdimgdprotocol in DTNs that
minimizes energy consumption while minimizing the perfarmoe degradation of average packet
delay and packet delivery ratio. The contribution and gigaice of this research work [33] are
as follows

e First, we propose a distributed adaptive exponential bepedod protocol for DTNs. The
trend of contact frequency is used as a decision variablefkect the network condition,
and nodes independently adjust their beacon periods angaalthe decision variable to
save energy.

e Second, we optimize the decision parameters for differetwork environments using the
probability distribution of contact durations.

e Third, simulation results for various network scenariagsgven to demonstrate the perfor-
mance. The results show that the proposed protocol canlguwdipt to dynamic changes
in the network topology, and achieves up to 35 percent engagiyng in comparison with
existing protocols while maintaining similar average petctelays and packet delivery
ratios.

The remainder of the chapter is organized as follows. In@e&.1, existing power saving
protocols are presented. In section 3.2, an adaptive exgiahbeacon protocol is proposed. In
section 3.3, performance of our proposed protocol is et@tliasing simulations. The chapter is
concluded in section 3.4.

3.1 Related Work

3.1.1 Power Saving Protocols in Multihop Wireless Networks

Existing power saving protocols for different wireless iromments, including IEEE 802.11,
Mobile Ad-hoc Networks (MANET), Wireless Sensor Network&$N), and DTNs are pre-
sented in this section.
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The most well known power saving strategy is the power saveemio 802.11 [18]. It is
originally designed for well connected single hop networkke standard also defines a power
save mode in an Independent Basic Service Set (IBSS) actimiée also known as an ad-hoc
network. Considering mobility of nodes, MANET is a type ofreless ad-hoc networks which
consist of self-configuring network of mobile hosts coneddty wireless links. The power sav-
ing protocols in MANET can be generally classified into fouffedent categories. They are
wake-up on-demand based [16, 17], coordinator based [{8¢hsonous clock based [45], and
asynchronous clock based [20]. WSN is a wireless networtk eigitributed autonomous sensors
to cooperatively monitor physical or environmental coiotis. A common objective of sensor
MAC design is to maximize the network lifetime since reptaror recharging depleted batteries
is impractical in most WSN scenarios. Some examples of atiotebased power saving proto-
cols in WSN are SMAC [46] and T-MAC [47]. There are also TDMAskd protocols such as
TRAMA [48] and wake-up on-demand protocols such as PAMAS.[15

3.1.2 Power Saving Protocols in Delay Tolerant Networks

Existing power saving protocols in MANET and WSN assume dateployment and low
mobility of nodes. Therefore, they rely on well connectedle®with few disconnections and
disruptions, and cannot be directly applied to DTNs. A krenige based framework in sparsely
connected DTNSs is presented in [49]. In the zero knowledgaato, assuming a synchronized
clock, periodical beacon interval is determined by findihg thaximum interval that satisfies
the traffic load requirement. In the partial knowledge scenaearching intervals are estimated
using mean and variance values of contact durations anthgaiines. However, such statisti-
cal information may not be readily available in many rea bicenarios. A hierarchical power
management scheme in [50] uses a secondary low power ragdigctmver communication oppor-
tunities and a primary high power radio to exchange data. ynehronous power management
protocol, called a context-aware power management (CARNI), [determines the duty cycle
depending on the node density and traffic load requirements.
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Figure 3.1: Exponential beacon period

3.2 Adaptive Exponential Beacon Protocol

3.2.1 Basic Mechanism

Adaptive exponential beacon protocol (AEB) dynamicalljuats beacon periods depending
on the contact availability of nodes. At the beginning oftebeacon interval, each node sends a
short beacon after a random delay. If a node receives a béaworanother node, it checks its
own queue to see if there are packets destined for the notsathizthe beacon. If there are pack-
ets to be sent, the node returns an Advertisement (Adv) packigying the other node of future
transmission. If there is no packet to be sent, the beacan@ed. Adv packet is responded
with an Advertisement Response (AdvResponse) packetr thitesuccessful exchange of Adv
and AdvResponse packets, a connection is establisheddretive nodes, and data packet trans-
mission is initiated. If no contact has been discoveredmdutine Adv window, the node sleeps
at the end of Adv window.

At the end of each beacon interval, each node checks if acidma been discovered in the
last beacon interval. If so, the node starts the beacornvadt&zom the minimum beacon interval
in the next beacon interval. Otherwise, the node doubldseiéson interval in the next beacon
interval. At each beacon interval, the beacon period is egptally increased to a maximum
beacon period threshold.

The basic mechanism is illustrated in Figure 3.1. Mobilea®tl, 2, and 3 are within radio
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range of each other. In the first three intervals, nodes ddhawé any packet to exchange.
Therefore, nodes sleep after each Adv window, and beacdooddsrdoubled at each interval. In
the fourth interval, some packets have been generated athadd a connection is established
between node 1 and 2. After the Adv window, data transmigsianitiated. Since a connection
has been established between node 1 and node 2, the beammhipemmediately set to the
minimum value.

3.2.2 Beacon Interval Structure

The AEB protocol uses a set of exponentially increasing treattervals as shown in Figure
3.2. Every node independently chooses its beacon inteaatsmust follow one of the interval
set. A beacon interval for nodecan be defined as follows

TP = {t! | ti = Topin x 2", h=0,1,2,3, .. . hynae } (3.1)

whereT,,,;,, i1s the minimum beacon interval.

3.2.3 Adjusting Beacon Periods

If a contact has been discovered, the beacon period of ad{eis set toT,,;,, but otherwise
incrementally doubled to the maximum beacon interkal,.. Here, the choice di,,.. is critical
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to the performance of the protocol since tradeoffs exisbeh energy consumption and contact
probability. Larger beacon intervals reduce energy comdiom, but decrease the probability of
contact. On the other hand, smaller beacon intervals isertiee probability of contact, but the
larger ratio of awake periods relative to the beacon penockiases the energy consumption.

The value ofh,,,... is determined by looking at the slope of contact discovety.r&irst, an
exponential weighted moving average (EWMA) is used to dateicontact discovery raté;.
Ri=af+(1—a)R_1, a=][0,1], (3.2)
whereq is the weight value for the moving average aha the contact discovery value which
is 1 if a contact has been discovered in the last beacon pand@® otherwise.
Then, the slope oR; can be defined as
1 t
S=— > X\ (3.3)
Ts A
.]—t_Ts

whereT} is the slope window which indicates how many past beacomval® are used for
calculating the slope, ankl can be defined as

1, R, > Rj
AM=1¢-1, R, <R, (3.4)
0, Rt - Rj,

whereR; is the current contact discovery rate.

If S is a positive value, a smaller value f,.. is used to allow the node to wake up more
often. On the other hand, #f is a negative value, a larger value/gf,.. is used to allow the node
to wake up less frequently to conserve energy. As shown iteTal, the performance depends
on the choice oh,,,,. Here, CAM represents a Constant Access Mode where nodednags
awake. The default parameters for simulations are outiimddble 3.3.

3.2.4 Choosingh,,q.

Because of a low node degree in DTNs, nodes often spend nmehintithe disconnected
mode. To illustrate, cumulative distribution functionsE) of inter-contact durationsl{cp)
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Table 3.1: Impact of,,,,

Energy (J) | Delay (s) | Delivery Ratio
CAM 170025 537.18 0.9416
Pmaz = 0 72122 538.11 0.9415
Ponaz = 1 65136 546.56 0.9408
ez = 58431 574.19 0.9376
Pmaz = 3 58135 705.67 0.9015

and contact durationg{p) are shown in Figure 3.4T¢p is the time between new contacts,
and T¢p is the time between the beginning and the end of a contact. alleobserve from
both numerical [51, 52] and simulation results that , is generally much larger thaf:p.
Therefore, we attempt to find the optintal,., that achieves, for example, 98 percent of total
possible contacts in radio transmission range, while ggagnmuch energy as possible. This is
directly associated with finding the contact duration of e®th the network. We can find the
hn.ae that allows nodes to discover certain percentage of totsdipte contacts, called a contact
rate, using a CDF of contact duration as derived in [51] asvel

1 2 _ 2,2
F(x):——r (U In T+ T 7 (3.5)
2 | 2|

2rvx r2 — 2

where r is the radio range of nodes and v is the average nodeityelThe distribution area is
assumed to be a unit square.

Figure 3.3a shows the pdf of contact duration for differemden velocities. Faster moving
nodes have shorter contact durations, and the contacti@utiatthe highest at the expected
value of contact duration a&'(X) = r/v. In order to estimate the required contact duration,
complementary cumulative distribution function (ccdfugged. ccdf shows how often the random
variable is above a particular level. In our case, as showfigare 3.3b, ccdf is the contact
duration required to achieve a certain contact rate.

F.z)=P(X >z)=1—- F(x). (3.6)
Table 3.2 gives the contact duration values to achieve greatact rates for different node
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Table 3.2: Contact duration (s) [numerical/simulation]

| - () Node speed (m/s)
10 5 2
0.98 6.0/5.5 | 12.1/11.5/ 30.4/26.5
0.95 9.5/8.5 |19.0/17.5| 47.6/44.5
0.9 13.2/12.5| 26.5/25.5| 66.3/62.5
0.85 15.9/15.5| 31.9/31.5| 79.9/76.5

speeds. In addition, contact rates can be controlled bysadgthe value ot,,,,, and smaller

values ofh,,,., may be used in reality to cope with link quality estimatioroes.
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3.3 Performance Evaluation

3.3.1 Simulation Environment

The Network SimulatorNS-2 [53] is used for the simulation. DTN packet forward mech-
anism, and spray and wait routing protocol [54] are incluisheithe simulator. Unless otherwise
stated, default simulation parameters, as outlined inerd®, are used. For each simulation
setup, average values from 10 simulation results are ust#tedmal result. Flows are created
between source nodes and destination nodes that are randboden. The energy model is
taken from [30]. ... values used foS < 0 are 3, 2, 2 and 1 respectively for nodes speeds
of 2.5 m/s, 5.0 m/s, 7.5 m/s and 10.0 m/s. These values arewtiosn Table 3.2 to achieve
contact rates well above 98 percent.

3.3.2 Simulation Results

The performance of the AEB protocol is compared with presisynchronized clock based
power saving protocols. In CAM, nodes are always awake. H®reyin the idle mode when
not in transmit or receive mode. In PSM, as described in [60es periodically wake up
to broadcast beacons. In both PSM and CAM, a beacon perioda$ezonds is used. The
performance metrics used in the simulation are energy copsan, average packet delivery
delay, and packet delivery ratio. Energy consumption isatheunt of energy consumed by the
operations of the wireless radio. Average packet delayagithe delay of packets from source
nodes to destination nodes. Since spray and wait routin@gobgenerates multiple copies of
the same packet, the delay of the first arriving packet at dstirthtion among multiple copies
is considered. Packet delivery ratio is the number of pacieteived by the destination nodes
divided by the number of packets generated by the sourcesn&iimulation results for different
topology sizes, node speeds, number of nodes, and traftis @ shown in Figures 3.5 to 3.8,
respectively. Also, the percentage of energy consumptidheoproposed protocol compared
with PSM is shown in the figure for clarity.
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Table 3.3: Simulation parameters

Parameter

| Value

Simulation Time
Map Size
Movement Model

10000 s
3000 m x 3000 m
RWP

Routing Protocol Spray and Wait
MAC Protocol CSMAJ/CA based
Spray size 2 duplicates
Node Parameters
Number of Nodes 20
Node Speed 5m/s
Pause Time 30s
Radio Range 250 m
Bandwidth 2 Mbps
Flow Parameters
Number of Flows 20
Packet Size 1000 bytes
Packet Generation Interval 10s
Message Timeout 2000 s
Power Consumption Parameters

Transmit Mode 1.3272 W
Receive Mode 0.9670 W
Idle Mode 0.8437 W
Sleep Mode 0.0664 W

Adaptive Beacon Parameters
Minimum Beacon Periodl(,;,) | 2.0 s
Adv Window Size 04s
Weight of EWMA (o) 0.1
Slope window T5) 16 beacon interval

Impact of Topology Size

Impact of topology size is shown in Figure 3.
total energy consumption decreases, average packet aelaases, and packet delivery ratio
decreases. As the map size grows, nodes discover fewerctoatad nodes sleep more often but
packet forwarding opportunities are reduced. CAM haslitttcrease in energy consumption
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since nodes are in idle mode when they are not transmittingoaiving. The AEB protocol uses
about 35 percent less energy than PSM and 75 percent legyeéhan CAM while maintaining
similar average packet delay and packet delivery ratio &AN and PSM.

3.3.2.2 Impact of Node Speed

Impact of node speed is shown in Figure 3.6. As the node speeelises, the total energy
consumption remains almost the same and average packgtdislseases. As the nodes move
faster, the nodes discover more contacts which reducestlegtckets spend in queues. There
is only a little change in energy consumption since high ngakeds also decrease the contact
duration. The AEB protocol uses about 25 percent less ertlbeagyP SM while achieving similar
results for average packet delay and packet delivery ratio @AM and PSM.

3.3.2.3 Impact of Number of Nodes

Impact of number of nodes is shown in Figure 3.7. As the numbeodes increases, the
per node energy consumption increases slightly. The ptgerof energy consumption of the
proposed protocol is lower in lower number of nodes. Thisisduse at lower node density, the
proposed protocol has more chances to use larger beaconpévisave energy.

3.3.2.4 Impact of Traffic Load

Impact of traffic load is shown in Figure 3.8. As the data alrrate increases, the total
energy consumption decreases and average packet delagsesrslightly. As the data arrival
rate increases, the nodes have smaller number of packedsatarti. Therefore, they wake up
less frequently and spend less energy in both transmissiaie mnd idle mode. Average packet
delay with moderate data arrival rate is smaller compardl thie delay with low data arrival
rate since more queued packets may be forwarded in a singlaatavith moderate data arrival
rate.
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3.4 Summary

In this chapter, a new adaptive synchronous clock based stdeeduling protocol for DTNs
is proposed. The AEB protocol exploits intermittent cortirmtcharacteristic and varying con-
tact rates in DTNs. By adjusting the beacon periods depgratirihe trend of contact availability
and using tunable parameters for different network enviremts, considerable amount of energy
can be saved without greatly sacrificing the average paekay@&nd packet delivery ratio. Per-
formance of the AEB protocol is compared with other syncbrenclock based protocols in
DTNSs using spray and wait routing protocol in RWP mobilityaded Simulation results under
various network conditions indicate that the proposedquaitconsumes 65 to 80 percent of
energy compared with PSM and 20 to 60 percent of energy cadpath CAM, while keeping
the average packet delay and delivery ratio comparable@4tkl.
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Chapter 4

Adaptive Asynchronous
Sleep Scheduling Protocols In
Delay Tolerant Networks

As presented in Chapter 3, nodes can adaptively adjustelyeéncy of beacons depending
on the contact availability to reduce the energy waste chyske idle listening problem. How-
ever, in reality, perfect clock oscillators do not existdamock reading errors among nodes are
common. Moreover, due to large inter-contact durationsiafrdquent message exchanges in
DTNSs, the global clock synchronization is difficult. In atidn, synchronization protocols can-
not typically assume to rely on the Global Positioning Sys(&PS) that requires a large amount
of energy and a line of sight to the satellites.

Therefore, in this chapter, we focus on asynchronous claskdt sleep scheduling protocols
in DTNs, meaning that the protocols do not require globatklsynchronization among nodes
and consider intrinsic characteristics of DTNs. Furthlee, $leep schedules are distributed and
adaptive, meaning that each node can independently andrasyrously chose the power saving
level depending on its current condition. The contributaoil significance of this research work
[34, 35] are as follows

e First, we propose adaptive asynchronous sleep schedutiggols for DTNs, which pro-
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vide multiple levels of power saving and are energy efficieder intermittent connectiv-
ity for minimizing energy consumption. Different duty cgdengths are created by simple
systematic algorithms that hierarchically arrange cydiiference sets.

e Second, several implementation issues considering tlygiamharacteristics of DTNs and
approaches to maximize energy efficiency are discussed. iStass$ the details of the
asynchronous frame structure, neighbor discovery proeessadaptive power saving lev-
els.

e Third, both theoretical analysis and simulation results given to evaluate the perfor-
mance of the proposed protocols in comparison with othestiexy adaptive asynchronous
sleep scheduling protocols. Theoretical analysis resldtaonstrate that the proposed
protocols are more energy efficient while guaranteeingiredwconnectivity. Simulation
results verify that the proposed protocols, while maintajrsimilar packet delivery delay
and delivery ratio, can reduce the energy waste in the islieling mode up to 35 percent.

The remainder of this chapter is organized as follows. We firesent a comprehensive
survey of existing asynchronous sleep scheduling prasocomultinop wireless networks in
Section 4.1. After presenting preliminaries of adaptiweablronous sleep scheduling protocols
in Section 4.2, we propose two new adaptive asynchronoap skeheduling protocols for DTNs
in Section 4.3, and discuss implementation issues in Sedtib. The performance of the pro-
posed protocols is evaluated using theoretical analysseation 4.5 and simulations in Section
4.6. Finally, the chapter is concluded in Section 4.7. SurgraBimportant symbols used in this
chapter is given in Table 4.1 for easy reference.

