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Prof. M. Ufuk Çağlayan . . . . . . . . . . . . . . . . . . .

Dr. Murat Zeren . . . . . . . . . . . . . . . . . . .

DATE OF APPROVAL: 26.09.2011



iii

ACKNOWLEDGEMENTS

The pursuit for a PhD degree has covered a long period of my life, which has been

challenging but rather salutary for my personality. The most influential character of

this episode has no doubt been my advisor, dear Cem Ersoy. I have always seen him

as my academic father and I have learned and acquired a lot from him. When I get

confused and demotivated, by expressing his feelings of trust on me, he made me to

renovate my self-confidence and keep going on towards the target. I feel very lucky

that I had the chance to work with him who thoroughly shaped my academic character

and I deeply feel that he will continue to do so for the rest of my life.

I thank all of my thesis jury members, Assist. Prof. Turgay Altılar, Prof. Emin
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ABSTRACT

LOAD BALANCED FORWARDING IN MULTIMEDIA

WIRELESS SENSOR NETWORKS

Congestion is a challenging problem in wireless sensor networks which exac-

erbates with the high volume of data traffic imposed by video applications that are

enabled by the evolution of low-cost camera hardware. In this thesis, we propose three

cross layer geographic routing schemes addressing the congestion problem in wireless

video sensor networks. In Load Balanced Reliable Forwarding scheme, we introduced

the notion of local load balancing where a sensor dynamically determines the next hop

among the alternative neighbors providing positive advancement towards the sink by

considering the balance of their buffer occupancy levels at the time of delivery. In

Directional Load Balanced Spreading scheme, we combine local and direction-based

(spatial) load balancing approaches to provide more reliable and faster video delivery

by benefiting from the advantages of both approaches. In Multi-Sink Load Balanced

Reliable Forwarding scheme, we explored the advantages of load distribution to mul-

tiple sinks. We evaluated the performance of the routing schemes via simulations in

OPNET. The results show that the proposed routing schemes improve the frame de-

livery ratio and provide efficient video delivery in terms of energy expenditure per

successfully delivered frame to the sink(s).
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ÖZET

ÇOKLUORTAM KABLOSUZ ALGILAYICI AĞLARDA

DENGELİ YÜK İLETİMİ

Tıkanıklık, kablosuz algılayıcı ağlarda düşük maliyetli kamera donanımlarının

evrimleşmesi ile olanaklı hale gelen video uygulamalarının getirdiği yüksek hacimli veri

trafiği sebebiyle kötüleşen, zorlu bir problemdir. Bu tezde, kablosuz video algılayıcı

ağlarda tıkanıklık problemini hedef alan üç adet katmanlararası coğrafi iletim şeması

öneriyoruz. Yük Dengeli Güvenilir İletim şemasında bir algılayıcının sonraki sıçrama

noktasını, çıkış düğümüne pozitif ilerleme sağlayan alternatif komşular arasından, tam-

pon doluluk seviyelerinin dengesini düşünerek, dinamik olarak belirlediği yerel yük den-

gelemesi kavramını tanıttık. Yönsel Yük Dengeli Serpme şemasında, yerel ve yön ta-

banlı (uzamsal) yük dengeleme yaklaşımlarını, her ikisinin de avantajlarından faydala-

narak, daha güvenilir ve daha hızlı video iletimi sağlamak için birleştirdik. Çok-çıkışlı

Yük Dengeli Güvenilir İletim şemasında yükün çoklu çıkışa dağıtımının avantajlarını

araştırdık. İletim şemalarının başarımlarını OPNET üzerinde benzetimler vasıtasıyla

değerlendirdik. Sonuçlar önerilen iletim şemalarının çerçeve iletim oranını iyileştirdiğini

ve çıkış düğümlerine başarıyla iletilen çerçeve başına harcanan enerji açısından verimli

video iletimi sağladığını gösterdi.
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1. INTRODUCTION

The evolution of low-cost camera hardware extended the capability of wireless

sensor networks (WSNs) [1] to support multimedia adaptations for the typical WSN

applications such as surveillance, target tracking, battlefield intelligence and environ-

mental monitoring [2, 3]. Congestion is a challenging problem for (WSNs), due to the

intrinsic characteristics of high node density, convergecast communication pattern and

multi-hop network topology. Moreover, the necessity of providing a high Quality of

Service (QoS) requirement for video traffic imposes extra difficulties besides carrying

such traffic over a limited-bandwidth, error-prone wireless channel by the sensors with

limited energy budget. Hence, Video Sensor Networks (VSNs) [2] emerged as a new

research topic in the area of Wireless Sensor Networks (WSNs).