4.1 Related Work

In this section, asynchronous sleep scheduling protoodtibile Ad-hoc Networks (MANETS)
and DTNs are presented. They can be classified into noniadaptadaptive protocols depend-
ing on their ability to provide multiple power saving levels

36



Table 4.1: Summary of important symbols used

Symbol Definition

E; list of awake elements of sét
n; number of slots in seat

Ly length of a slot

Ly length of a frame=£ L, x n;)
L4 length of the ATIM window

Chom(E;) seti repeated tan slots with a shift
RCP{E;, E;} | rotational closure probability between seind setj
Trep inter-contact duration

Tep contact duration
Tsp slot delay duration

Tr data exchange duration

P, power saving level

P, contact probability

R; active ratio of set
NS, neighbor sensitivity between seand set;

4.1.1 Non-Adaptive Asynchronous Sleep Scheduling Protolso

Quorum-based Protocol (QPS) [20] is the first work in the alyonous sleep scheduling
protocols. Assuming equal sized intervals, caBmts QPS guarantees at least two overlapping
awake intervals between two nodes while being aw@kgn — 1) slots out ofn slots. This is
achieved by each node using an awake schedule set that isddoyrarbitrarily choosing a row
and a column from a squarespace, as shown in Figure 4.1a.

More energy efficient sleep schedules are constructed ihnd@yéference Set Based Protocol
(CDS) [22, 42] by using cyclic difference sets in combinabmathematics [55]. The construc-
tion of difference sets is a projective plane problem wittepgetersv, k, \)=(¢*+q+1,¢+1,1)
where a set consisting oftotal slots constructed with awake slots guarantees at least one over-
lapping awake slot. The difference set used by the CDS pesvile theoretically minimum
awake slot ratio. As shown in Figure 4.1b, one overlappiogislguaranteed between any two
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node A
nodeB
node C

Vn
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A

[ nodeA [ ] nodeB . on D off time
(a) (b)

Figure 4.1: Asynchronous sleep scheduling protocols: (r@m based{ = 49), the schedules
of A and B have overlapping awake slots at slots 10 and 41; fg)i€difference set based
(v = T7), the awake slot 2 of schedule A is overlapping with the aws&e1 of schedule B.

sets. In addition, CQPM [56] that has similar concepts to @R& CDS is also independently
proposed.

Table 4.2 gives the summary of non-adaptive asynchroneep sicheduling protocols and
their properties including the active ratio and the neigtgsmsitivity.

4.1.2 Adaptive Asynchronous Sleep Scheduling Protocols

The drawback of QPS and CDS is their failure to guarantedawging awake slots between
sets with different sizes. In other words, nodes may not ketaldiscover each other if sets with
different sizes are used. Therefore, they cannot adjusttiwark dynamics, such as traffic load,
topology, or node mobility to further optimize performand® overcome this problem, several
adaptive asynchronous sleep scheduling protocols havegreposed. There exists a tradeoff
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Table 4.2: Summary of non-adaptive asynchronous sleelathg protocols

Protocol Year | Active Ratio Neighbor Remarks
Sensitivity
QPS [20, 21]| 2002 | Rgpg(ym) = (2v/n—1)/n | Lyx (n—y/n+ | The first work in asynchronous
1) sleep scheduling. Requiresto
be a perfect square.
CDS [22, 42]| 2005 | Repsm) = v/n/n Ly xn Achieves the theoretically opti-
mal active ratio. Requires =
P +q+1.
CQPM [56] | 2006 Concurrent independent re-
search similar to [22] and
[24].

between the delay and the energy efficiency. For both QPS B8] Bwer ratios of awake slot
can be achieved in larger sets. However, as the size of a@etses, the required minimum
number of slots to guarantee at least one overlapping awakbetween two different sets also
increases. For example, in CDS, the active rati% is achievable with at leagt + ¢ + 1
slots per frame, and in QPS, the active rati&—’%)}l is achievable with at leasf slots. Adaptive
protocols exploit this tradeoff to increase energy efficieny adjusting sets sizes depending on
the network condition.

Based on QPS, AQPS [24] and AQEC [23] allow different nodassmindividuakh’s to pro-
vide an adaptive power saving. However, as in QPS, eaolist be a perfect square, and active
slot ratio of sets are twice the optimal active slot ratiovyiied by CDS [24]. In DTNs, CAPM
[41] determines the sleep schedule based on known noddidsrasid traffic load requirements.
Although the determined sleep schedules are fixed and nptiseéawe classify CAPM as an
adaptive protocol since the sleep schedule of CAPM thaesekithe lowest active slot ratio is
the same as the sleep schedule of AQEC, as will be explaingddtion 4.5.1.

Based on CDS, AAPM [25] provides an adaptive power savingdmstructing a collection
of pairs, called a\A-quorum spaceAlthough AAPM achieves active slot ratios close to the op-
timal active ratio, the eligible values in tBé\-quorum spaceust be a prime number. Moreover,
we will show in Section 4.5.1 that AAPM is only effective fangll n’s (n < 47).

Based orcyclic read-write coteriesised for managing replicated data, ACQ [26, 27, 57]
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constructs two levels of power saving for clustered ad-hetevarks: a symmetric-quorum (s-
quorum) and an asymmetric-quorum (a-quorum). ACQ allovesrtbdes using the s-quorum
to discover other nodes using the s-quorum or the a-quorumweMer, the nodes using the
a-quorum cannot discover other nodes using the a-quorum.

Most recently, HQS [28] provides a generalization of QP$ tlvastructs sets with arbitrary
cycle lengths using a projection concept. At least one apedf awake interval between any
two set is guaranteed within a projected cycle length. Tvgmr@ihms, Extended Grid HQS
(EGHQS) and Difference Set HQS (DSHQS), are proposed. Aghdhey are adaptive, we
show in Section 4.5.1 that the active slot ratio of EGHQS @aselto AQEC and the active ratio
of DSHQS is close to the optimal active ratio for smaB, such as: < 25. The projection
algorithms used in HQS become inefficientamcreases. Therefore, HQS is more suitable for
static and densely deployed ad-hoc networks that requieetfinable cycle lengths.

Table 4.3 gives the summary of adaptive asynchronous stdegaisling protocols including
the active ratio and the neighbor sensitivity.
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Table 4.3: Summary of adaptive asynchronous sleep scimgduiotocols

| Protocol ‘ Year ‘ Active Ratio ‘ Neighbor Sensitivity | Remarks
AQPS[24] | 2005| > +/2n/n Ly xn Adaptive version of QPS [20, 21] based
on a torus system [58].

AQEC[23] | 2006 | Ropc(ym) = (2¢/ni — 1)/n; where0 < | Lyx (n; — \/; +1) Similar to AQPS [24]. Requires to be a
n; < n; square of an integer.

CAPM [41] | 2007 | Roapa(ym) = (2y/n—1)/n Lyx (n—+yn+1) Frame structure similar to AQEC [20].

ACQ [26] 2007 | a-quorum: Racqm) = p/n, s-quorum:| L, x n Overlap not guaranteed among |a-
Racqm) = (¢+q—1)/nwherel < ¢ < quorums.
n,p=[n/8l.q = [(n+1)/26]

AAPM [25] | 2007 | Raapri(n,) = +/1i/n; Where0 < n; <n; | Ly X n; Adaptive space is limited to prime for

n < 47.

EGHQS [28]| 2008 | Recrosm,) = (¢i+¢;—1)/n;whered < | Lyx (n; + ¢; — 1) Similar to AQEC [23], but allows any
n < ny < nger, ¢ = |ni/dil, ¢ = using a projection algorithm.
min{ |/, [y/(nas +1)/2]}

DSHQS [28]| 2008 | Rpsuosm,) = (¢ +¢i —1)/n; where0 < | Lyx(|(n;—1)/2]+n;+ | Adaptive version of CDS [22] using a
g <y < ngei, ¢ = [/(na1 +1)/2], | 6 —1) projection algorithm.
@ = [(ni +1)/2¢]

EACDS 2009| Rpacpsa = (ki(kp))/(vi(vg)t), ni = | Ly x n; I andE are difference sets.
vr(vg) where0 <i < j

MACDS 2009| Raracpsi) = (kikwa)/(vivag), ni = | Ls X n; I and M; are difference sets. Active ratio
vr(va) where) <i < j close to the optimal.




4.2 Preliminaries

In this section, we present theoretical basis and necessadjtions for constructing adaptive
asynchronous sleep scheduling protocols.

4.2.1 Cyclic Difference Set

In the CDS protocol, the cyclic difference set [55, 59, 60Fombinatoric mathematics is
used to construct the basic sleep schedule. difierence sets designed such that far total
slots, called alock with k& "on” slots, there are exactlyx overlapping "on” slots among
different blocks. If the set of blocks is a square matrix watth ofk elements appearing once
in every block, this design is calledsgmmetric desigas defined below.

Definition 1. (Symmetric Design)A set withv elements and subset element® : a4, ..., a;
(mod v) is called a symmetritw, k, A)-difference setif and only if the sefs : a1, asts, - - -, Gy
(mod v),7=0,...,v—1areacyclic(v, k, ) block design.

The blocks of a symmetric design are a cyclic shift of eactegtand the difference set
satisfying the symmetric design property is calledyalic difference seas formally defined
below.

Definition 2. (Cyclic Difference Set)A set withv elements and subset element® : a4, ..., a;
(mod v) is called a(v, k, \)-difference set if for every # 0 (mod v) there areexactly A ordered
pairs (a;, a;), a;,a; € D such thaty; — a; = d (mod v).

The cyclic shift property of cyclic difference sets allowgedapping slots under any cyclic
time shifts. An example using the cyclic difference §et3, 1) is illustrated in Figure 4.2.

The construction of cyclic difference sets follows the @irigy Theorem [61] as given in Eq.
4.1.

(v,k,\) = (q

n+2_1 qn+1_1 qn_1>

4.1
P B 4.1)
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Beacon Window  Slot Length (L) Frame length (Ly)

lns |

Node A 3 5 6 7 3 5 6 7
AA A1 ALA A

Beacon |, | v : v

Node B 5 6 7 3 5 6 7 3 5 6 7

time

>
>

Figure 4.2: An example of overlap of slots between two nodasguF; 31)={1,2,4} under
cyclic clock shifts. Slot 4 of node A is partly overlappingtivslots 1 and 2 of node B.

From Eq. 4.1, a cyclic difference set exists for some primegrg and some positive integer.
For a special case with = 1, the difference set becomes a projective plane problemn,Tthe
Eq. 4.1 becomes

(v, k5, \) = (@ +q+1,¢+1,1) (4.2)

The possible cyclic difference sets with= 1 using the Singer’s theorem is given in Table 4.4.
Note that for any particular set of parameters:, and \ satisfying Definition 2, there are no
other difference sets having these parameters.

The cyclic difference set design problem in combinatoriéoisnulated for asynchronous
sleep scheduling protocols in CDS [22, 42]. A row of a blockenigthv, representing a frame of
length L ; consisting ofv slots of lengthL,, have overlapping intervals combined to the length of
a slot withinL ; even if the slot boundaries are not synchronized under tmfiessThe advantage
of CDS in comparison with other asynchronous sleep scheglpliotocols is that it constructs
frames with the lowest active ratio. However, the drawbacthat the sleep schedules are not
adaptive. They are designed for ad-hoc network with higreraefjree and low mobility, and its
non-adaptive structure is unsuitable for DTNs which havgldelayed intermittent connections
and dynamic mobility. An adaptive structure is suggeste@S [42] usingsuperpositiorof
sets to reduce beacon pollution. However, a super-framengfthy? is created from a frame of
lengthv, and the difference in frame sizes becomes too large to lotigabfor a largev.
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Table 4.4: Possible cyclic difference seks 1)

k | A | Set Sequence Active Ratio

311|124 0.429
13/ 4112410 0.308
21| 5(1(1251517 0.238
31/ 6 (112491319 0.194
57| 8 |1]11241433374453 0.140
73] 911(12481632375564 0.123
91(10|11(1378192232556472 0.110

etc.

4.2.2 Rotational Closure Property

Since nodes are not synchronized to wakeup periodicallyniasynchronous clock based
environment, an important requirement of asynchronowepséeheduling protocols is theta-
tional closure property24] that is satisfied between two sets if they have at leasberrlapping
slot within a cycle length of. for any cyclic shifts. This property allows two nodes to diger
each other even under different time shifts. In order to desahis requirement, we define a
rotational closure probabilityvhich represents the probability of existence of at leastawmake
slot between two different schedules for all possible cyshiifts. RC' P between set&; and E;
for n, < n; is formulated as

h=0

) 1 if G, () N Cop, (Ej) # 0
"T) 0 i G, () N Co(Ej) =0

whereC), ,,(E) is anextended cyclic sethich represents a séf repeated to lengtim with

a cyclic shifth. If RCP{E;, E;} = 1, thenE; and E; are calledrotational sets and the ro-
tational closure property is satisfied between the two sétRCP{E;, E;} < 1, setE; and
set IJ; are not rotational sets, indicating that there exist cyshdt cases where two sets do
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not have an awake overlapping slot. Note that, for two sans &P = 1, but for two
different sets,RCP < 1. If two different sets haveRC'P = 1, then they are calleddap-
tive sets otherwise, they araon-adaptive setsFor example, betweef21,5,1) and (13,4, 1),
Co21(21,5,1) N Cy 21 (13,4,1) = {1,2,5,15,17} N {6,10,11,13,19} = @ andCy 2, (21,5,1) N
Ce21(13,4,1) = {1,2,5,15,17} N {3,7,8,10,16,20,21} = (. Therefore, for all possible
shifts, RCP{(21,5,1),(13,4,1)} = 11/13, and they are non-adaptive sets. For example,
Cs,30(Eas51)) =16,7,8,9,13,21,22,23, 24, 28} has no common awake slot With) 30(Es0,6,1))
={1,2,3,4,5,10}. Therefore, they are non-adaptive sets, i&\P{E(i551), Ez06,1)} < 1.

4.3 Adaptive Cyclic Difference Set System

In well connected traditional ad-hoc networks, the cychegtas of adaptive sleep schedules
need to be relative small and fine-grained to provide shattterend delays [28]. However, in
DTNs with sparsely connected nodes, the cycle lengths &tveslarge, up to several seconds
in many DTN scenarios, since small cycle lengths waste gneittpout discovering many more
contacts [41, 50]. Also, the main source of energy wastertbatls to be reduced is caused by
the idle listening problem. Therefore, in this section, wepgmse Adaptive Cyclic Difference Set
(ACDS) protocol that constructs two different types of pleehedules suitable for DTNs. ACDS
is designed with multiple power saving levels that are epefficient for large cycle lengths.

4.3.1 Construction of Exponential ACDS

In this subsection, Exponential ACDS (EACDS) is proposetie Dasic strategy is to use
hierarchical arrangements of sets. As shown in Figure 4dfference set called an initial
set at power saving level 1P( = I = (v, k;, A;)) is scaled by another difference set called an
exponential seti = (vg, kg, Ag)) to create a hierarchical set with power saving levePy) (
The hierarchical set can be scaled again witho create yet a higher level hierarchical $&gt
which provides higher energy efficiency th&y at the cost of lower contact opportunities. The
scaling is done by the Kronecker product, also called a tipexduct, denoted by. It operates
on two matrices of arbitrary size resulting in a block maas«defined below.
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Figure 4.3: Construction of exponential adaptive CDS

Definition 3. (Kronecker Product) Let A = (a;;) be am x n matrix andB = (b;) be ap x ¢
matrix. Then, the Kronecker productdfand B is themp x ng block matrixC' = (c,3) = @;jbu
wherea = p(i — 1)+ kandg = q(j — 1) + L.

CLHB e CLlnB
C=A®@B=| : . (4.4)
amB - amnB

In our design A is the scaling seti{) and B is the initial set (). Let nth Kronecker power ofA
be then-fold Kronecker product ofi with itself, i.e.,

A =] w4 (4.5)

Then, the hierarchical sets can be expressdd as/, P, = E® I, andP; = E*> ® 1.

For each block of size = v;v},, EACDS guarantees that there is at least one overlapping
slot between different blocks of size less than or equalds proved in Theorem 1.
Theorem 1. (Rotational Closure Property of the ExponentialHierarchical Design) Given
two setsP, = B '@ T andP; = E/~' @ I wherei < j. Forn = vvy, Con(P) NCy,(P;) # 0,
Va,b:0<a,b<n.

46



M;=(32,1) P,=M,QI

I]|1I
v —p I |1
P,=I=(7,3,1)
I |
(3 x3) 21x21)
P3=M2®I
1] |1
1|1 I
(7x7) 1] |1
I 1|1
I 1]1
I I I
(6x6) (42 x 42)

Figure 4.4: Construction of multiplicative adaptive CDS

Therefore, the progressive hierarchial structure of EAGIM&yYs guarantees the rotational
closure property between the different levels of hierarbyvell as between the same level.

4.3.2 Construction of Multiplicative ACDS

In this subsection, multiplicative ACDS (MACDS) is propdsél' he basic strategy is to use
hierarchical arrangements of sets as in EACDS, but a migltipét (/ = (vys, kar, Aar)) iS used
instead of an exponential sef’). As shown in Figure 4.4, the initial seP{ = I) is scaled by a
multiplier set (\/;) to create a hierarchical se?( = M; ® I) and scaled by another multiplier set
(M) to create another hierarchical sé; (= M, ® I). M; and M, are in the same hierarchical
level but have different’s. For the frame of size = v;v,,, there is at least one overlapping
slot between different sets with sizes less than or equal This is because the multiplier sets
belong to aotational sets grouglefined below:

Definition 4. (Rotational Set Group)A group of difference set8/ = {M; = (vas, ka1, Aat),s
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My = (vare, knray Anra)s - -+ s My = (v, kari, Aari) } 1S called arotational set group iRC' P{ M,
M;} = 1forall ; andj.

For exampleM; = (3,2,1) and M, = (6, 3, 1) belong to the sammotational set grougsince
there is at least one overlapping slot betwéénand M, within 6 slots.

The following corollary give the rotational closure proggeamong hierarchical sets gener-
ated using theotational set groupn /.

Corollary 1. (Rotational Closure Property of the Multiplic ation Hierarchical Design) Given
two setsP, = M, ® I and P, = M;_; ® I wherevy; < vy; and RCP{M;, M;} = 1, there
exists an overlapping interval of at least in v,,;. Therefore, similar to proof for Theorem 1,
we can prove that fon = vivyj, Con(P) N Cypn(Py) # 0, Va,b:0 < a,b<n.

The sets satisfying the above condition can be includeceisdéime rotational set group. How-
ever, finding the rotational set group is not straight fodvaame cyclic difference set is a ro-
tational set. However, two different cyclic differencessate not necessarily rotational sets. For
example, (15,5,1) $1,2,3,4,8 repeated with +5 shift({s 3,(15,5,1) ={6,7,8,9,13, 21, 22, 23,
24,28}) has no overlap withi30, 6, 1) = {1, 2, 3,4, 5,10}. In this case, two nodes will never be
able to discover each other. In addition, the sets in a groaypmot be necessary multiple of one
another. For examplé¢7,3,1) and(13,4, 1) are rotational sets. The groups can be found by an
exhaustive search.

From the example, the candidates for rotational sets arkmitéd to cyclic difference sets.
The relaxed cyclic difference set [62] as defined below caa bé used to construct sleep sched-
ules. Different from the normal cyclic difference set, tleaxed cyclic difference sets [62]
provide cyclic difference sets for amy = v as shown in Table 4.5.

Definition 5. (Relaxed Difference SetA set withv elements and subsetelements : a4, ..., a;
(mod v) is called a relaxedv, k)-difference set if for every # 0 (mod v) there are at leash
ordered pairs(a;, a;), a;,a; € D such that; —a; = d (mod v).

In MACDS, the combination ofv,,, kyr, Ayr) is chosen from the rotational set group. For
example,M; = (3,2,1), My = (6,3,1), My = (12,4,1), and M5 = (24,6,1) can be grouped
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Figure 4.5: Neighbor discovery in DTNs. At, nodes A and B come within range of each other.
At t,, afterTsp, awake slots of each node overlap with each other, and tieegtde to exchange
connection setup messages.t4tthey move out of range with each other and are disconnected.

together in the same rotational set group, and adaptive psasweng levels with/ = (57,8, 1)
can be constructed &% = (57,8,1), P, = (171,16,1), Py = (342,24, 1), P, = (684, 32,1), and
P5 = (1368,48,1). Comparing EACDS and MACDS, MACDS is more energy efficientjles
EACDS is more useful in scenarios where many power savirgldeare needed. In addition, it
is possible to use a combination of the two proposed prasocol

4.4 Implementation Issue

In this section, we discuss implementation issues consgisparse node density and mobil-
ity in DTNSs, including frame structure, neighbor discovergcess, data exchange process, and
optimizing energy efficiency.

4.4.1 Asynchronous Frame Structure

As shown in Figure 4.5, we follow the same frame structur@ &S [22, 42] where in each
node, a frame of lengtlh, consisting of multiple slots of length, is consecutively repeated.
The combination of awake and sleep slots are determinedebgethconstructed in Section 4.3.
In order to discover other neighboring nodes, each nodserindas a beacon message at the begin-
ning of each awake slot. If the beacon is heard by another,@ocennection can be established
between the two nodes by exchanging connection set up nmesssag
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Table 4.5: Possible relaxed cyclic difference sats=(1)

v | k| A | Set Sequence
4 13111123
513[1]|123
6 (31124

12141111248
2416111234816

48181 1|11236102127 371
49| 8| 1| etc.

4.4.1.1 Minimum Slot Length

The slot length is directly associated with the energy efficy ratio. In order to minimize
energy consumption, the number of slots per frame shoulddemized. However, the length
of each slot has to be long enough to allow exchange of coimmesetup messages between
contacted nodes. The length of each slot must be at least thédength of the ATIM window:

L, > 2L, (4.6)

This condition ensures nodes to exchange necessary sétumation with other nodes upon
contact. For example, if the minimuih, is 10 ms, thenl,; has to be at least 20 ms. This
necessary condition is explained in Theorem 2. Additigndll may possibly be shortened, if
partial exchange of connection setup messages can triggactivation of the following slot.

Theorem 2. (Minimum Slot Length of Asynchronous Sleep Schading Protocol) The slot
length should be at leagtx L 4 to guarantee an overlapping active interval that is long egio
for the connection establishment.
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4.4.2 Neighbor Discovery in DTNs

Neighbor discovery is responsible for finding other nodetheanetwork. In asynchronous
sleep scheduling protocols, a connection can be estadlistteveen two nodes within transmis-
sion range during common awake slots. Although the exaatilmc of the overlap is not known,
the overlap is guaranteed with an upper botsl which represents the worst-case delay for a
node to detect a new node in its coverage.

In traditional multihop wireless networks with high nodegydee, N 'S determines the required
one-hop delay as suggested in CDS [22]. However, in DTN#$) mibbile nodes having limited
transmission range, a connection between two nodes cantddigised only if two nodes in
motion have a sufficient common awake interval to exchangesages before they move out of
range of each other. As illustrated in Figure 4.5, due touesq disconnections and long delays
between connections, nodes are often isolated, and akdoetwveen an inter-contact duration
and a contact duration, representediby, andT¢p, respectivelyT;cp is determined by how
sparsely the nodes are deployed in a given topology,7anglis determined by how fast the
nodes are moving with given radio transmission range. Sifege is much larger thaffcp
[29, 32, 33], nodes are often disconnected and one-hopslataynegligible compared Q¢ p.
Therefore,L; is chosen depending on théS that achieves the required contact probability
rather than the required one-hop delay.

Contact probability is the ratio of successful connectimm®ng mobile nodes given a certain
L, and it is dependent on the connection duration andMie The amount of time required
for a node to have an overlapping slot with another node igeas called a slot delay duration,
represented bysp < NS. Due to mobility of nodes and’sp, > 0, the actual connection
duration, represented B¥., is less than or equal to,. Let Ty represent the required time
duration to exchange all data packets between two nodesy, e conditiorlp > (Tsp +
Tr) must be satisfied to guarantee successful transmissioh phekets. IfNS > Top, two
nodes might miss each other. On the other hand]Sfis too small, then nodes will consume
unnecessary power during idle listening periods.

The achievable contact probability givemVad' can be estimated using the CDFIGfp under
random waypoint (RWP) model as in [51] or assuming a certepbaoility distribution of7-p
as in [63]. Figure 4.6 shows the minimufa , required to achieve a certain contact probability
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Figure 4.6: Required contact duration for given contacbphulity under different node veloci-
ties. 20 mobile nodes with 250 m radio transmission rangeimgaaccording to RWP movement
model within 3000 m by 3000 m area.

under RWP model. For instance, théS of nodes moving at 10 m/s needs to be less than
Tcp = 8 s to achieve the contact probability above 0.95.

4.4.3 Adaptive Power Saving Levels

Multiple power saving levels (PSLs) have frames with déf@rlengths that provide a tradeoff
between connectivity and energy efficiency. While well cected traditional ad-hoc networks
require fine-grained multiple PSLs with relatively smadirfre sizes to minimize delays at each
hop [28], sparsely connected DTNSs require multiple PSLaudiin they may be less fine-grained,
to minimize idle listening periods. We define PSLs in ACDS alfofvs. The level with the
initial set (/) is called PSL 1 ). HereL; of P, is chosen so that it achieves the maximum
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required connectivity. Then, PSLs are labeled in an inangagrder of frame lengths. Higher
PSLs provide higher energy efficiency at the cost of lowetactropportunities.

Since we consider opportunistic contacts, contact timesdamations are only known with
some probability distribution [52, 63, 64]. As explainedtire previous section, under sparse
density of nodes, the delivery performance depends on th&acbprobability between nodes.
Consider that nodes can approach each other at any angfepthebility distribution of7-p is
a function of speed and transmission range of nodes [51]reftre, given a fixed transmission
range, PSLs can be selected based on the node speed.

4.4.3.1 Sleep Schedules of PSLs

We provide an example to show how sleep schedules of PSLseanristructed given a
range of node speeds,;, andv,,,, and a required contact probabilify. for a given routing
protocol. In order to estimate the required rang&/cf, min(7-p) andmax(7¢p) are calculated
between nodes moving at,., andwv,,;,, respectively, using a known mobility distribution or a
mathematical approximation [51]. Sin@ep > (Tsp + Tgr), min(NS) = (min(Tep) — Tr)
andmax(NS) = (max(Tep) —Tr). If min(NS) = 8 sandmax(NS) = 80 s,n; for Py isn; =
min(NS)/Ls = 400. Next, we construct the sleep schedules using MACDS. A cylifference
set which satisfies; < n; is chosen ag = P;. Finally, I ={381,20,1} andM = {M, ..., Mg}
={(vm1, km, 1)y ooy (viss ks, 1) = 4{(3,2,1),(4,3,1),(5,3,1),(6,3,1),(7,3,1),(8,4,1),
(9,4,1),(10,5,1)}* can be used to produce multiple PS8, ..., Py} = {(381,20,1),...,
(3810, 100, 1)} having frame lengths from 7.62 s to 76.2 s.

4.4.3.2 Selecting PSLs

A moving node can adaptively select the highest possibl#hat achieves desired contact
probability. In addition, PSLs of the proposed protocol @so be integrated with existing
searching/probing protocols. For example, PSLs can betsel@ising statistical information of

The exact parameters of sets aré381,20,1) = {1,2,20,29,97,119,152,154,177,203,241,
255,291,297, 301, 308, 338, 362, 367,370}, (3,2,1) = {1,2}, (4,3,1) = {1,2,3}, (5,3,1) = {1,2,3}, (6,3,1) =
{1,2,4},(7,3,1) = {1,2,4}, (8,4,1) ={1,2,3,5},(9,4,1) = {1,2,4,5}, and(10,5,1) = {1,2, 3,4, 6},
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Figure 4.7: Slot extension mechanism

contact duration and waiting times as in [49, 63], and cao atlaptively selected by exploiting
self-similarity of contact arrival rate as in [33, 63]. Thenimum amount of time that a node
needs to be awake to discover other nodes in order to acheepgred contact probability is
called an optimal searching/probing interval, and it isiegjent to/V.S in this work.

4.4.4 Data Delivery using Asynchronous Frames

After exchanging connection setup messages, some extkealas may be needed for data
exchange. As illustrated in Figure 4.7, if a node is involiredending or receiving connection
setup messages or data packets in the current slot, theeslimgslot also becomes an awake slot.
The extension continues until the slot is not involved in al@ssage exchange. This mechanism
is called aslot extension The number of extended slots is small for low traffic loadd kEmge
for high traffic loads. Therefore, the slot extension effey minimizes the idle periods and the
energy consumption.

4.4.5 Compensating Synchronization Errors

In general, wireless devices are equipped with clocks tbatardware oscillators. However,
imperfection of clock oscillators and external factors;tsas temperature variation, supply volt-
age variation, and aging cause time inaccuracies, can tawsdrifts. Typical error for a quartz
crystal oscillator is between 10 and 100 ppm which corredpdn 10 to 10Qus of error per
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second. Consider that each node maintains a logical «lockt time ¢, the time difference of
two nodes, called a relative time drift, 6,(¢1) = |C;(t1) — C;(t1)| > 0. Cy;(t1) is equivalent

to a constant time shift, and the rotational closure prgpferta constant time shift is proved

in Section 4.3. However, if;;(¢,) varies during a contact, the rotational closure properhyctv
assumes a constant slot lendth does not hold. The additional time shift error needs to be
compensated. The compensation can be accomplished usirigllbwing mechanism. If the
maximum time drift error is ppm, each awake slot additionally becomes active beforatiad

its original awake slot fot(t —t,) wheret, is the time of synchronization. Therefore, each frame
can compensate for the maximum time drift error and guaesra@ overlapping period to be at
leastL,.

4.5 Performance Analysis

In this section, the performance of the proposed protocot®mparison with existing adap-
tive asynchronous sleep scheduling protocols is analykegarticular, AQEC [23] and HQS
[28] are considered for the direct comparison. Other engsidaptive asynchronous sleep
scheduling protocols, CAPM [41], AAPM [25] and ACQ [26], anet considered in the com-
parison for the following reasons: CAPM shares the simifamfe structure with AQEC, and the
sleep schedule of CAPM that achieves the lowest active imtive same as the sleep schedule
of AQEC; AAPM is limited to small set sizes, since the colientof sets that satisfy the rota-
tional closure property is rare far > 50, as shown in Figure 4.8; ACQ is limited to two power
saving levels and a-quorums fail to discover each otherr@agqusly explained in Section 4.1.
The active ratio ) and the neighbor sensitivity\(S), as defined in 2.5, are compared in this
section.

4.5.1 Comparison of Active Ratio

As a baseline for comparisons, the theoretical optimalacttio provided by CDS [22] is

given as

Non k q+1 1
R — = ~ 4.7
PET T, T v g+l e (4.7)
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whereq is a non-negative integer.

AQPS [24] and AQEC [23] are based on QPS, and achieve acties epproximately twice
the optimal active ratio as

Rgps = (4.8)

Non _ 2y/n—1_2yng—1 2
N n N N s

S

CAPM [41] uses a frame structure that consists of equallgeganultiple short slots that are
L, long andL. apart and one large slot thatis long. For givenL; andL;, the active ratio of
CAPM is
L (7 —1) + L
Ly

(4.9)

Roapym =

Reapnm is minimized whenL, = /L L,. If we assume that the frame is divided intslots of
an equal length,

Lon 2Lgy/n—1
Ly Lo
SinceL; = n x L, and the length of each row Is. = /n x L, in AQEC, the sleep schedule of
CAPM that achieves the lowest active ratio is the same addle schedule of AQEC.

EGHQS and DSHQS presented in HQS [28] construct sets wiilrampcycle lengths that
guarantee rotational closure property between any two $etEGHQS, for any set and set
J with lengths less than or equal to the largestisgt;, 0 < n;, < n; < ng_4, the sets are
constructed by containing continuous elements followed lay — 1 interspaced elements with

mutual distances less than or equabtovhere¢; = min{|\/n;|, [\/(ns—1 +1)/2]} andg; =
|n:/éi]. Recros is calculated for two different cases depending on the valug. CASE 1: If

¢i = [v/nil,

miH(RCAp]\/[) = (410)

n LV | ]

Recuos = = o
2«/7“ —1 2
=~ = =R 411
n i AQEC (4.11)

CASE 2: If ¢; = [y/(nq—1 +1)/2], and letn,_; = kn; wherek > 1 represents the size ratio
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between the sétand the largest sétl — 1),

Vo) +

|
NG ‘

non
Rpcrgs = = -
k+2yn; _ 2
> =R 4.12
TR > AQEC (4.12)

Therefore, the active ratios of EGHQS and AQEC are apprasiythe same whep, /n; | <
[\/(nq—1 + 1)/2] but larger in EGHQS than in AQEC when otherwise.

In DSHQS, for any setand sej, 0 < n; < n; < ny4_1, the sets are constructed by containing
¢ continuous elements followed lgy — 1 interspaced elements with mutual distances less than
or equal top, wherep = [/(nqs—1 + 1)/2] andg; = [(n; + 1)/2¢]. Letnys—1 = kn;. Then,

[WW * L[,/(Zi:npﬂ -

non
Rpsugs = P o
k‘ + 1 A/ T 1
> =R 413
m n; - \/n—z CDS ( )

Therefore, the projection algorithm used in HQS achievéiseacatio close to the optimal
active ratio for smallk, but becomes inefficient as;_; increases. Particularl¥?psugs >
RAQEC for k > 6.

ACDS provides multiple power saving levels using hieracahly arranged difference sets.
Two proposed protocols, EACDS and MACDS, guarantee at leastoverlap of awake slot
between any two set within the larger get). The active ratios of EACDS and MACDS, re-
spectively, are
Non  ki(kg)? 1 ki(kg)?

n—s B ’UI(’UE)p - \/TTSW/UI(UE)p (414)

p =log, (ns/vr),n € Z*
R Non  krknr 1 krky
MACDS = = =
Ns VUM /s \/UrUM
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Figure 4.8: RCP between all pairs of relaxed differencefsets;, < n; < 111

wherev; andk; are respectively andk of the initial set,u; and kg are respectively andk

of the exponential set, and,, and k), are respectively and k of the multiplier set from the
rotational set group. The active ratios of EACDS and MACDS eose to the optimal active
ratio since a multiplication of parameters from two diffece sets still generates a new difference
set with a active ratio close ty \/n;.

4.5.2 Comparison of Neighbor Sensitivity

From Table 4.3)VS is different for different protocols with the samg. For all protocols,
NS between two different sets havimgandn, for n; < n; is aboutr;. In other words, two sets
of different frame lengths have at least one overlappingkavedot for the duration of the larger
frame length.V.S is exactlyn; for EACDS and MACDS(n; — ,/n; — 1) for AQEC,n; + ¢ — 1
for EGHQS, and [ (n; — 1)/2] +n; + ¢ — 1) for DSHQS. As the number of slots increases, the
effect ofn; for AQEC decreases exponentially but the effectofor DSHQS increases linearly.