In VSNs, the logical unit of the communicated data is a video frame, which is

composed of video packets. If no encoding schemes such as FEC [4] are utilized in

the network, all packets of a video frame are required to be received by the sink node

for a successful frame delivery. The performance of the video application, such as the

success of object identification or the quality of tracking, highly depends on the reliable

delivery of frames to the sink. The reliability concept mentioned in the context of this

thesis considers the amount of video frames successfully delivered to the sink in a given

sensor network.

The load on a video sensor is determined by the amount of frames created by the

sensor itself and by the amount of packets that the other sensors relay over it with the

aim of delivery to the sink. Since the sensing range of nodes often overlaps, the same

event is usually detected by multiple sensors. The created traffic in these networks is in

the form of unpredictable bursts of video frames triggered by sensed events, resulting

with a sharp increase in the data input rate of a sensor. In addition, the output rate of

a sensor decreases due to contention caused by many concurrent transmission attempts.

In these cases, combined data input rate becomes greater than the output rate of a

sensor and data packets starts to accumulate in its buffer causing local congestions.
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Depending on the buffer size and the duration of the congestion, a buffer overflow is

likely to occur causing video packets to be dropped by the sensor.

Since VSNs operate in a multi-hop manner, congestion taking place at a certain

area may diffuse to the whole network and degrade the network performance drasti-

cally. The congestion may cause a large amount of packet loss, which in turn diminish

the network throughput. As a consequence, the reliable detection of events is hampered

since the desired event features sensed by many nodes could not be reliably commu-

nicated to the sink. Moreover, the congestion increases the energy expenditure of the

sensor nodes which in the long run also hinders the reliable reporting of the events due

to energy depletion.

A candidate solution to reduce the possibility for a sensor to be congested is to

decrease the load on the sensor, by reducing the amount of data to be created or to be

relayed. The amount of data created by a sensor in case of event detection is assumed

to be predetermined by the application. Therefore, we focus on reducing the amount

of data relayed over a sensor, which is mainly determined by the routing algorithm. In

order to decrease the likelihood of congestion in a sensor, the buffer occupancy levels

of each sensor should be kept as low as possible. Applying load balancing approaches

in the routing decisions is a possible option to reduce the buffer occupancy levels.

A centralized routing algorithm [5–7] may calculate the optimal load balanced

routing decisions for a given sensor network after deployment and may disseminate the

routing information to the sensors. In each topology change, the routing decision should

be recalculated and disseminated to the sensors. Hence, centralized approaches are not

appropriate for the distributed and the dynamic nature of wireless sensor networks. In

the distributed approach [8, 9], the routing algorithm may distribute the load in any

sensor evenly among its appropriate neighbors and may decrease the buffer occupancy

levels throughout the network.

Since the location and the occurrence of an event in a sensor network are random,

the load and therefore the buffer occupancy levels of the sensors in the neighborhood of
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any sensor are dynamic and may not be even at the time of decision for a relay. Hence,

evenly distributing the load without cross-layer assistance may result with a further

degradation of the unevenness in the buffer occupancy levels in the neighborhood.

Moreover, in some cases, the routing algorithm may choose a neighbor sensor with no

available buffer space as a relay. In that case, the corresponding data unit is dropped

at the relay sensor which causes bandwidth and energy waste. The situation is worse

in terms of energy waste if the dropped data unit has traveled over many hops in

the network up to this point. In order to decrease the possibility of such a routing

decision and prevent from data drops in the relay sensor, the routing algorithm should

use cross-layer information about the buffer occupancy levels of the sensors in the

neighborhood. If the routing layer of a sensor has fresh information about the buffer

occupancy levels, it can determine the relay which improves the evenness of the buffer

occupancy levels in the neighborhood. However, there may be still some cases in which

the buffer occupancy information about a neighbor is stale when actually there does

not exist any available buffer space in that neighbor. In such a case, if the routing

layer determines that neighbor as the relay, the delivery of the data results with a data

drop at the relay. Hence, there should be a handshaking mechanism confirming the

existence of the available buffer space in the determined relay sensor before the delivery

of the data. If the existence of the available buffer space is not confirmed, the delivery

of the data should be cancelled. In this thesis, we propose three cross-layer routing

schemes, which integrate routing and Medium Access Control (MAC) layers in sensor

networks to provide reliable event detection by means of load-balancing.

Our proposed routing schemes are based on geographic routing. Geographic

routing is commonly regarded as highly scalable and energy efficient, which makes

it an attractive solution for routing in wireless sensor networks [10, 11]. The most

important characteristic of geographic routing is that routing decisions are based on

local knowledge. Since the routing decision at each node is based on the destination’s

position and the position of the node’s neighbors, geographic routing does not require

the establishment or maintenance of routes. In addition, the nodes have neither to

store routing tables nor to transmit messages to keep routing tables up to date. The

problem of determining the node’s position, which is beyond the scope of this thesis, is
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referred to as localization. There are alternative localization techniques including global

positioning system, beacon (or anchor) nodes, and proximity-based localization [12,13].

In our routing schemes, we assume that the nodes determine their locations by using

one of the existing techniques.

Greedy-forwarding [14–16] is a type of geographic routing in which the relay

for the data is determined in a greedy manner regarding the aim of minimizing the

number of hops to reach the sink by maximizing the advancement towards the sink.

The drawback of these routing strategies is that many sensors choose the same sensor

as their relays and create congestion by concentrating the traffic on these preferred

relays. In a sample scenario depicted in Figure 1.1a, the sender nodes (4, 5, 6) tries

to route their data to the same sensor node (1), although there are two other possible

relay candidates (2, 3) which can directly send their data to the sink. This generic

scenario around the sink can be replicated all around the network.

X

X

X

X

Sink

1

2

3

4

5

6

X

X

X

X

Sink

1

2

3

4

5

6

(a) (b)

Figure 1.1. A comparison of routing strategies. (a) Greedy forwarding (b) LBRF.

In our first routing scheme, namely LBRF (Load Balanced Reliable Forwarding),

the relay node is dynamically determined according to the current buffer occupancy

levels of the neighbors that provide positive advancement towards the sink. The buffer

occupancy information in the neighborhood is obtained by a piggybacking mechanism

embedded in the underlying MAC protocol. Our scheme tries to perform load balancing
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and avoid congestion by preferring the neighbor with the smallest buffer occupancy level

in the determination of the relay. Instead of just maximizing the advancement, the

primary aim of LBRF strategy is to minimize the average buffer occupancy level in

the local neighborhood and establish a balance between the advancement towards the

sink and the degree of congestion at the chosen relay. As shown in Figure 1.1b, the

sender node 5 distributes its load to its neighbor nodes (1, 2, 3) which provides positive

advancement towards the sink. We call the approach applied by LBRF as local load

balancing.

In our second routing scheme, namely DLBS (Directional Load Balanced Spread-

ing), we combine the ideas in LBRF and another geographic routing protocol, DGR

(Directional Geographic Routing) [17], which is a multipath routing scheme for real

time video communications in wireless sensor networks. In LBRF, each sensor tries to

provide load balance locally in its neighborhood, whereas DGR aims to provide load

balancing by spatially distributing the load on a sensor in predetermined directions

(Figure 1.2). For this purpose, DGR divides a single video stream into multiple sub-

Source Sink

Figure 1.2. Direction-based (spatial) load balancing.
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streams and transmits these sub-streams in multiple disjoint paths in parallel. These

disjoint paths are constructed by using an angle-based decision scheme. In this scheme,

a sensor assumes that the sink is located in the direction of the given angle, and aims

to route its packets towards the virtual coordinate of the sink. The DLBS scheme aims

to disseminate the data spatially adopting the DGR’s angle-based directional routing

scheme, and diverts portions of data flow towards different regions of the network. The

load balance in each direction is attained using the LBRF scheme. By spatially dis-

tributing the load, the DLBS scheme obtains better performance in terms of packet loss

and latency with respect to LBRF by utilizing extra buffers in less congested regions

in the network.