Overall comparison of active ratios with respect/¥&' is shown in Figure 4.9. For a fair
comparison, the largest setrig,,, = 1368. In EACDS, I = (57,8,1) andE = (3,2,1), and in

58



0.2 ' I
AQEC/min(CAPM)
0.18 = EGHQS
046 Aot N[ DSHQS
—*— EACDS
0.14 4 MACDS
---- Theoretical Optimal Bound
o 012
T
(14
o 0.1
=
©
< 0.08
0.06
0.04
0.02
0

0 200 400 600 800 1000 1200 1400

Neighbor Sensitivity

Figure 4.9: Active ratios of different adaptive asynchrasprotocols

MACDS, I = (57,8,1) and M from the Section 4.3 are used. It can be seen that the actios ra
of all protocols decrease &8S increases. The theoretical lower bound achieved by CDSed us
as a reference. Note that the bound is only achievable foradaptive sets in CDS. The active
ratios of AQEC, CAPM, EGHQS, and DSHQS are all approximateige the optimal bound.
The active ratios of EACDS and MACDS are closest to the oftacéive ratio. The active
ratio of DSHQS is higher than MACDS and even higher in lowist The higher active ratio
in DSHQS is due to the fact that every sgt< n,,,, requires at least = [\/(nmee + 1)/2]
awake slots, which increasesias,, increases. In conclusion, although the set sizes of EACDS
and MACDS are less fine-grained than other protocols, giegaired/V .S, the active ratios of
existing protocols are similar while the active ratios of &@AS and MACDS are significantly
smaller. Moreover, both EACDS and MACDS become more effeds the initial set sizey,
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increases.

4.6 Simulation Results

In this section, the performance of the proposed protosoévaluated by simulations. The
Network Simulator NS-2 [53], with additional implementations of the packet fordimg mech-
anisms in DTNSs, the spray and wait routing protocol [54], #melasynchronous sleep schedul-
ing protocol, is used for the simulation. The density of n®biodes is configured to produce a
sparse network with a contact ratio between 0.01 and 0.1lmasmigrated in real life experiments
[63, 65, 66]. Flows are created between source nodes andatést nodes that are randomly
chosen. Packets are generated at every packet generaginralthroughout the simulation. The
power consumption model is taken from [30] for 802.11 2 Mbgsic Each slot is at least twice
the ATIM window size of 10 ms as explained in Section 4.4. Baathe, once connected with an-
other node, remains awake until the data exchange is fini§liedsummary of parameters used
in the simulation are given in Table 4.6. Only the resultsM#&CDS are shown for simplicity.

4.6.1 Impact of Node Speed

The performance of different PSLs using MACDS under varimage speeds is given in this
section to demonstrate the effect of different nodes speedke selection of PSLs. All nodes
move at the same speed and packet generation interval iSS6@ performance is compared with
the constant access mode (CAM), where the node is in the iderwhen it is not in transmit
or receive mode. The sleep schedule parameters used foriPSIACDS are shown on Table
4.7. Beacon period of 1.0 s is used in CAM to match the framgtleof P, in MACDS which
provides the highest contact probability in MACDS.

4.6.1.1 Energy Consumption

As shown in Figure 4.10a, when the node speed increases)eéhgyeconsumption increases
slightly. Faster moving nodes have more opportunities taax other nodes, and more packets
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Table 4.6: Simulation parameters

Parameter Value
Simulation Time 20000 s
Map Size 5000 m x 5000 m
Movement Model Random Waypoint
Routing Protocol Spray and Wait [54]
MAC Protocol CSMA/CA based
Spray size 2 duplicates
Node Parameters
Number of Nodes 20
Node Speed 1.0-32.0 m/s
Pause Time 30s
Radio Range 250 m
Bandwidth 2 Mbps
Flow Parameters

Number of Flows 20
Beacon Frame Size 40 bytes
Data Packet Size 1000 bytes
Packet Generation Interval5.0-80.0 s
Message Timeout 10000 s

Power Consumption Model [30]
Transmit Mode £,,) 1.3272 W
Receive ModeP®,,) 0.9670 W
Idle Mode (P;q.) 0.8437 W
Sleep Mode Bye)) 0.0664 W

can be exchanged between nodes. As expected, nodes udireg RigLs achieve higher energy
savings due to lower active ratios. The energy consumptiaf iis 50 percent of?; and 11
percent of CAM, respectively.

To provide a more detailed evaluation of the energy consiampthe breakdown of energy
consumption by different power states is given in Figurel4.lt can be seen that the ratio of
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Table 4.7: Sleep scheduling parameters for MACDS

PSL| n, | no, M L (s)
P, 57 8 1.14
Py, | 171 | 16 | (3,2,1) | 3.42
Py | 342 | 24 | (6,3,1) | 6.84
P, | 684 | 32 | (12,4,1) | 13.68
Ps | 1368| 48 | (24,6,1) | 27.36

energy consumption in transmit and receive modes are muetr lthan that in idle and sleep
modes. Nodes spend much more time waiting for contacts ttiamaléy being connected with
other nodes. There is a slight increase of energy consumistitansmit and receive modes at
higher node speeds due to the increase in packet transmaggportunities. In addition, the ratio
of idle energy consumption iR; is lower than that in?;. The result shows that the major source
of energy saving in higher PSLs is due to the reduction ofggneonsumption in the idle mode.

4.6.1.2 Average Packet Delivery Delay

As shown in Figure 4.10b, the average packet delivery delaiglly decreases as node speed
increases, but increases at high node speeds. Slower moodes have longer inter-contact
durations, and messages are stored for longer periods.efbher for lower node speeds, the
delay is constrained by the moving speed of nodes. On the loémel, faster moving nodes,have
shorter inter-contact durations, but they also have shootetact durations available for neighbor
discovery. Therefore, for higher node speeds, the effecbafact probability on the delivery
delay is greater. Also, we can see that higher PSLs have thighays and are more sensitive
to the increase in node speeds. Longer sleep intervalsasectbe contact probability, and
consequently, increase the average packet delay.

4.6.1.3 Packet Delivery Ratio

As shown in Figure 4.10c, when the node speed increases.etiverg ratio initially in-
creases, but decreases at high node speeds. At low nodesspedds do not have many contact
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Figure 4.11: Breakdown of energy consumption for differeode speeds

opportunities with other nodes in the network due to largerioontact durations to forward
packets to destination nodes within the message timeobeaitmulation time. Also large inter-
contact durations occur at high node speeds due to low dgorialzability.

Overall, the simulation results in this subsection demastthat a significant amount of
energy can be saved by the sleep scheduling protocol anel ¢lxest a tradeoff between differ-
ent PSLs. Slower moving nodes with longer contact durati@amsuse larger frames with lower
active ratios to further reduce energy consumption. Fomge, P; consumes about 50 percent
of energy consumed i, while maintaining the delay and delivery ratio closeRa How-
ever, for fast moving nodes, lower PSLs should be used ta theiperformance degradation to
the required level. Therefore, PSLs should be carefullysehdo optimize the performance as
discussed in Section 4.4.
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Table 4.8: Parameters for asynchronous sleep schedulngcots

Protocol | Group | NS | ngs, 1o | Ls(S)

AQEC 1 91 | 100, 19| 2.0

601 | 625,49 12.20
100| 92,18 | 1.84
600 | 577,47| 11.54
100 | 58,16 | 1.16
601 | 392,28 7.84
100| 100, 12| 2.0

600 | 600, 36| 12.00

EGHQS

DSHQS

MACDS

N RPN RPN RPN

4.6.2 Impact of Traffic Load

In order to demonstrate the effectiveness of the adaptepsdcheduling protocols, different
groups of nodes with different node speeds are simulatedrwadious traffic loads. The perfor-
mance of MACDS is compared with AQEC and HQS. Two groups ofsoalith different node
speeds employ different power saving levels. As demorsirby the previous simulation re-
sults, slower moving nodes can use longer frames to saveenergy while maintaining contact
ratios similar to that without a power saving mode. Requikgtito achieve contact probability
above 0.95 for nodes moving at 10.0 m/s and 1.0 m/s are 2.0 5228@, respectively. For a fair
comparison, a commah, = 20 ms is used, and sleep scheduling parameters of eacltpirate
assigned to achieve similafS. The exact parameters used in the simulation are shown ie Tab
4.8. Herep,_1 is used for EGHQS and DSHQS are 600 and 400, respectivelg tRat/N S is
not exactly the same for each protocel.of AQEC must be a perfect square,of DSHQS and
EGHQS can be any positive integer but some valu&/6fmay not be available for all positive
integers, andh, of EACDS and MACDS are multiples of the initial set size.
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4.6.2.1 Energy Consumption

As shown in Figure 4.12a, when the packet generation intda@aeases, the overall energy
consumption increases. The breakdown of energy consumpti&igure 4.13 shows that at
higher traffic loads, the energy consumptions in the transmde and the receive mode increase,
and the energy consumptions in the sleep mode decreasearglestlenergy is consumed in the
idle listening mode and the second largest energy is cordumthe sleep mode. MACDS
achieves the lowest energy consumption. Compared withgbegderforming protocol, MACDS
consumes 25 percent less total energy and about 35 perssndle energy.

4.6.2.2 Average Packet Delivery Delay and Packet Deliveryd®o

Packet delay is higher and delivery ratio is lower for higinaffic loads due to 1) limited radio
resources and 2) packets generated near the end of simuiati® not having sufficient time to
forward packets to the destination. The packet delay anddleery ratio, as shown respectively
in Figs. 4.12b and 4.12c, are almost the same in all proto@tiss is due to sparsely connected
nodes achieving haviny S values.

4.6.3 Effect of Power Consumption Model

From the theoretical analysis, the proposed protocolstffdy reduce energy waste due
to the idle listening problem by achieving low active ratidsowever, due to non-zero power
consumption in the sleep mode, the contribution of energysemption by the sleep mode to
the overall energy consumption grows significantly as thealmer of slots increases as shown
in Figure 4.14. As the number of slots per frame increasesraho of awake slotsﬁc%),
corresponding td 4., exponentially decreases, whereas the ratio of asleesp(%gqu), cor-
responding taPy..,, remains relatively constant. Therefore, the energy efiicy of the pro-
posed protocols should be higher if a power consumption irfeaéng a smalletPy;..,,/ P
ratio is assumed. For example, if the power consumption nafdBerkeley motes [67] with
Pyeep/ Piaie < 0.01 is used, the amount of energy saving in MACDS compared weletisting
protocol further increases from 25 to 30 percent.
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4.7 Summary

In this chapter, energy efficient adaptive asynchronouspsteheduling protocols, based
on hierarchical arrangements of cyclic difference setsghzeen proposed for DTNs. Also,
implementation issues to maximize energy efficiency in &astructure, neighbor discovery,
and message exchange have been discussed. Theoretiggisanélactive ratio and neighbor
sensitivity has demonstrated the effectiveness of theqm@gprotocols, especially for large sleep
schedules. Simulation results have shown that the progmsgocols, in comparison with other
existing protocols, significantly reduce energy waste @itle listening mode. Furthermore, the
advantage of the proposed protocols becomes more evidscgirarios using lower sleep power
consumption ratios. In addition, multiple PSLs of the pregd protocols are easily applicable
to other application scenarios with different network euderistics, such as traffic loads and
transmission range, etc.
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Chapter 5

Distributed Semi-Asynchronous
Sleep Scheduling Protocol for
Delay Tolerant Networks

Synchronous sleep scheduling protocols are only appicablkscenarios where frequent
resynchronization to the time servers is possible and ipedctWithout a perfect clock, nodes
need to be awake for additional intervals, called guardwals, to compensate for the clock syn-
chronization error. Moreover, the length of the guard ves increases with time and number
of hops, and may be comparable to the data exchange time(Q368Jf On the other hand, asyn-
chronous sleep scheduling protocols are robust to any spoghronization error. However, they
may not be energy efficient in scenarios where the clock symiration error can be bounded.
It is possible to achieve and practical to assume that someédé clock synchronization among
nodes using existing clock synchronization algorithms [89-71] or by duty cycling of GPS
[72, 73]. Since underlying clock synchronization errorgaared in asynchronous sleep sched-
ules protocols, if the consecutively repeated frames argdothan the clock synchronization
error bound, awake intervals existing outside the errombdoare unnecessary for the neighbor
discovery and wasting energy. Although the length of counsesly repeated frames can be
adaptively adjusted to meet the connectivity requiremtérdy are not adaptive to the degree
of the clock synchronization error. Although it is difficutt attain highly accurate synchro-
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nized clocks, it is possible to achieve some level of syneizadion among nodes, using existing
clock synchronization algorithms [37, 69—71] or by duty loyg of GPS [72, 73]. Therefore,
in this chapter, we propose a semi-asynchronous sleep wagegrotocol, which utilizes the
clock synchronization error information and adaptivelyuats to the clock synchronization er-
ror. The proposed protocol can bridge the gap between thehsymous and asynchronous sleep
scheduling protocols by providing flexibility to synchrarssleep scheduling protocols by al-
lowing loosely synchronized clocks, and achieving higheargy efficiency than asynchronous
sleep scheduling protocols by constructing sleep scheddeing awake intervals only within
the clock synchronization error bound. The contributiod amgnificance of this research work
[36] are as follows

e First, we design an energy efficient sleep scheduling pobtareder loosely synchronized
clocks. The sleep schedules are constructed such thatthelyséributed and adaptive to
time varying clock synchronization error.

e Second, we optimize the proposed protocol using the pratyathistribution of the clock
synchronization error.

e Third, we evaluate the performance of the proposed protoctiieoretical analysis and de-
fine conditions under which the proposed protocol outperfothe optimal asynchronous
sleep scheduling protocol.

e Lastly, we verify the analysis results by simulations undiéfierent network conditions
and clock synchronization algorithms.

The remainder of this chapter is organized as follows. Wegnkea comprehensive survey of
existing sleep scheduling protocols for different synciization assumptions in Section 5.1. We
propose a sleep scheduling protocol with loosely synckeshclock error in Section 5.2. The
performance of the proposed protocol is evaluated usingr¢tieal analysis in Section 5.3 and
simulations in Section 5.4. After discussions in sectidy the chapter is concluded in Section
5.6. Summary of important symbols used in this chapter isrgin Table 5.1 for easy reference.
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Table 5.1: Summary of important symbols used

Notation ‘ Description ‘

C; local time of node

L, length of a slot

Ly length of a frame

L, length of a guard interval
€ synchronization error
Emax synchronization error bound
Tsr length of a search interval
Tep contact duration

Trcp inter-contact duration

ny [L#/Ls]

Ng [Lg/Ls]

h [e/Ls]

Mmax ’VEmam/st

5.1 Related Work

5.1.1 Clock Synchronization Protocol

Network Time Protocol (NTP) [74] has been widely used in thed/Internet to synchronize
clocks of computers that can be frequently synchronizel thig hierarchically arranged servers.
Furthermore, there have been numerous research on clockreyrization in multihop wireless
networks. In the reference node based protocols, nodeshiamelocks to the clock information
broadcasted from the reference node [69, 71, 75, 76]. Naaealso achieve a global clock syn-
chronization among the nodes in the network without refegarodes by adjusting their clocks
in a distributed manner using the relative clock informafi®d, 70, 77-80].

5.1.2 Sleep Scheduling Protocol

As shown in Fig. 5.1a, assuming accurate clock informatrawiged by clock synchroniza-
tion algorithms, synchronous sleep scheduling protocetgogdically turn on or off their radio
using the process calleddaity cyclingto save energy [15, 18, 19, 81]. However, these protocols
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are only effective when the synchronization error can bentaaied within several microsec-
onds. The tight bound of error usually requires frequengrrelsronization with time servers.
Therefore, they are unsuitable in scenarios where the casgynization is too costly or the time
servers are not readily available.

As shown in as shown Fig. 5.1b, asynchronous sleep schegdpitstocols can overcome
the difficulty in the clock synchronization by designing gegermined cyclic combinations of
awake and sleep periods that guarantee overlapping awakelpbetween different schedules
for any time shifts within some time bounds. Asynchronoweseglscheduling protocols are
proposed for many different networks: ad hoc networks in 22, 82, 83]; wireless sensor
networks in [84, 85]; clustered ad hoc networks in [26]; welar ad hoc networks in [27];
and delay tolerant networks in [35, 41]. Asynchronous skspeduling protocols are robust to
unbounded clock synchronization errors. However, theykiravoid the clock synchronization
error by constructing sleep schedules that are consebuteeeated without any sleep periods
in between. There also has been some hybrid sleep scheguditagols for clustered topology
where intra-cluster nodes use a synchronous sleep schgdufbtocol and inter-cluster nodes
use an asynchronous sleep scheduling protocol [86, 87].

5.2 Distributed Semi-Asynchronous Sleep Scheduling Proto
col

In this section, we propose a distributed semi-asynchrestaep scheduling protocol (DSA)
that operates under a distributed network topology andiregjloosely synchronized clocks.
Different from the existing sleep scheduling protocolsnsasynchronous sleep scheduling pro-
tocols allow neighbor discovery among nodes in the netwioak have different clock synchro-
nization errors. We define conditions that semi-asynchuersbeep scheduling protocols must
satisfy and construct a new semi-asynchronous sleep sehedu
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5.2.1 Problem Definition

Mobile nodes form a distributed network topology where aen@inot assigned either as
a sender or a receiver. They communicate under loosely synided clocks where the clock
synchronization errore]) for each node with respect to the perfect clock follows abpimlity
distribution f (). The probability distribution usually follows a normal ttibution [68, 69, 88]
as
e~ N(0,0%). (5.1)

The upper error bound for the clock errgg.y is calculated such that the confidence interval of
clock error is above certain probabilifys,, as

Emax

Peor=Pr(lel <e = erf 52
err (| | = max) <\/§O’€> ( )

whereerf(z) = % J¥ e "dt ando. is the standard deviation of clock synchronization error.

Therefore, thesax Can be determined for a given and the required®,. For example, if

0. = 50 ms andPy; = 0.95, emax IS €stimated to be 100 ms.