Load distribution to multiple sinks (Figure 1.3) is another approach for load bal-

ancing and is a candidate solution for the congestion problem in video sensor networks

(VSNs) which also provides extra benefits in terms of energy-efficiency and reliabil-

ity. Extra sinks in the environment relieves the burden around any sink. In addition,

the average path length, consequently, the number of hops that a frame has to travel

between a sensor and a sink decreases due to shorter geographic distances. Traveling

Source

Sink

Sink

Sink

Sink

Figure 1.3. Load distibution to multiple sinks.
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shorter hops results with less energy consumption on the whole network due to the

degradation in the number of sensors employed as a relay node. Moreover, usage of ex-

tra sinks relieves the unbalanced energy consumption among the sensors and improves

the lifetime of a deployed sensor network. A multi-sink sensor network also becomes

more robust against the inaccessibility of a sink node due to single point of failures

such as node failures (energy exhaustion), node destructions (fire) or communication

destructions (jamming).

In our third routing scheme, namely MLBRF (Multi-Sink Load Balanced Reliable

Forwarding), we combine load distribution to multiple sinks and local load balancing

approach to provide reliable and energy efficient data delivery in a multi-sinked VSN

for target tracking. In order to gain the maximum benefit from the deployment of

multiple sinks, it is essential to distribute the load among the sinks evenly. In a case

where multiple targets roam in the sensor field and the majority or all of the targets are

closer to one of the sinks, the provision of an even distribution becomes a challenging

problem. The focus in this thesis is the selection of the destination sink for a frame

to be delivered by a sensor node with the aim of load balancing among the deployed

sinks.

MLBRF proposes a sink selection mechanism based on fuzzy logic. In order to

evaluate the traffic density in the direction of a sink, we use a fuzzy inference system

to combine two dynamic criteria which are the number of contenders and the buffer

occupancy levels in the neighborhood with a static criterion which is the distance of

the candidate relay sensor to the sink. The result of the fuzzy engine is the current

membership value of the sensor for a sink. Subsequent to the evaluation of the current

membership values of the sensor for each sink, the destination sink for a frame is

determined as the one with the greatest membership value. MLBRF uses LBRF both

in the sink selection process and in the delivery of a frame to the selected sink.

The contribution of this thesis includes the proposal of three new cross layer

geographic routing schemes, which address the problem of congestion in VSN. These

routing schemes uses the buffer occupancy information of the candidate next hop neigh-
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bors to provide load balancing. The modification in the operation of SMAC to support

accurate monitoring of the buffer occupancy conditions of the neighbors is another

contribution of this thesis. In addition, we also provide a sender based version of an

originally receiver based dead-end handling mechanism. Local and spatial load balanc-

ing approaches, individually, are shown to be substantially more reliable than a static

greedy forwarding scheme. We also show that the directional load balanced spreading

technique, which is the combination of both approaches, provides a better congestion

handling and a more reliable frame delivery as compared to each of these load balanc-

ing schemes. In a multi-sink network structure, by directing the video frames to the

closest sink statically in a target tracking scenario, network operates with the worst

performance in terms of reliable frame delivery, frame latency and energy efficiency.

Our dynamic multi-criteria fuzzy selection mechanism achieves the best performance

in terms of each metric by combining local indicators of the congestion level in the

neighborhood towards a sink with the distance criterion.

In Chapter 2, the literature reviews on congestion management, load balancing,

multi-sinked sensor networks and application of fuzzy logic for sensor networks are

provided. A detailed description of LBRF routing scheme including the relay selection

and dead-end handling mechanisms together with the modifications in the operation of

the underlying SMAC protocol required for the functionality of the routing schemes are

explained in Chapter 3. In Chapter 4, the detailed operation of DLBS routing scheme

is provided. A detailed description of MLBRF strategy is given in Chapter 5 which

includes descriptions for the fuzzy sink selection mechanism and the dead-end handling

mechanism in multi-sink network structures. Thesis is concluded in Chapter 6 with

future research directions for the presented works.
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2. LITERATURE REVIEW

In this chapter, we provide brief overviews of the literature on the subjects that

constitutes the basis of the thesis.

2.1. Congestion Management in WSNs

Congestion is one of the major problems affecting the application performance

in WSNs and has appealed the interests of the WSN researchers. The techniques

developed to solve the problem of congestion in WSNs can be divided into two groups

as congestion avoidance and congestion control [18]. Congestion control techniques try

to remove congestion upon its occurrence, whereas congestion avoidance techniques

aim to prevent congestion from happening.

Congestion control studies in WSNs focuses on the regulation of the amount

of traffic offered to the network which concurrently satisfy the requirements of the

application and conforms to the limits of the network capacity preserving from the

adverse effects of congestion. These studies employ congestion detection mechanisms

based on either monitoring the buffer occupancy or monitoring channel activity or

both. Well-known studies in this subject are ESRT [19], CODA [20] and Fusion [21].

ESRT [19] provides congestion control in the context of reliable delivery with

the assumption that the sink can reach all source nodes with a high-powered one-hop

broadcast reducing the overall network capacity. ESRT keeps a network operating near

its optimal load by broadcasting the network-wide reporting rate to the source nodes.

In case of congestion, a sensor reports the congestion state by setting a congestion noti-

fication (CN) bit in the packet header. The sink periodically computes and broadcasts

a new reporting rate based on a reliability measurement, the received CN bits, and the

previous reporting rate. In this approach, the reporting rate has to be set according

to the most congested region in the network. In that case, the noncongested sources

will be constrained by a conservative reporting rate.
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CODA [20] proposes an open-loop hop-by-hop backpressure mechanism for tran-

sient congestion and a close-loop multisource regulation mechanism for persistent con-

gestion. In the backpressure mechanism, each sensor detects congestion by monitoring

the channel utilization and the buffer-occupancy level. In case of congestion, a back-

pressure message is sent to neighbors, which may drop packets, reduce its sending rate,

and further propagate the backpressure. For multisource regulation, if the reporting

rate of a sensor is above a preconfigured threshold, the reporting rates of the sensor

nodes are regulated in terms of the received stream of ACKs transmitted by the sink.

In contrast to ESRT, CODA only regulates the sources associated with a data event

that have contributed to the congestion and uses a hop-by-hop signaling.

Fusion [21] consists of three congestion mitigation techniques. Hop-by-hop flow

control resembles the backpressure mechanism of CODA. In this technique, a congestion

bit is piggybacked to all transmitted packets. The upstream neighbors, which overhear

the packets with the congestion bit set, stop transmitting until the congestion bit is

unset. In the source rate limiting, each sensor tries to determine the number of distinct

sources routing through the parent by monitoring the transit traffic and limits its own

traffic to provide per-node fairness. The prioritized MAC technique gives a higher

opportunity for the congested nodes in accessing to the channel.

The work in [22] also tries to provide per-source fairness in a tree routing structure

using a rate limiting approach similar to the one in [21]. In this proposal, each sen-

sor shares its effective available bandwidth equally amongst all upstream nodes which

in turn ensures fairness. Interference aware fair rate control (IFRC) [23] aims to dy-

namically allocate fair and efficient transmission rates to each node. For this purpose,

IFRC detects incipient congestion at a node by monitoring the average queue length

and communicates the congestion state to the set of potential interferers using a con-

gestion sharing mechanism by piggybacking the relevant information to each outgoing

packet. IFRC converges to a fair and efficient rate using an additive increase multi-

plicative decrease (AIMD) control law. In addition to works mentioned above, [24]

proposes a node priority based congestion control scheme for wireless sensor networks.

It assumes that the nodes located in a WSN have different bandwidth requirements
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for data transmission. Each node has a node priority index generated on the basis of

packet inter arrival time and service time to regulate the access to the transmission

media in favor of the nodes with heavy traffic.

One of the problems of rate-based congestion control in sensor networks is the

difficulty to determine the right amount of rate regulation in response to congestion.

Due to the dynamic nature of WSN, the bandwidth available to sensors changes all the

time, which causes sensors to perform continuous rate regulation resulting with high

overhead. However, it is highly likely that the traffic bursts are transient in sensor

network applications. Hence, the rate regulation approach is inefficient to resolve

congestions arising from these transient bursts. In the schemes which uses a tree

based routing structure, many upstream sensors are restricted to route their traffic

through a single downstream sensor as shown in Figure 1.1a. The traffic rate of an

upstream node is throttled by the downstream node and it is determined by sharing

the downstream capacity among the upstream neighbors. This approach results with

an aggressive source rate reduction, which leads to substantial loss to the applications

due the failure to deliver data of great importance sensed by a small number of sources.