As shown in Fig. 5.2, we consider a frame of lendthconsisting ofr equally sized slots
of length L,. The slots are active or inactive following the predetemxirschedule, called a
sleep schedule. In each awake slot, nodes are in the awake. nho@ach asleep slot, nodes
are in the sleep mode. In the case without a synchronizatron @ach node only needs to use
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a reference slot, labeled In the case with synchronization errors, additional awiakervals,
called guard intervald,, = ¢ are needed before and after the reference slot to compédastite
unsigned synchronization error. Therefore, a sleep sdimgdvame has a length &(n, + 1)L
wheren, = [L,/Ls]. For the neighbor discovery, a beacon is transmitted at &ggnhing

of slot 0. After the beacon, two nodes can establish a connection blyagging connection
setup messages. Succeeding slots become active for ddtanges. The frame is repeated
every search intervallfs;). A longerTs; decreases the energy consumption but increases the
probability of missed contacts. Our focus is on designingesschedule for givehs; and the
distribution ofe. Ts; is configured so that the neighbor discovery probabilitylievee certain
value to guarantee the required performance.

Let E,, represent a set describing the positions of awake slotsnitrsleep scheduling
frame forn,. Due to the clock synchronization error, the sleep scheolfuéenode forms ahift
scheduleas defined below.

Definition 6. (Shift Schedule)Givenn, € N, and a universal set’ = {—n,, —ng+1,...,n,—
L,ng}, letE,, € UandE,, # 0. We define(E,,, h) = {—ny+h,...,n,+ h} ashift schedule
of E,,.

For example, iff, = {—2,—1,...,2}, thenS(Ey, —2) = {—4,-3,...,0}.

A connection can be established between two nodes if thdirssiinedules satisfy thghift
intersection propertys defined below.

Definition 7. (Shift Intersection Property) Givenk,, , and E, ,, the shift intersection property
is satisfied if and Only iS(Engl, hl) N S(EngQ, hg) 7& 0V hl, hy : hy € {—ngl, S ,ngl} and
hy € {—ngg, e ,ngg}.

In order to describe the shift intersection property, wergefishift intersection probability
which represents the probability of having at least one lapping slot between two different
sets for any time shifts within the maximum possible timédtsidue to the clock synchronization
errors from—(ng1 + nge) t0 (ng1 + ny2) as

1 ngl+n92

(g1 +ng) + 1, Z B (5.3)

h=—ng1—ng2

Pshit{ Enyy Engy b = 5
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wherel, = hy — h; is a relative shift between the two sets ahdis a binary decision variable
determined as

1 if S(Ey,,, h) N S(En,,,0) # 0
ﬁh,{ ( ) (1 S( By, 0) 5.4

0 if S(E,,,h)NS(E,,,0)=0.

If Psnir = 1, then the shift intersection property is satisfied betwegp andE,, ,. Otherwise,
E,,, andE, , do not satisfies the shift intersection property. Note thatrétational closure
property [24] or the shift invariant property{42] in asynchronous sleep scheduling protocols
guarantee overlapping slots between frames that are sgpbatk-to-back without any gaps in
between asls; = L;. However, theshift intersection propertyn semi-asynchronous sleep
scheduling protocols considers gaps that exist betweeodieally repeated frames whén; >

Ly.

The energy efficiency of a sleep scheduling protocol is nreaishy an active ratioK) that
represents the proportion of awake periods within a seateinval as

R =noenLs/Ts; (5.5)

whereng, is the number of awake slots. The active ratio of a protoctieuit a sleep scheduling
is 1. Therefore, our goal is to design a sleep schedi|ethat minimizesR while maximizing
Pqhir among frames having different, ranging from 0 t0vmax = [€max/Ls |-

5.2.2 Construction of the DSA

The simplest solution to the shift intersection propertyssg a set of schedules having con-
tinuous guard intervals. Here, awake intervals are simytigreled with respect to the estimated
clock synchronization error. We call this sleep schedulerdginuous guard interval (CGI). The
CGlI can be viewed as an extension of synchronous sleep dofgegdtotocols where additional
awake slots are placed around the reference slot. The stbepdue of the CGI contains only
the awake slots as below

E,, ={-ng,—ng+1,...,ny —1,n4}. (5.6)
The proof of the shift intersection property of the CGl isegiin Theorem 3.
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Theorem 3. (Shift Intersection Property of the CGI) Given two CGI sets,,, and £, ,
where( < Ng1 < Ng2, S(Engluhl) N S(EngQ,hg) # (Z) W hl,hg : hl € {—ngl, ... ,ngl},hg S

{—ng2,...,ng}.

As shown in the proof, at least the slot 0 Bf,, and that ofE, , are always overlapping.
However, except for the maximum relative shift(f:,; + n,2)), there are more than one over-
lapping slot. Moreover, whefn,; — ng) < h < (ng2 — ng1), every slot ofE, | is overlapping
with £, ,. Since these redundant overlapping slots are unnecessatyefneighbor discovery,
if they can be avoided, the energy efficiency can be improved.

The average active ratio for the CGI considering the errstritution is calculated as

Ttmax

Reai= Y, [f(h)(2|h]+1) ;ssz (5.7)

h=—nmax
wheref(h) is the probability distribution of the clock synchronizatierror for the giverk.

Next, we present the sleep schedule of the DSA which impridvesnergy efficiency of
the CGI by constructing sleep schedules with a smaller nurobawake intervals. The sleep
scheduling of the DSA is constructed using a minimum guatehval c as below

Enye={-ng,—mg+1,...,—ng+c—2,—ng+c—1,
2ng +1
c

—ng—|—20—1,—ng+3c—1,...,—ng+c{ J—l,ng}. (5.8)

In other words,E,,, . consists ofc consecutive awake slots followed by awake slots thatcare
slots apart and an awake slot on the last slot. Every nodethisssime: and adaptively chooses
E,, . according to the individual clock synchronization erngr The beacon in the DSA is sent
everyc slots. Note that the DSA is same as the traditional approdemw = 1. As in CGl,
the DSA guarantees the shift intersection property, but smaller number of awake slots. The
proof of the shift intersection property of the DSA is givenliheorem 4.

Theorem 4. (Shift Intersection Property of the DSA)Given two DSA set&),, , . and £, , .
where( < Ng1 < Ng2, S(Enghca hl) N S(Eng%c, hg) 7£ (Z)V hl, h2 : hl € {—ngl, R ,ngl}, hg c

{—ngg, P ,ngg}.
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Figure 5.3: lllustration of the shift intersection propelietweent, ; and E;5 5. White and
colored slots represent asleep and awake time slots, tesdgcE, ; and s 3 have at least one
overlapping awake slot for all relative shifts froas — 4 to 3 + 4.

Fig. 5.3 illustrates the shift intersection property of @A between two different sets hav-
ing different clock synchronization errors. The shift istection property holds between any two
different sets having the samdor all n, > 0.

The average active ratio of the DSA is calculated as

Rpsa = ”zméx f(h) <C+ Flhl - 1} 1) L (5.9)
c Tsr

h=—nmax

5.2.3 Protocol Optimization

As shownin Fig. 5.4, there is a tradeoff between differehi@sofc. A smallerc will provide
higher energy efficiency for nodes with a small error but Ioesergy efficiency for nodes with
a larger error. Therefore, optimizing the valuecafan maximize the energy efficiency for the
given nmax. The value ofc can be optimized given the probability distribution of tHeok
synchronization erros. We choose . in (5.2) so thatP.,, > 0.95. The optimum value for

can be calculated by solving the equationfa in (5.9).
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5.3 Performance Analysis

5.3.1 Comparison of Active Ratio

We compare the performance of the DSA with the existing dsymous protocols in terms
of energy efficiency using a theoretical analysis of thevaatatio. For the DSA, the value of
that minimizes the active ratio for the givepax is used. As shown in Fig. 5.5, the DSA achieves
lower active ratios than the CGl for dlls; since a smaller number of awake slots are used in
the DSA for the construction of sleep schedules. For botDtha and the CGl, the active ratio
is higher for a largermax Since longer guard intervals are required to compensata farger
variance of the clock synchronization error. Moreover, dloive ratio of DSA is compared
with the cyclic difference set based asynchronous sleepdsdimg protocol (CDS) [42] which
provides the theoretically optimal active ratio of asymstous sleep scheduling protocols. The
active ratio of the CDS can be approximatediBy/7Ts;. The comparison result indicates that the
DSA can achieve a lower active ratio for a smalgg,. The reason is that, for a longég;, the
CDS requires a larger number of awake slots, whereas the B8#&the same number of awake
slots, as long as the clock synchronization error remai@eséme. The theoretical result can be
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Figure 5.5: Analytical comparison of average active rat@nmax = 10; (b) nmax = 40.
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Table 5.2: Simulation parameters

‘ Parameter ‘ Value ‘
Simulation Time 86400 s (1 day)
Map Size 5000 m x 5000 m
Movement Model Random Waypoint
Node Parameters
Number of Nodes 50
Node Speed 1.0 m/s
Pause Time 0-300s

Radio Transmission Range| 100 m
Sleep Scheduling Parameters

Search Intervalfs;) 10s
ATIM Window Length (L;) | 10 ms
Clock Model
Initial Skew Bound ;) Uniform(—>50, +-50) ppm

Initial Offset Bound C;(t)) | Uniform(—108,+10%) us
Power Consumption Model [43]
Transmission ModekH,..) 42 mW

Receive ModePR,.,.) 36 mW
Idle Mode @;q:¢) 24 mW
Sleep Mode Psieep) 0.02 mW

used to determine the condition under which the DSA outper$othe existing asynchronous
sleep scheduling protocols. For example, whgg, = 40 and7s; > 1.0 s, it is more energy
efficient to use the DSA, otherwise, use the CDS.

5.4 Simulation Results

In this section, we evaluate the performance of the DSA wighexisting asynchronous pro-
tocols in terms of energy efficiency using simulation resulh particular, the DSA is compared
with CGl and CDS. We have additionally implemented clock synchronizatitgodthms and

171 is smaller in CDS due to the limitation of possible CDS setse $leep scheduling parameters used for the
CDS are chosen so that the cycle lengths do not exceetkthesed in other protocols. The exact parameters used
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sleep scheduling protocols in the Opportunistic NetworkiEemment (ONE) simulator designed
for DTN protocols [89]. The default simulation parametems autlined in Table 5.2.

5.4.1 Reference Node Based

We consider a scenario where the perfect clock informagamiy intermittently available.
Nodes synchronize clocks with the accurate clock inforamatiroadcasted by a reference node.
The reference node can obtain accurate clock informatmm the GPS. All nodes are initially
synchronized with the reference node. However, due to ifapeclocks, the clock synchroniza-
tion errors of non-reference nodes with respect to the petfeck of the reference node increase
at 50 ppm. The clock synchronization is achieved by nonreefee nodes when each node con-
tacts with the reference node and tunes its times to thearfernode. When two non-reference
nodes contact with each other, they compare their last cotitaes with the reference node and
both follow the clock value of the node with more recent contame with the reference node.

5.4.1.1 Impact of Node Speed

The degree of the clock synchronization error is affecteddrious network conditions, such
as stability of clock oscillator, resynchronization int&l; and node density. In this subsection,
we investigate the impact of the clock synchronization el changing the node speed, thus
changing the clock information propagation speed in thevoet. Due to the sparse density of
mobile nodes, the information propagation speed largebedds on the mobility of nodes. As
expected, Fig. 5.6a shows that the clock synchronizatiar er smaller in the the network with
higher node speeds. The clock offset fluctuates and canrmmebectly synchronized since the
perfect clock information is only intermittently availa&hl Fig. 5.6b shows the comparison of
energy consumption. To demonstrate the impact of the lgaseichronized clock on energy
consumption, we show the energy consumption during thehbeigdiscovery process without
data exchanges. In comparison with the CGI, the DSA consigseshan quarter of the energy.
Although a larger number of beacons are sent in the DSA, the x®s less number of awake

in the simulations ar¢91, 10,1), (381,20, 1), (1407, 38, 1), and (2863, 54, 1), which correspond td@’s; equal to
0.9, 3.81, 14.07, and 28.63 s, respectively.
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slots, especially for large clock synchronization errdks.a result, the effect of additional bea-
cons is overshadowed by the greater number of awake sldig I@&I. In comparison with the

CDS, the DSA consumes more energy when the node speed is 4,.®ubless energy when

the node speed is greater than 5.0 m/s. In accordance witbbgervation in the performance
analysis, the CDS is more energy efficient than the DSA wherchbck synchronization error

is comparable to thés;. For example, whefls; = 1.0 s and the clock synchronization error is
within 0.2 s, the DSA is more energy efficient than the CDS.

5.4.1.2 Impact of Search Interval

Fig. 5.7a shows the impact of search interid);{ on the average clock offset. As shown in
Fig. 5.8, due to the insufficient contact durations betweehila nodes, contact ratio decreases as
Tsr increases. As a result, opportunities for the clock synaizedion operation also decrease.
Fig. 5.7b shows the comparison of energy consumption. Algho a longerls; produces a
larger clock offset, since the frames are repeated lessdrgty, the total energy consumption
decreases. Nevertheless, since the contact ratio alsusaffee packet delivery delay and ratio,
there exists a tradeoff between the energy consumption tengdcket delivery performance
depending offs;. Comparing the energy consumption between protocols, 8 Ebnsumes
less energy than the CDS for a lar@g;. For the given clock synchronization error, &g,
increases, the frame length’f; ratio also increases. Since the gaps between the framestcons
of asleep periods, the energy efficiency of the DSA increasethe frame length t@; ratio
increases.

5.4.2 Distributed Clock Synchronization Scenario

This scenario represents applications that do not rely 08 GPa reference node for the
clock synchronization. Here, reference nodes do not ergseach untethered node synchronize
clocks cooperatively by maintaining a table of parametkas telates the local clock of each
node to the local clock of every other node in the network. Buéhe imperfect clocks, the
initial offset and skew are set {6(—10°, +10°) us andU(—50, +50) ppm, respectively. When
two nodes contact with each other, their clock values areageel [70, 90]. For simplicity, we
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Figure 5.6: Impact of node speed: (a) Averdggt); (b) Energy consumption.
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Figure 5.7: Impact of search interval: (a) Averagg(t); (b) Energy consumption.
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Contact ratio

Figure 5.8: Contact ratio for differefits;

assume that time varying relative offset can be known amaoag$ Each node choosesqual
to the maximum relative clock offset.

Fig. 5.9a shows the clock offset for different speeds. Thelcbffset does not converge due
to the underlying clock skew. As shown in Fig. 5.10, the vac&of the clock synchronization
error is smaller for the network with faster moving nodescsithey have greater number of
contact opportunities. Similar to the previous simulatiesults, as shown in Fig. 5.9b, the DSA
is always more energy efficient than the CGI, and becomes eraryy efficient than the CDS
as the clock synchronization error decreases.

5.5 Discussion
We observe that, in general, synchronous sleep schedulmggols and asynchronous sleep
scheduling protocols respectively provide the highestgnefficiency for small synchronization

errors and large synchronization errors. In addition, weeh@onfirmed using analytical and
simulation results that in between the two conditions, whée synchronization error can be
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Figure 5.9: Impact of node speed: (a) Maximum(t); (b) Energy consumption.
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bounded and the search interval (or the duty cycle) is latggan the synchronization error, the
DSA provides the highest energy efficiency. Fig. 5.11 shdwguideline for selecting the type
of sleep scheduling protocol depending on the synchrapizatror and the search interval.

5.6 Summary

In this chapter, a distributed semi-asynchronous sleepdsdimg protocol (DSA) consider-
ing loosely synchronized clocks in sparse mobile wirelegkihop networks has been proposed.
Individual nodes in the distributed network topology usthg DSA can adaptively adjust sleep
schedules to the estimated clock synchronization erroritonmze energy waste from guard
intervals. Given the probability distribution of the closinchronization errors, the energy ef-
ficiency of the DSA can be optimized. The results from theoattanalysis and simulations
demonstrate that DSA can significantly reduces energy aosbrinparison with existing asyn-
chronous sleep scheduling protocols when clock are loasgghronized.

90



Chapter 6

DCS: Distributed Asynchronous
Clock Synchronization Protocol in
Delay Tolerant Networks

Clock synchronization is an important requirement in DTHNIsfroviding accurate timing
information of data collected from physical environmergsweell as for energy conservation.
In traditional multihop wireless networks, clock synchization is required for collision-free
transmissions in medium access control (MAC) such as TDMd\the superframe based proto-
cols. Especially, accurate clock synchronization is @uigr energy efficient sleep scheduling
mechanisms in DTNs [34, 41, 49] where nodes need to coorlinatake up at every beacon
interval for an awake period to discover other nodes withiraasmission range. Due to much
larger inter-contact durations than contact durationsmaye than an order of magnitude in
many DTN scenarios, nodes consume a significant amount afeirethe neighbor discovery
process, much more than that in infrequent data transf@ts8reover, the energy required for
the neighbor discovery increases if the clocks are not pigyfeynchronized. In general, perfect
clock oscillators do not exist, and relative clock errors anavoidable. Therefore, nodes usually
have loosely synchronized clocks and use extra awake geatled guard periods, to compen-
sate for uncertainty in clock accuracy, as illustrated op Bil. In DTNs, an increase in the clock
inaccuracy coupled with increases in the number of hops laadnter-contact durations [40]
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results in a need for large guard periods that cause sigmifeagergy consumptions. Therefore,
clock synchronization is essential in DTNs for achievinghhenergy efficiency. In addition,
synchronization protocols typically cannot rely on the lebPositioning System (GPS) that re-
quires a large amount of energy and a line of sight to thelgasebr reference nodes acting as
centralized time servers.