Congestion avoidance studies in WSNs focuses on the preventive mechanisms that

can be applied prior to the occurrence of a possible congestion. These mechanisms

include the regulation of traffic and the diversion of the data routes. The congestion

avoidance scheme proposed in [18] is based on the information about buffer occupancy

information advertized in data packets. Each node announces 1/k of its residual buffer

size as its current available buffer space as a solution to the hidden terminal problem.

The upstream nodes determine the number of packets to be forwarded to a sensor

according to these advertisements. In a multipath routing scheme, a list of downstream

neighbors is created using these advertisements in the order of preference. If the buffer

of a downstream sensor is determined to be full then a sensor chooses the next relay

from the list.

In [25], a MAC protocol for sensor networks is proposed which gives proportion-

ate access to the medium based on the total number of source nodes for which it is
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forwarding data. In this protocol, downstream nodes have higher source counts and

gets higher access to the medium than their upstream nodes. Weighted round robin

forwarding (WRRF) is proposed which is based on the source count. Using this for-

warding scheme, each node delivers its weighted-share amount of packets. In addition,

an upstream node is refrained from transmissions when its downstream node does not

have sufficient amount of buffer space.

In [26], a congestion avoidance mechanism is proposed which is based on the

ratio of the number of downstream and upstream nodes of a sensor, which is called as

the characteristic ratio (CR). In addition, the available queue sizes of the downstream

nodes, which are determined by the underlying multipath routing protocol, are utilized

to detect incipient congestion. Depending on the CR value, a node makes a number

of decisions, including the rate control, fair queuing and buffer based fair queuing in

data routing.

The majority of the studies mentioned in this section assume that packets are

routed along a predetermined tree rooted at the sink node. There are exceptions

which concentrate on modifying the routing rules in order to avoid [27] or mitigate

congestion [28,29]. An alternative technique to avoid congestion in WSNs is the usage

of mobile sinks [30,31].

2.2. Load Balancing in WSNs

Load balancing is an important issue in sensor networks since if too much traffic

is routed through any particular node, then it will deplete its energy quicker than the

other nodes, potentially partitioning the network [32]. Thus it is important to try

and keep nodes alive as long as possible. A discussion on the lifetime benefits of load

balancing in homogeneous sensor networks is provided in [33].

A node-centric load balancing strategy is proposed in [6], which centrally calcu-

lates the cumulative load of data traffic from child nodes in a routing tree on their

parent nodes. Using these calculations, it constructs a load-balanced tree which iter-
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atively grows outwards from the base station root. At each step, the algorithm first

selects the branch with the lightest load, and then connects the unassigned node gen-

erating the heaviest load to this branch. Load balance is achieved by absorbing the

nodes generating the greatest load to the branches with the lightest load.

In [9], a distributed load balancing scheme is proposed, which works with any

geographic routing protocol. This scheme aims to prevent a node to be heavily involved

in the routing decisions. Each node beacons its traffic levels and its distance to the base

station to its neighbors. Traffic is calculated based upon the number of packets a node

has contributed in routing during a period of time. Using the information gathered

from the beacons, it decides where to forward the packet based on the distance to the

base station and the level of traffic at its neighbors.

In [34] the Wireless Minimum Cost Problem is defined as a network optimization

problem used for performing load balancing in wireless networks with a single type of

traffic. The load balancing in this study is assumed to be the efficient distribution of

the traffic so that the overall cost to the network is minimized. Necessary and sufficient

conditions are developed for a flow to be optimal. A distributed algorithm is introduced

for finding such flows, which can be thought of as trying to satisfy Kirchhoff’s Voltage

and Current Laws in a properly defined electric circuit.

In [35] an adaptive receiver-oriented load balancing strategy for geographic for-

warding for WSNs is proposed. It works with a MAC protocol where sensors have

asymmetric sleep-awake schedules. The region providing positive advancement towards

the sink is partitioned into several zones according to the distance to the sink. When a

sensor has packets to be forwarded, it broadcasts an RTS message which contains the

geographic position of the sensor, the number of packets in the requested data burst

and an index starting from 0. The awake sensors which receive the RTS message com-

pute their index based on the requested data burst, their queue occupancy levels and

the the expected length of their own successful burst. The sensors with the announced

index responds immediately with a CTS message. If no sensor responds to RTS, the

transmitting node iteratively searches for sensors with higher indexes by further RTS
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messages. If multiple sensors of the same index reply, their CTS messages collide.