While clock synchronization in multihop wireless netwoiksa well-studied problem, the
new environment in DTNs presents a set of great challengethel traditional multihop wire-
less networks, nodes are assumed to be constantly conndétecever, this assumption does
not hold in DTNs which suffers from large inter-contact digas and infrequent message ex-
changes. Furthermore, clock synchronization may need petfermed asynchronously by each
node due to opportunistic contacts. The simplest solubahis problem is to have a particu-
lar node, acting as a reference node, to broadcast its owk ghdue to all other nodes in the
network. However, this approach is not robust to node fafurAlso, there is a large overhead
associated with the discovery and management of refererdesrdue to a long duration between
adjacent contacts and frequent network partitions. Thegefn this chapter, we focus on clock
synchronization protocols in DTNs that are distributed asgihchronous. The contribution and
significance of this research work [37] are as follows

e First, we propose a distributed asynchronous clock symibation (DCS) protocol for
DTNs. Different from existing clock synchronization protss, the proposed DCS pro-
tocol can achieve global clock synchronization among neobddes within the network
over asynchronous and intermittent connections with logigyd. The protocol is fully
distributed, so that all nodes independently execute Bxéet same algorithm without the
need of reference nodes.

e Second, we propose a discrete time analysis to evaluateetf@mmance of the DCS pro-
tocol. Considering exponentially distributed inter-cxttrates, the proposed analytical
model can be implemented as an efficient tool to facilitagestystem performance estima-
tion.

e Third, both mathematical analysis and simulation resoltyarious network scenarios are
given to demonstrate the convergence and performance @@ protocol. The DCS
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Figure 6.1: Use of guard periods to compensate for clockcumacy in sleep scheduling: a)
Without guard periods: contact not possible due to nonlapping active periods; b) With
guard periods: contact possible during additional acteaguols that allow overlapping active
periods.
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Table 6.1: Summary of important symbols used

‘ Symbol ‘ Definition
Ci(t), fi(¢) clock value and frequency of nodat timet
Cii (1), fij (1) relative clock offset and skew between nodesd; at timet

CI (), fF(t), wk(t) | relative clock offsets, relative skews, and weight coedfits stored|
in node; for node! at timet

A aging parameter

NE(t) set of node entries stored in nodlat timet
thd kth contact time between nodand;

tk kth contact time between any pair of nodes

protocol can achieve faster clock convergence speed aralremult, reduce energy cost
due to neighbor discovery by half.

The remainder of this chapter is organized as follows. 8eddi.1 provides an overview
of the related work. We present the proposed distributedaspnous clock synchronization
protocol for DTNs in Section 6.2. The performance analysipresented in Section 6.3. The
performance evaluation using numerical and and simula@eults is presented in Section 6.4.
The conclusions of this chapter is given in Section 6.5. Samrof important symbols used in
this chapter is given in Table 6.1 for easy reference.

6.1 Related Work

6.1.1 Network Time Protocol

The Network Time Protocol (NTP) [74] is widely used to syrmfize computer clocks in
the Internet. The NTP enables synchronization betweeni#rarhically arranged servers and
clients. The clocks of servers are adjusted by trusted teferences. However, the NTP is
intended for connected Internet where the synchronizatpsration can be conducted between
the reference node and clients continuously and frequently
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6.1.2 Clock Synchronization in Multihop Wireless Networks

Recently, there has been extensive research on clock syrization in multihop wireless
networks. Existing protocols can be classified into two $ypgepending on whether or not
there are reference nodes: reference based clock synzationi and distributed clock synchro-
nization. In the reference based clock synchronization-meéerence nodes tune to the clock
information distributed by reference nodes. Referencesade referred to asotsin tree based
protocols [75, 76, 88, 91fatewaysn cluster based protocols [69], time serversn NTP based
protocols [71, 74]. Conversely, in the distributed clockdyronization, all nodes in the network
run the same distributed algorithm without a reference nddi®bal clock synchronization is
reached by each node advancing to the faster clock [38, ¥8taging clock values of local
nodes [70, 79, 80], or gradually decreasing the clock erithr meighboring nodes using an ex-
ponential weighted moving average [92] or a proportionakiler [77]. However, independent
of whether or not these protocols assume deployments af stainobile nodes, they all require
strongly connected network topology with a high node degree

6.1.3 Clock Synchronization in Delay Tolerant Networks

In terms of DTNSs, there have been some efforts for clock sgordbhation. The Timestamp
Transformation Protocol (TTP) [40] solves the temporaleoiraly problem and real-time issues,
called sensor fusiorf93, 94], in sparse ad-hoc networks. The protocol does natheypnize
clocks, but transforms message time-stamps at each nodddoal time-stamp with some error
bound as a message moves from hop to hop. Simulation rekolsthat the clock inaccuracy
increases linearly with time and the number of hops. The B®wphirwise Time Protocol (DTP)
[71] provides time synchronization in DTNs with a modified RTThe DTP achieves a clock
estimation error lower than the NTP by explicitly estimgtihe relative clock frequency using
back-to-back messages with a controllable interval in betw However, the DTP is a reference
node clock synchronization that assumes at least one tinaersa the network, and it does not
work in a distributed environment where there is no refeearade to spread the correct reference
clock information. The Asynchronous Diffusion (AD) protadd70, 90] provides distributed
clock synchronization by asynchronously averaging claalkies with the contacted neighbors.
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However, the AD is inefficient in DTNs where the connectiordigiamic and often limited
to just few neighbors. There also have been some effortsawig® clock synchronization in
underwater acoustic networks (UANSs) [95-99] using aceustodems characterized by long
propagation delays. Our focus in this work is on providingtiabuted clock synchronization in
terrestrial networks. The research problems and solufarterrestrial networks and UANs are
different since the main source of delay is due to the spagptogment and mobility nodes in
terrestrial networks and due to the long propagation deldyANs.

6.2 Distributed Asynchronous Clock Synchronization Prote
col

In this section, we propose a distributed asynchronouskagachronization protocol for
DTNSs, which provides global clock synchronization with atdbuted algorithm. The DCS
protocol is designed for DTNs where finding or electing refee nodes is difficult and where
connections are often delayed and disrupted among nodetoduebility and a sparse node
density.

The basic idea of the protocol is to utilize the relative &latformation spread in the net-
work to update clock values, rather than diffusing the infation obtained from local neighbors
in hop-by-hop fashion as in existing distributed clock dymmization protocols for multihop
wireless networks. Each node independently manages attadleontains relative clock in-
formation. Upon each new contact, this information is exgesl with the contacted node and
transformed to the compensated logical clock values. Eade nses the clock information in
the table to asynchronously calculate the clock frequendyalue that gradually approach their
global averages. To account for a decrease in the accurattye giropagated clock informa-
tion, the contributing weights of the stored informatioreddor the clock compensations are
depreciated over time.
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6.2.1 Clock Table Structure

We first introduce a structure of the clock table that corstéine relative clock information.
At time t, each node contains a list of other node¥ ( € V.l # i) in the network that it
has contacted or obtained from contacted nodes. Each nageirnthe table is identified by
a unique identifier with the following fields: relative clockfset (C} (¢)), relative clock skew
(fE(t)), and weight (7 (t)) which represents the level of information accuracy of node
nodei. Initially, nodei contains only its own information in the list &% (0), 1 (0) = 0, and
wX(0) = 1. The set of node entries in the table of nad@V/ (¢)) increases when the node
obtains information of a new node. Note that the table emtmay become outdated with time
and do not represent the up-to-date differences of the alaltles and clock frequencies, i.e., it

is possible tha€? () # Cy(t) and f1(t) # fu(t).

A large clock table size may degrade the performance of ttveank having limited resources
(such as wireless sensor networks) and limited contactidasa(such as vehicular networks). In
such scenarios, the clock table overhead can be reducedibysgable management techniques.
For example, nodes can decide to store, compute, or exclzanggain maximum number of
entries based on the performance requirement. A higherifgrican be given to entries with
higher weights.

6.2.2 Exchanging Clock Table Information

In the absence of a reference clock, although the actuak flequenciesf;(#;’) and f;(¢;”)
are impossible to obtain, a relative clock skefy ((t?;j )) can be estimated. When nodeontacts
nodej attimet;’, i.e, (i, j) € E(t;’), they exchange series time-stamped trig&st., ), C;(t,),
Cy(ti ) form = 1,2, ..., asillustrated in Fig. 6.2. Heré;;(t;,) is the local time of nodéwhen
mth message is sen;;(t/,) is the local time of nodg when themth message is received, and
C;(ti ) is the local time of node when the reply for thenth message is received from nogle
Then, by plotting series of time-stamped triples, as shawFig. 6.2b,C;;(t;’) and f;;(t;’) can
be estimated by the following linear equation

Cyi(th,) = fi(t:7)C5(th,) — Ci () (6.1)
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Figure 6.2: Relative clock estimation: a) Exchanging tistemps between nodeand nodey;
b) Plotting time-stamped triples for clock skew estimation

representing a line that passes through the bounded €rrafs) andC;(t ) [100]. More times-
tamps generate tighter estimation error bounds for théivelelock offset and the relative clock
skew.

The update procedure is executed for both nodaad ;7 upon contact. Without loss of
generality, we present the update procedure for nduere. Since the information of relative
clock offset and relative clock skew between nodeasd; is newly obtained upon the contact,
we updateC (t;7) «— Cy;(ty7) and fL(t;7) « fi;(t;7) for nodei. Also, the associated weight
values are reset asiTj(tQj) = 1. Then, the clock information is updated in the table of node
for nodel # i, j if the information about nodéreceived from the nodg¢is more accurate, i.e.,
wh () < wh(ty?). For nodei, the updated table information after the exchange is

Ci () Gat), fofle) 2 i) (6.2)
Tk Cyi () + CL(t7),  otherwise
i) fi ), it wii(67) = wity?) 63)
Ak fst) + fE(57),  otherwise
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i whty?), i wi(ty) > wi(ty)
wy () : ; (6.4)
wh(ty?),  otherwise.

6.2.3 Clock Compensation

In DTNs, skew compensations are equally important as offsetpensations. Since offset
compensations cannot be done frequently in the network, €¥&0 nodes start with the same
time value, difference in their logical clock frequenciemaesult in a large clock offset over
time. For instance, assuming that they have a relative céiekv of just 10 ppm, their time
difference will be 0.6 ms after 60 s, and will further divetge86.0 ms after one hour.

Therefore, nodesand;j compensate for offset and skew errors using the updateslitefbl-
mation. For node, the compensated clock value and frequency are calculaiad weighted
averages as

-  Siewr whE)CE (1)

Ci .J “— C’l b 65
(tkz ) (tk ) ZleNT 'LU (tkj) ( )
- S S <t 9) (£

F(ET) () ¢ T : (6.6)

ZZGNT(t” wiy (1)

and the clock offsets and skews in the table entries, exoegtf(t.’) and f1 (¢;7), are updated

as

ZZGN,LT(tZ"j) wiTz(tisj)Cﬁ(tZ”)
ZleNT(ti 7y wz:I;(th)

ZleNiT(tjy) Tz(tij)f?(tzj)

!
T (45T
ZZeNL.T(t’,gJ) wi ()

Cr?) « Ciw?) - (6.7)

i) = fit) - (6.8)
Note that, sincev’ represents the level of accuracy of its own clock infornmatio’. is always
one. Therefore, (6.5) includes the caselfer i to account forv?. Also, by definition, since the
relative clock offset and skew of a node to itself are botlvz€f, and f" are initially assigned
zero (see section IV-A) and remain unchanged.
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While the updated values of offsets and skews do not chartgebe contacts, the contribut-
ing weights in the table of nodeare decreased between contacts to account for the decifease o
the accuracy of clock information with time. Suppose twosamutive contacts of nodetake
place at times andt + At, we have

1, if [ =

T
wy (t+ At) = _
1{ ) wr(t)\A,  otherwise

(6.9)
where\ € [0, 1] is the aging parameter am¥t is the time elapsed in seconds between two con-
secutive contacts. Note that= 1 corresponds to propagating information without deprawgat
the weight over time, while. = 0 corresponds to only making use of the information about the
contacted node. The contact time for each node is unknowdvarece, but the time difference
between two contact times can be calculated upon each neactodlthough, the calculation

of At may not be accurate due to clock errors of node itself, simeerter-contact durations in
the DTNs are usually much larger than the error, the effett@estimation error is negligible.

Note that a backward clock movement is not acceptable foesapplications. Whereas the
logical clock frequency can be changed immediately by apglyhe skew compensation, the
time of a clock cannot run backward by applying a negativeatftompensation. A common
solution to this problem is to freeze the time of the nodeluhé& other node, having a slower
time and applied with a positive offset compensation, reache same time [77]. This solution
can be considered in implementing the DCS protocol to sdieebtackward clock movement
problem.

6.2.4 Convergence Analysis

In this section, we show that the clocks running the DCS matconverge to a common
value. For the analysis, the identities of &llnodes in the network are assumed to be known. Let
the set of contact times between any pair of nodes in the mktveodefined a8, = U, ;cy 777 =
{t1,... tx,...}. Sincef;(tx) is constant between contacts fora# V andC;(t) is dependent
on f;(tx), if f;(tx) converges to a common value, the convergencé',0f,) simply follows
the convergence proof of;(¢,). Therefore, we focus on the convergence proof of the clock

frequency,f;(tx).
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Figure 6.3: An illustrative example of delayed informati¢a) At timet;, nodes A and C contact
with each other, and node A obtains the clock frequency valuede C (f-(t1)) directly from
node C; (b) At timef,, nodes A and B contact with each other, and the clock frequeaicie of
node C (- (t%.(t2))) is forwarded to node B via node A.

The clocks in the network converge if the relative clock skeanverge to zero as

or equivalently, for some constant valyig if

lim max f;(tx) = lim min f;(tx) = fs. (6.11)

ty—o0 jEV tr,—00 i€V
The convergence proof can be simplified by the following leanm

Lemma 1. With the DCS protocol, the resulting frequencies of ngdafter the updates using
relative skews in the tablef{(¢,)) and the outdated actual frequencies({¢(¢.))), are the
same, wheré}(t) > 0 represents the time when the frequency value of hedes recorded and
observed by nodgeat timet,, as illustrated in Fig. 6.3.

Let F(ty) = [fi(tr); .. .; fn(tx)]? represent theV state vector containing the clock frequen-
cies at time,. Based on Lemma 1, the update procedure of the DCS protocdlectormulated
as an consensus/agreement problem [101], where the updedeencies after théth update
can be calculated as

N
=1
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Define A(t;) as anN x N matrix containing normalized weights; (;) € [0, 1], which is given
by

aalty) = { wi (te) /(Sn=y wiy (), F 35 #14,(6,5) € B(t) (6.13)

I(l =14), otherwise

wherew} (;) is the decaying weight defined in (6.9) ai() is an indication function which
equals 1 if true and O otherwise. In (6.13), the first caseespwnds to nodé contacts with
another node, while the second case occurs when there isntactdetween nodeand any
other node, and thus there is no update for clock frequencydéi. Moreover, in (6.12), we
havetd(t;) = t; since each node can acquire the clock information of itsiéfaut delay.

Theorem 5. (Convergence of the DCS protocolThe clock values using the DCS protocol
converge to a common value under deterministic mobilitpades, and converges to the value
with probability under random mobility scenarios.

Based on the convergence proof of the DCS protocol, the cgexee of the AD protocol
can be also proved. The AD protocol is a special case of the précol havingtfj(tk) =
t4.(tr) = tr anday (t,) given by

1/2, if 35 #4,(i,5) € E(ty) andl = i, j
I(l=1), otherwise.

Different convergence proofs for the AD protocol can be fbum[70, 90, 102, 103].

Furthermore, since the information stored in the table®imss less accurate with time and
different table entries have different accuracy, a werghthechanism with a tunable aging pa-
rameter ) in (6.9) is adopted in the DCS protocol to better utilize thlele entries with higher
accuracy. The effect of on the convergence speed will be shown by analysis and dionia
Subsection 6.4.1 and Subsection 6.4.2, respectively.

6.3 Performance Analysis

In this section, a discrete time analysis is proposed tauet@lthe performance of the DCS
protocol. Different from the convergence analysis in Sabea 6.2.4, we consider a fixed time
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interval (r) in this section since the analytical complexity is protiig to keep all contact histo-
ries. For analytical tractability, the following assunquts are made:

1. The movement of all mobile nodes are independent and theipainter-contact duration
is approximately exponentially distributed with an averagluel /~;

2. The density of mobile nodes is low and the probability farenthan two mobile nodes to
contact with each other simultaneously is negligible.

The assumption 1) holds for numerous random mobility mgodeish as in random waypoint
(RWP) and random direction (RD) [104-107], and real moptliaces [108, 109]. The perfor-
mance analysis of the DCS protocol consists of two partsubs&ction 6.3.1, the table updating
procedure is modeled. In Subsection 6.3.2, the performaratgcs in terms of the average rel-
ative clock offset and the average relative clock skew asduened by considering the updated
table information.

6.3.1 Modeling of Table Updating Procedure

For analytical simplicity, we consider the clock value atatk frequency as the table entries
for the DCS protocol, which are equivalent to the clock dffsed clock skew since the accurate
clock information of each node is available in the analytinadel. DenoteX;(7;,) andY;; (%)
as the clock value and clock frequency, respectively, oeriaécorded in the table of nodeat
timer, = k7 (k=0,1,2,---), which are given by

Xz“(Tk) = Ci(Tk)a Y;'i(Tk’) = fz‘(Tkz) (6-15)
Xi(me) = C () + Ci(mx), Ya(m) = fil () + filme), i # L. (6.16)

Note thatX;;(7;) andY;(7) may not have the same values)Xg(7;) andY;, () since the table
entriesC} (1) and f1(7;,) may be outdated.
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6.3.1.1 Table Updating Procedure of the Clock Frequency

The clock frequency;; () of nodel stored in the table of nodecan be updated by (1) a
direct contact with nodé and (2) an indirect contact through some nodes other than (3)
remain unchanged without any contact.

First, Y; (1) can be updated by a direct contact with néd8ince the historic contact infor-
mation is not available in the discrete time model, the appnated contributing weight is used
for analytical tractability. The updated clock frequendyode: when it contacts nodewithin
T is given by

¥ Zthl wg;ﬁlh(‘rkﬂ))h <Tk+1)Y(”;Lh(Tk+1))h (%)

Ya(The1) =
et Wiasy (g (Th1)

(6.17)

wherew?, (1,.1) is the approximated contributing weight with respect toebdn the table of
noden andn};, (7x+1) denotes the node (either noder nodel) with a higher contributing weight
with respect to nodé (h = 1,--- , N). Here, the value ofv, (1, 1) is estimated based on the
instantaneous clock value and clock frequency as follows

. 1, if h=idorl
Wy (Tht1) = (6.18)

Nnn(me1) - otherwise

whereT,,(m:+1) is the approximated elapsed time since the clock informationodeh was
recorded. The value df,,(7+1) can be calculated based on the difference between the clock
value divided by the difference between the clock frequeancy is given by

Xpnn (7 TYnn ()] — [ Xnn (T TYnn (T :
o ‘[ o (1)t Yhhhh((fk)g—gﬁ”;&('kli)—i_ (75)] ) if Yhh(Tk’) 7& Ynn(Tkz)
Ton(Thy1) =

(6.19)
00, otherwise

Also, the value of:};;, (7+1) is determined based on the accuracy of the table entry asvi®ll

N (Ther) = arg nlél{i}}} [[Xon () + 7Y (70)] = [Xbn(Trr1) + 7Y0n(73)]] (6.20)

where the termsY,,, (1) and7Y},,(7) are applied since the clock value of each node changes
at a constant rate according to the clock frequency if thrermicontact with other nodes during
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7. Note that the table entries of clock values are updatedrdicpto the clock frequency of the
node keeping the table.

SecondY; () can be updated by an indirect contact with some nodes othei that has
the clock frequency of noden its table. The updated clock frequency in the table of nogih
respect to nodé when node contacts with node (5 # i, 1) within 7, is given by

Yig(Ter1) = Yeng, (me 0 (k) (6.21)
Third, Y;;(7;) remains unchanged if there is no contact between naael any of the other
(N — 1) nodes withinr.

Finally, the table updating procedure of the clock frequena the DCS protocol consider-
ing all three cases can be modeled as

1-P, -
Ya(Tht1) (V= f) i (Thr1) + Z it(Tht1)
J?éll
+ RYa(me),i #1 (6.22)

whereP, = (¢7) " is the probability that there is no contact between nioged any of the
other(N — 1) nodes withinr. An approximation is made in the analysis that the probigidfibir
more than one contact between nodad any of the othgfV — 1) nodes withinr is negligible.
Since node contacts with any of the othéV — 1) nodes with the same probability, the factor
ﬁ is applied.

6.3.1.2 Table Updating Procedure of the Clock Value

The clock valueX;(7;,) of nodel stored in the table of nodeis updated also for the same
three cases used in the modeling of the table updating puogedthe clock frequency. However,
different from the table updating procedure of the cloclgérency, the table entries of clock
values change not only when two nodes contact with each,dibealso over time according to
the clock frequency.

First, the updated clock value of nofle’hen it contacts nodewithin 7 is given by

N T
2=t Y Tt DX 2 (1R TR (e (g 1) (02, (1)) )]
~ = T (Th h . : .
Ka(res)= h=1"(n%, (Tp41)) k41 ah Tk+1 ith Tk+1 (623)
Zh 1 (n

lh("—k+1))h( Tht1)
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where the termrY(,: (r, )%, (nsr)) (76) S applied to the numerator since the clock value
changes according to the clock frequency during

Second, the updated clock value in the table of nodéh respect to nodé when node
contacts with node (j # i, [) within 7, is given by

Xiji(Te+1) = Xz (st (Te) + 7Y 0z, () 08 (700) (Th) - (6.24)

Third, the clock value of nodestored in nodé when there is no contact between nodad
any of the othef N — 1) nodes withinr is given by X;;(7.) + 7Y5 (7%)-

Finally, the table updating procedure of the clock valuaseDCS protocol can be modeled
as

1-P, -
Xa(Th1) = (N — 10) i (Thg1) + Z ) zgl(7k+1)
J#Zl
+ Py [Xu(me) + 7Ye(m)] i # L (6.25)

6.3.2 Evaluation of Performance Metrics

Based on the modeling of the table updating procedure, tdatapof the clock value and
clock frequency are given by

N — ~

Xulnr) = X op o Kalmea) + B X + Vi) (626)
2
N — ~

Yi(ress) — zév PO)Y<Tk+1>+Pomm> (6.27)
=1
1#i

whereX;(7.4+1) andY; (,,1) are given by (6.23) and (6.17), respectively.
Define the system state of the DCS protocol at timas

SDC’S(Tk) = {Xil(Tk)aY;'l(Tk)Hal = 1, e ,N} (628)
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For the updating procedure in (6.22), and (6.25)-(6.27ly tive current system staf,cs(7x)

is needed to obtain the next system st&tg.s(7:.1). Therefore, we can define an operation
Fpes(+) such thatSpes(mi1) = Fpes(Spes(mk)). Given the initial clock values(;;(0) =
C;(0) and clock frequency;;(0) = f;(0), and the initial values of table entrig§; (0) = X;;(0
andY;;(0) = Y;;(0) (@ # 1), the system state of the DCS protocol at tijpean be calculated as

Spes(k) = Fpos(Spes(0)) (6.29)

where 5 .¢(-) denotes applying the operatidfycs(-) by & times. Then the performance met-
rics at timeTy, (Cuwg(7) and fo.4(7%)) Of the DCS protocol can be calculated. Based on the
analytical model of the DCS protocol, we can also evaluageprformance of the AD proto-
col without considering the table updating procedure. Téwited derivation is presented in
Appendix A

6.4 Performance Evaluation

In this section, numerical and simulation results are priegkto evaluate the performance of
the proposed DCS protocol. The numerical results (Ana.pased on the analytical model pre-
sented in Section 6.3, while the simulation results areinbthbased on a discrete event-driven
simulator using exponentially distributed inter-contdatations (Sim. Exp.) and the Oppor-
tunistic Network Environment (ONE) simulator [89] with additional implementation of the
clock synchronization mechanism (Sim. RWP). Note that enahalysis, contacts are assumed
to be one-to-one for analytical tractability. However,cgrboth simulators are event-driven, ta-
ble updating procedure is performed whenever there is a wenmection created between any
pair of nodes, regardless of the number of simultaneousezttioms. If there are multiple new
contacts, connections are created in the increasing ofdiee mode ID. Still, chances of having
multiple new connections in the same event interval is gdglf small for all nodes. Default
system parameters are given in Table 6.2.
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Table 6.2: Default system parameters

Parameter ‘ Value

Simulation Time 550 hours

Map Size (M x M) 50 km x 50 km, 20 kmx 20 km
Number of Nodesk) 50

Node Speedy Uniform(0.5,1.5) m/s

Pause Time 0-120s

Radio Transmission Rang&) | 250 m

Initial Skew /(o)) Uniform(—100, +100) ppm
Initial Offset (C;(to)) Uniform(—10°, +10°) us

Aging Constant ) 1—-107°

6.4.1 Numerical Results

For the RWP mobility model under consideration, the paiewrger-contact duration is ap-
proximately exponentially distributed [104, 105]. Botlethetical and experimental results can
be used to estimate the pairwise inter-contact fati this work,~ is estimated as the recipro-
cal of the average pairwise inter-contact duration obthainem simulation results. We consider
two network coverage areas. The density of mobile nodesigroed to create a disconnected
network with a node degree much smaller than 1 [110] and handes are mostly discon-
nected. The pairwise inter-contact rate for = 20 km andM = 50 km is 2.15 x 1076s7!
and4.05 x 10~7s~!, respectively. Since the clock valu&s; () and frequencied; () of the
N nodes are updated simultaneously for each time period(6.26) and (6.27), we consider
T = ﬁ where ({j)v equals the average inter-contact rate for all combinatadrsairwise

2

contacts. Note that, during N updates of clock values and frequencies take place on aerag

6.4.1.1 Impact of Node Density

Figs. 6.4 and 6.5 show the average relative clock offset ke for M/ = 20 km andM = 50
km, respectively. For both node densities, the clock offé¢the DCS protocol converges faster
than that of the AD protocol. The divergence in the beginmérdue to large initial relative clock
skews that produce large time differences during long delstween connections. The clock
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Figure 6.4: Convergence of clock offset and skél & 20 km): (a) Average relative clock
offset; (b) Average relative clock skew.
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Figure 6.6: Distribution of inter-contact duration: (&) = 20 km, v = 2.15 x 107%s7; (b)
M =50 km,y = 4.05 x 10~7s~1,

offsets gradually converge to zero as the clock skews cgevetponentially with time as shown
in Figs. 6.4b and 6.5b. Since nodes have more contact oppiiegiamong them at higher node
densities, the convergence speed is faster and the iniatgence of relative clock offset is
smaller whenV/ = 20 km.

Overall, for both the AD and DCS protocols, the analyticatl @mulation results, using
the same average inter-contact durations, match well veitth @ther. The estimation error in
Ana. and Sim. Exp. in comparison with Sim. RWP are caused byfdht that the inter-
contact durations of the RWP mobility model are only appmatiely exponentially distributed,
as shown in Fig. 6.6. Similar observations have been olidorehe RD mobility model [105].
In addition, although, the Ana. result and the Sim. Exp. Itesiurelative clock skew match
well with each other, the Ana. result of relative clock offsesmaller than the Sim. Exp. result.
The reason is that, the table entries in the discrete timiysinaf Ana. are updated at the end
of each discrete period (with duratief), whereas the table entries in the event-driven simulator
Sim. Exp. are updated at random moments. Consequentlyideoimg) the updated entries at
the end of each period with constant clock frequencies, tiee Aesult indicates smaller relative
clock offset results by neglecting the divergence of reéatilock offset in between the discrete
periods.
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6.4.1.2 Impact of Aging Parameter

Fig. 6.7 shows the average relative clock offset and skewhi®DCS protocol with respect
to timet for various\ values. Although the elapsed time for the contributing \weigalcula-
tion is approximated by (6.19) based on the instantaneaak ¢lalue and clock frequency, the
proposed analytical model provides a good estimate of tbgoevformance metrics for different
A values in all the scenarios. In practical applications, ntiee pair-wise inter-contact dura-
tion is approximately exponentially distributed, the psepd analytical model can be used as an
efficient tool to facilitate the system performance estiorat

6.4.2 Simulation Results

The convergence of the DCS protocol is verified using the migaleresults which match
well with the simulation results. However, for the analgtitractability, the analytical model is
derived only for random mobility models with some stochaapproximations. Here, the per-
formance of the DCS protocols is further evaluated usingresive simulations under different
node speeds, aging parameters, frequency changes, ctooktasn errors, and mobility models.

6.4.2.1 Impact of Node Speed

Fig. 6.8 shows the impact of node speeid m/s. For all the node speeds, the clock offset of
the DCS protocol converges faster than that of the AD prdtdk®the node speed increases, the
convergence speed increases and the initial divergenadadive clock offsets decreases. This
is because at higher node speeds, nodes have more contaduojtes among them.

6.4.2.2 Impact of Aging Parameter

The impact of the tuning parametgin (6.9) is shown in Fig. 6.9. For this specific scenario,
A = 1 — 107 achieves the lowest relative clock offset until about 200ut,at the end of the
simulation, the average relative clock offsets of the DC&qwol with A = 0 (same as the AD
protocol),\ =1—-103,A=1-10"*5, A =1—-1075 and\ = 1 — 107% are 13148&:s, 12632
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us, 4463us, 3 us, and 13us, respectively. This result indicates that there existsesoptimal

A value for each scenario. The impact of different aging patamvalues can also be seen in
Fig. 6.9b for the skew result. The aging parameter can betseldo effectively discard the
information that becomes less accurate over time. If sondesitail or become isolated so that
they are unable to propagate their information to the whelsvark, the outdated information
coupled with long inter-contact delays under the discoteteretwork topology can increase the
average relative clock values. On the other hand, whenl — 10~3, the DCS protocol operates
similarly to the AD protocol sinca;iTj(t) quickly approaches zero, and by the time a new contact
is discovered(/;(t) and f(¢) have a negligible share in the compensation algorithm. kewe
how to analytically acquire the optimal values)dior different scenarios is still an open problem.

6.4.2.3 Impact on Energy Consumption

In order to demonstrate the impact of synchronization esroenergy consumption, simula-
tion result for the average energy consumption in neighismogrery is shown in Fig. 6.10. Each
node uses a sleep schedule with a duty cygl@nd awake periods with lengtR€',,,,.. (1) + T4 <
Tp whereC,,,,(t) = max |C;;(t)|,V i, 7, is the maximum relative clock offset addi = 10 ms
is the minimum awake period required for exchanging conaedetup messages. The power
consumption model of sensor motes [43] is used where powssuroptions during the idle
mode and sleep mode are 24.0 mW and 0.03 mW, respectively6 Biga shows a large power
consumption difference between the cases with and withawttsonization errors. For the AD
and DCS protocols, the constant power consumption periotsei beginning of the simulation
time are caused by nodes in constant awake mode as awakégeaimnot exceed the duty cycle.
As clock values converge, the energy consumption rate appes the lower bound set by the
perfect clock synchronization. In addition, energy congtiam is higher for a shorter duty cycle
due to more frequent awake periods. Since the AD protocektaldonger time to converge than
the DCS protocol, the overall energy consumption is redadeunbst by half in the DCS proto-
col as shown in Fig. 6.10b. The simulation results indicaie the synchronization error can
significantly increase the energy consumption.

116



10t ¢ | [ ]
: —»— (A20) AD (T 20 s) B
—=— (A5) AD (Tp=5s)

ol -+ (D20) DCS (T =20s) b
107 ¢ —-x--- (D5)DCS (Tp=5s) E
— a ---+--- (P20) Perfect (Tp=20s) K
= - e (P5) Perfect (TD—5 s) 1
-1 o
c 107 ¢ ; =
S [ ;i
= ‘ ;
E o
> =
2] -
c -
o H
O B
g .
S :
3 :
o ; :
h H +4 \ =
104 = (P5) rrrrrrrrrr 3,,+,\,,,,Xxf>< -
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxngxxxxx?%%%%xxx%xxx -
10-5 i:_{1H11HilH11Hi(ipizioi)H11H;HHHTTﬁTHMH;HH,,,,,,_-;

0 100 200 300 400 500 600

Time (hour)
(a)

ABO00 [ g
T+ (A20) AD (Tp=20'5) :
40000 = —>— (A5) AD (Tp=5s) =
| -+~ (D20) DCS (T =20 s) :
_ - (D5)DCS (Tp % ~ B
5 39000 = U (P20) Perfect (Tp=20 5) (A9) |
.5 30000 --x--_(P5) Perfect (TD—5 s) _
g : i : ; : 1 :
E 25000 =g ARERL
2 ‘ ‘ ‘ | ‘
S 20000; ,,,,,, _
(@] : : Ve : ; :
> i i i
© 15000 = ‘ -
] ; L :
< : : : :
W 10000 - -
5000% ()—
0 & d

0 100 200 300 400 500 600

Time (hour)

(b)

Figure 6.10: Impact on energy consumption: (a) Average p@vasumption; (b) Cumulative
average energy consumption.

117



[any
(=]
[<2)
o

m = ‘:

= o =z

g -

2] - -

= : :
g10° £
(@) :
o 3
= -

K| ; :

0] : H

e E

I —+— (AR) AD RWP

I —>— (AL) AD Levy walk ‘ i

. —-—* - (DR) DCS RWP ; ; Kk

: ---2--- (DL) DCS Levy walk i i 3

0 4000 8000 12000 16000 20000
Time (s)
@)
10° E 1 I r | 3
55 :

A A R NN I

ey

Relative Clock Skew (ppm)
=
o
o

—+— (AR) AD RWP i s :
—>— (AL) AD Levy walk 3 3 ¥ :
--—*--- (DR) DCS RWP : : K
B (DIJ_) DCS Levy \INaIk ‘

I A A U] I

4000 8000 12000 16000 20000
Time (s)

(b)

o

Figure 6.11: Impact of mobility modelM{ = 5 km): (a) Average relative clock offset; (b)
Average relative clock skew.

118



02 Jop
0.1 Fa# i
0 4000 8000 12000 16000 20000

Time (s)

e RWP
f Levylwalk

Inter-Contact Duration (CDF)

Lo

Figure 6.12: Distribution of inter-contact duratiokl/(= 5 km)

6.4.2.4 Impact of Mobility Model

Levy walk mobility model [64] closely resembles the movemlength and pause time dis-
tributions of human walks. These distributions follow tcated power law distributions where
a node is much more likely to move to locations closer to itsant location than that in the
RWP mobility model. For a fair comparison, we have chosenihitpparameters such that both
mobility models have a comparable number of contacts duthiegsimulations The average
number of contacts during the simulations for RWP and Levikwaobility model are 1680 and
1682, respectively. Fig. 6.11a shows that the clock offsaverges faster for RWP. Even though
the total number of contacts is slightly higher for the Levglkvmobility, nodes for Levy walk
have a higher probability to contact with the nodes that &set to their current location (i.e.,
node mobility is less diffusive), as shown in Fig. 6.12. Tfere, the convergence speed depends
on how evenly the probability of meeting different nodesigributed.

6.4.2.5 Impact of Clock Frequency Instability

We investigate the impact of the clock frequency instabgibn the clock convergence. First,
the impact of short-term clock frequency instability isdid. The clock frequency of half of

'Exact parameters used to generate the traces of Levy walkitp@atterns are as follows: power-law slope
of flight lengtha = 0.4, power-law slot of pause timé = 0.5, scale factor of flight length = 2.5, truncated flight
length = 3000 m, and truncated pause time = 120 s. Pleasda¢g6et] for the detailed description of the model and
the choice of the parameters used in the trace generation.
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nodes are changed at 420 h assuming a commonly used 32 kidg forkcrystal with a known
parabolic coefficient of -0.04 ppA€? [39] and a temperature change of -40. As shown in
Fig. 6.13, the relative clock values of the AD protocol are significantly affected due to the
fact that the additional clock frequency error is relatveiall compared with the current error.
Although the DCS protocol experiences a sudden increaseiddck error at 420 h, it is able to
quickly recover from it and continue to converge expondigti&econd, the impact of long-term
clock frequency instability due to oscillator aging is sedl Each node is assigned an aging
rate (/) modeled as a uniform distribution with a bound-6% ppm per year [39]. As shown in
Fig. 6.14, for both the AD and the DCS protocols, the convecgespeeds are slightly slower
than those without the oscillator aging (shown as dasheg)irAlso, the relative clock offset and
skew converge to some limit. This is because, even if thekdi@juency can be adjusted upon
each contact using the relative clock skew compensatiercltdtk frequency constantly deviates
from the compensated clock frequency due to the unconidelfeequency change caused by the
aging. Numerically, after 1400 h, the average relative Icloffsets of the AD and the DCS
protocols are 77Ls and 3539:s, respectively.

6.4.2.6 Impact of Relative Clock Estimation Error

Due to the uncertainty in message delays and limited acgufabe linear estimators, clock
estimation error may exist. The relative offset estimagmor (C¢) and the relative skew estima-
tion error (f¢) are modeled as a uniform distribution with boundstéf ;s [75, 77, 111] and:-1
ppm [112], respectively. The bound of the relative skewneation error corresponds to 1 percent
of the maximum clock frequency error. As shown in Fig. 6.1fiilar to the simulation results
in Fig. 6.14, the relative clock offset and skew convergedima limit. Although the expected
value of the estimation error is zero, the relative valueheférror can be non-zero. Also, the
limit is higher for the higher estimation error usiag ppm. Therefore, the clock convergence
speed and the limit are sensitive to the clock estimatioorervarious clock offset and skew
estimation methods [112] can be used to improve the estimatiror. For the same estimation
error, the DCS outperforms the AD protocol since the effécandom error is mitigated by the
clock information accumulated over multiple contacts.
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6.5 Summary

The clock synchronization is an essential requirement ficcient network protocol oper-
ations in DTNs. To achieve global clock synchronization ifiN3Z, we have proposed a dis-
tributed asynchronous clock synchronization protocot tises the relative clock information
spread among nodes. Analytical and simulation results detrate that the DCS protocol can
achieve faster convergence speed than existing distdlaggnchronous clock synchronization
protocols under various network conditions. A smaller klecor from the DCS protocol can
provide more accurate timing information in data collestfoom a physical environment and
render sleep scheduling mechanisms more energy efficient.
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Chapter 7

Conclusions and Further Research

7.1 Conclusions

This thesis aims at energy efficient MAC protocol design amalysis in DTNSs, including
adaptive sleep scheduling protocols under synchronoyachsonous, and semi-asynchronous
clocks, and a distributed clock synchronization. In thiaptier, we conclude this thesis by sum-
marizing our contributions and proposing further research

¢ In Chapter 3, an adaptive sleep scheduling protocol baseyrmchronous clocks is pro-
posed to reduce the energy waste due to idle listening proated extend the lifetime of
energy capacity limited mobile devices. The exponentialcbe periods are adaptively
adjusted depending on the metric that captures the trendraéct availability under in-
termittent connections. The tunable parameters in theierate optimized for different
network conditions. Simulation results show that a considle amount of energy is saved
while maintaining similar average packet delays and pad&ktery ratios to that without
a sleep scheduling.

¢ In Chapter 4, an adaptive sleep scheduling protocol basedyrchronous clocks are pro-
posed to consider the fact that global clock synchroninaoften difficult to achieve due
to imperfect clock oscillators and large inter-contactadions among nodes in the DTNSs.
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The sleep schedules, systematically constructed basdadmmdhical arrangements of par-
ticular cyclic difference sets, allow multiple power sayievels that can be independently
selected by each node in the network. Implementationssssueuding frame structure,
adaptive neighbor discovery, and message exchange, havedmrussed. Theoretical
analysis is given to demonstrate the energy efficiency aaldisitity of the proposed pro-
tocols in comparison with existing protocols. Although t{h@wver saving levels of the
proposed protocols are less fine grained than that of oth&tirexprotocols, they are more
energy efficient since each level can achieve the same r@igehbsitivity with lower ac-
tive ratio. Simulation results show that energy waste dudlelistening can be reduced
up to 35 percent in comparison with existing protocols (wehiée theoretical achievable
bound is 50 percent).

In Chapter 5, a distributed semi-asynchronous sleep stihgdgarotocol is proposed con-
sidering loosely synchronized clocks in sparse mobileleg®networks. Individual nodes
using the proposed protocol can adjust to required conngcaind to the estimated clock
synchronization error. Using theoretical analysis andutaon results, we demonstrate
that the proposed protocol can achieve higher energy efgithan existing asynchronous
sleep scheduling protocols under certain conditions. T8& Dan provide flexibility to
existing synchronous sleep scheduling protocols, whegint resynchronization is nec-
essary, and higher energy efficiency than existing asymcu®ssleep scheduling protocols,
where the distribution of synchronization error is not adased.

In Chapter 6, a distributed asynchronous clock synchrdioiz@rotocol is proposed to re-

duce clock synchronization error and reduce energy waste &dditional guard intervals.

Asynchronously and intermittently exchanged relativecklinformation spread among

nodes is compensated using weighted averages. The weggdsmthe clock compen-

sations are assigned so that they form row stochastic reatimcorder to guarantee clock
convergence and are depreciated with respect to time i toagecount for long delays.

The formulated analytical models match well with the siniolaresults and can be used
as efficient tools to estimate the system performance. @ioul results demonstrate that
the proposed protocol achieves faster clock convergenteetuce energy consumption
due to neighbor discovery by half.
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7.2 Further Research

This thesis focuses on energy efficient protocol designsaaatysis in various DTNs. There
are many relevant research issues that are worth furthestigation.

¢ Joint Routing and MAC Protocol for Energy Efficiency - Different DTN routing pro-
tocols have been designed to tackle routing problems féeréifit application scenarios.
Unfortunately, they assume an always on radio without paaging protocols. Energy
efficiency of DTN routing protocols not only depend on the ti@mof message exchanged
among nodes but also on the amount of idle listening intenkahergy efficient MAC layer
protocols can be specifically designed for different DTNtiogi protocols.

e Fine-Grained Construction of Asynchronous Sleep Schedulg - The multiple power
saving levels of the proposed adaptive asynchronous mistace less fine grained than
existing protocols, since the duty cycles of power savinglieare limited to the multiples
of the fixed initial set. More fined grained protocol, perhapth higher construction
complexity, can be designed to provide more power savingogfor nodes.

e Adaptive Semi-Asynchronous Sleep SchedulingThe synchronization error distribution
may change over time. The performance of the proposed sgmehronous protocol can
be further improved if the the protocol can be adaptivelyatits parameters depending
on the time varying synchronization error distribution.

e Accurate Clock Error Estimation Algorithm - The performance of the proposed semi-
asynchronous sleep scheduling protocol depends on thesagaf the clock synchroniza-
tion error distribution. An accurate estimation of the digition allows optimization of
the sleep scheduling parameteand the lengths of adaptive adjusted guard intervals.

¢ Refined Clock Compensation Algorithms- More intelligent clock compensation algo-
rithm can be designed by using more information about thevordt such as mobility
characteristic and accuracy of exchanged clock informati/eights can be calculated
depending on the node’s influence (e.g. contact rates) ataBpn (e.g. relative accuracy)
to further improve the convergence speed. Also, an estiygich as MMSE (minimum

127



mean square error), can be used to calculate the accuratyc&finformation instead of
decaying weights with respect to time.

Optimization of the Aging Parameter - The convergence speed of the proposed dis-
tributed clock synchronization algorithm depends on theicgh of the aging parameter.
Closed form expression for the analytical model can be ddrio optimize the aging
parameter. Also, the aging parameter can be adaptivelst&djuo further enhance the
performance under dynamic network environments.

Realistic Mobility Models - The performance of the protocols is evaluated under ran-
dom mobility models. In order to better reflect the real libeisarios, different mobility
models, such as trace-driven mobility, vehicular mohilégd predicted mobility, can be
considered.
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Appendix A

Supplementary

A.1 Performance Analysis of the AD Protocol

Since there is no table update in the AD protocol, the updftiesoclock valueX; () and
clock frequencyy;; () of each node can be modeled as

YN1-P -
Xii(To1) = Z(N_f)Xil(Tk—H)"'PO[Xii(Tk)"’TY;'Z'(Tk:)] (A.1)
i
Y, _ylohy 2
ii(Tor1) = Z(N_l)Yil(Tk+1)+PO)/;i(Tk)a (A.2)
=1
I#i
fortr=1,---,N

whereX ;;(1,41) is the average clock value between nodasd! if they contact with each other
within 7, given by

Xu(resr) = [Xii(Tk) + 7Y5i(7r)] ‘2|' (X0 () + TYﬁ(Tk)]’

andY ;(7.41) is the average clock frequency between nodesd! if they contact with each
other withint, given by

(A.3)

= }/;i(Tk)‘i‘}/zl(Tk)‘

Yi(Thg1) = 9 (A.4)
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Define the system state of the AD protocol at tim&sS ap(7:) = {Xii(7:), Yii(m)|i = 1,
.-+, N}. Similar to the performance analysis of the DCS protoca,dperationf's»(-) is also
defined for the AD protocol. Given the initial clock valug;(0) = C;(0) and clock frequency
Y::(0) = f£i(0), the system state of the AD protocol at timecan be calculated as

SAD(Tk) :FﬁD(SAD(O)). (A5)

Then, the performance metrics at timg C,,,(7:) and f,,,(7%), of the AD protocol can be
calculated.
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Appendix B

Proofs of Theorems, Corollaries, and
Lemmas

Theorem 1. (Rotational Closure Property of the ExponentialHierarchical Design) Given
two setsP;, = B '@ TandP; = E/~' @ I wherei < j. Forn = vjvly, Con(P) NCyn(P;) # 0,
Va,b:0<a,b<n.

Proof. CASE 1-Perfect Alignment of Slot Boundaries: Farj = 1, two sets are cyclic difference
sets with sef. Therefore, there is at least one overlapping slotjn= v;. Fori =1and;j =0,

P, =FE®IandP, = I. I can be viewed as is a slot &f ® I with a lengthv;. Then, there is
at least one overlapping slot of length in n; = v;vg. Sincel is a cyclic difference set, there
is at least one overlapping slot within. Fori = j = 1, two sets are cyclic difference sets with
set £ with slots of/. Then, there is at least one overlapping slot of lengtin n; = v;vg, and
consequently at least one overlapping slot withjn This can be proved for largerand j by
recursion.

CASE 2-Imperfect Alignment of Slot Boundaries: Supposetiteadifference in the clock
shift of two set is), and length of a slot i€,. SinceP; and P, are cyclic difference sets, for an
imperfect alignment of slots 6f there exist overlapping sectiofs,—4J) andd. The combination
of (Ls — §) andd is equal toL,. [

Corollary 1. (Rotational Closure Property of the Multiplic ation Hierarchical Design) Given
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two setsP, = M, ® [ and P, = M;_, ® I wherevy; < vy; and RCP{M;, M;} = 1, there
exists an overlapping interval of at least in v,;;. Therefore, similar to proof for Theorem 1,
we can prove that fon = vyvyj, Con(BP) N Chn(P;) # 0, Va,b: 0 < a,b < n.

Theorem 2. (Minimum Slot Length of Asynchronous Sleep Schading Protocol) The slot
length should be at leagtx L, to guarantee an overlapping active interval that is long egio
for the connection establishment.

Proof. By Theorem 1, rotational sets always have overlapping adtitervals of duratiorf L, —
0) and ¢ for the duration of the larger frame. Sineeax{(Ls — 0),d} > Ls/2for § = (0, Ly),
nodes can exchange connection setup messages in githeré) or§ if L, < L,/2. O

Lemma 1. With the DCS protocol, the resulting frequencies of ngdsfter the updates using
relative skews in the tablef{(¢;)) and the outdated actual frequencies({¢(,))), are the
same, wheré}(t) > 0 represents the time when the frequency value of hedes recorded and
observed by nodeat timet,, as illustrated in Fig. 6.3.

Proof. According to (6.6), when nodecontacts nodg, the update using the relative clock skews
with respect to the underlying actual clock frequency cacdleulated as

it wi (te) fif (t) Sy wi (t) (filti (t)) — filth))

) = Sy S Wl (t)
o)+ S eh ) A0)) S w0 fit)
' S wh(ty) S w (t)
fi(te)
O wh () £t () 8.1
R -

Note thatwe havé! (t,) = fi(t%(t,))— fi(t) in (B.1) since the clock compensation is performed
for both clock frequency;(¢’) in (6.6) and clock skewg! (¢’) in (6.8), which preserves the
recorded actual clock frequengy(t$ (¢;)) upon each contact. []

Theorem 3. (Convergence of the DCS protocolThe clock values using the DCS protocol
converge to a common value under deterministic mobilitpades, and converges to the value
with probability under random mobility scenarios.
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Proof. Based on the consensus theorem [103, 113], if the followamglitions are satisfied, ((1)
the update weight matrices are row stochastic, (2) the netwsstrongly connected, and (3)
the communication delay is bounded such that B < t%(t,) < t,) the algorithm guarantees
asymptotic consensus: Condition (1) is satisfied for the BiG€e it can be easily verified that
A(ty) € RN and A(t)1n = 1N V t, Wherely = [1;...;1]7. Conditions (2) and (3) are
satisfied depending on the mobility scenarios. The connctiraph is strongly connected if
there is a path from each vertex in the graph to every othetexein mobile networks, a virtual
path exists from a source node to a destination node if messean be forwarded using one
or more mobile nodes acting as intermediate nodes, and theramication delay is the sum
of inter-contact durations from the source node to the desion node. Thus, the network is
strongly connected if there exists a forwarding path froroheaode in the graph to every other
node, i.e., there is no isolated node. The delay is bountled ¢¢(¢,) < B), if the sum of
the inter-contact durations over the forwarding path is hded. In particular, in deterministic
mobility scenarios, such as bus routes [32] and messageeteft 14, 115], where the mobility
is planned or controlled such that the forwarding paths aomsistently available and nodes
contact following certain schedule, the clock valesymptotically convergesOn the other
hand, in random mobility scenarios, such as random wayp@WwP) and random direction
(RD), the inter-contact duration is modeled by a probapitiistribution. As a result, the inter-
contact duration is bounded with certain probability. Seram unbounded inter-contact duration
leads to an unbounded delay, the DCS protoomhverges with probability116] in random
mobility scenarios. [

As the probability for the delay to exceed a bouBds low whenB is large according to the
analysis [104, 107], the probability for the DCS protocottmverge is high for most scenarios.
Note that considering/ instead ofN (¢) in the analysis does not change the convergence result
since the weight values, except foe= 7, are all initialized to zero and they do not contribute to
the updates as if their identities are unknown.

Theorem 4. (Shift Intersection Property of the CGI) Given two CGI sets”, , and E,, ,
where( < Ng1 < Ng2, S(Engluhl) N S(EngQ,hg) # 0V hl,hg thy € {—ngl, . ,ngl},hg S

{—ng2,. .., nga}.

Proof. Since{0} € S(E,,,,h1) ¥V hy and{0} € S(E.,,,, ho) V¥ h, there existdy € S(E,,,,, hi)N
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S(En,,, ho) suchthat{0} € EY hy, hy. [

Theorem 5. (Shift Intersection Property of the DSA)Given two DSA set&,,, . and E,, , .
where( S Ng1 S Ng2, S(Engl,ca hl) N S(Eng%c, hg) 7& Q)V hl, hg . hl € {—ngl, o ,ngl}, h2 c
{—ng2,...,ng}.

Proof. LetE; .= {-n;,—n;+1,...,—n;+c—2,—n;+c—1}andk; = {-n;,—n;+¢—

1,—n; +2¢—1,...,n:;} where¢ (< c). Here £, U E;. . = E,, .. Letn, represent the number
of overlapping slots, including both awake and asleep shsveen the two sets.

CASE 1n, > ¢ (Jh| < (ng + nga — ¢)): Since there are more thamoverlapping slots,

there exists), € S(Ey,, ., h1) and P, € S(E,, ., ho) such that (1)@, = S(E;ghc, hy) and
Q2 = S(E;, , .. ha) whenh < 0 or (2) Q1 = S(E;, | ., h1) andQy = S(E;; , ., hy) whenh > 0.

For (1) and (2), there are awake slots ir); and at least one awake slot (g, within the range
of [=ng + hi,ng + hy + ¢ — 1] and [—ngo + he,ng + ho + ¢ — 1], respectively. Therefore,
Q1N Qs # 0.

CASE 2n, < ¢ ((nga+ng —c) < |h| < (nge+ng4)): For the maximum shiff imad = (142+
ng1)), {0} € S(En,, ¢, ) for hy = {ng1, —ng } and{0} € S(E,,,.c, he) for hy = {ng, —ng}.
Therefore, one awake slot at slot 0 is overlappingSés, , ., £ng1) N S(Ey,,.c; Fnge) = {0}.
For (|hmad —) shift, there arer overlapping slots. Since, the partial overlapping occuesieen
the opposite edges of the frante;n, + hy + x) overlaps with(ng; + hq) whenimax > 0 and
(ng2 + he) overlaps with(—ny; + hy + ) whenhmay < 0. Therefore E,,,, . N Ey .. # 0. O
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