Then a similar search is applied according to the zone starting from the nearest one to

the sink. Although this strategy considers the transmission characteristics of both the

sender and the receiver in load balancing, the determination of a suitable relay may

require many RTS-CTS exchanges which are time and energy consuming. Another

receiver-oriented load-balanced routing strategy which is based on the residual energy

and the expected hop count of sensor nodes to the sink is discussed in [36].

The conventional single-path routing schemes typically based on shortest-paths

are not very effective to support video transmission in VSNs due to the degradation in

the perceived quality of video caused by buffer overflows and large queuing delays. To

address this problem, DGR [17] is proposed as a multipath geographic routing scheme

for real-time video communications in wireless sensor networks. The assumption in

DGR is the existence of a single video sensor generating video streams. It aims to divide

these streams into multiple sub-streams, which are transmitted over multiple disjointed

paths in parallel by considering the constraints in bandwidth and energy in VSNs and

delay in video delivery. The routing through multiple paths in DGR facilitate load

balancing, bandwidth aggregation, and fast packet delivery. The DGR scheme itself

does not concentrate on reliable data delivery in the routing layer, which is established

by the use of FEC coding. A similar multipath routing protocol for multimedia sensor

networks utilizing the load partitioning strategy to control the congestion is proposed

in [37].

2.3. Multi-Sink WSNs

In the deployment of multiple sinks in a sensor network, the number of the sinks

and their optimal positions are of primary concern in the maximization of the network

lifetime. In [38], the optimal number of sinks and their optimal positions are determined

using an iterative clustering technique using k-means clustering. Another solution [39]

is based on integer linear programming which also concurrently deals with the routing

problem in a given network. As opposed to these methods, in [40] a solution called 1

hop is proposed which uses only local information for sink placement. In addition, 1
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hop relocation algorithm is proposed for the coordinated relocation of multiple sinks.

In a recent study [41], a novel technique based on gene expression programming is

proposed for the solution of optimal multiple sinks deployment problem.

Beyond the optimal positioning of multiple sinks within the network, the concen-

tration is on the balancing of the total load among these sinks to minimize the problem

of packet loss in the convergecast process in wireless sensor networks due to congestion

and collisions near the sinks. In [42], a cross-layered partition-based network-load bal-

ancing protocol is proposed for efficient data dissemination in multi-sink WSNs which

basically combines network wide load balancing and clustering techniques with a local

metric-based routing for optimized routing tree building. In [43], a routing algorithm

to balance the load among the neighbors of sink nodes (deputies) is proposed in which

each packet can randomly select a deputy as its destination. To find the next hop

during the routing, a forward factor is used which is the quotient of dividing its neigh-

bors residual energy by their shortest hops to the destination. The proposal in [44] is

based on Directed Diffusion [45] and it addresses the overhead data delivery problem

in multi-sinked networks by forwarding data toward the nearest sink. This protocol

implements a kind of load-balancing by selecting the next nearest sink after the energy

level of nodes in the original path falls below a certain threshold.

A Gradient-based load balanced data forwarding is proposed in [46] which allows

the nodes in forwarding path can dynamically select their next hop node according

to the residual energies of the next hop candidates. The proposed method primarily

uses the shortest path to route the data from a certain source to the nearest sink for

saving energy, and dynamically switches to a different path to balance the load of

nodes. Another gradient based routing protocol is proposed in [47], which addresses

the drawback of existing protocols, which construct the gradient using the cumulative

traffic load of a path, that a sensor node cannot efficiently avoid the usage of the

path containing the most overloaded node. As a solution, this study introduces a new

gradient-based routing protocol for load balancing which selects the least-loaded path

for forwarding where the gradient of a sensor is a weighted average of the cumulative

path load and the traffic load of the most overloaded node over the path. Similar to
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gradient-approaches are swarm-based [48] and ant colony optimization based [49] multi-

sink routing approaches. In [48], each node selects the next hop among its neighbors

with the highest pheromone level stored in the routing tables. Pheromone levels are

also used in [49] to transfer the data to multiple sinks in different directions. Other

multi-sink routing approaches are based on three coloring, reinforcement learning and

set-covering respectively [50–52].

In [53], a vector field formulation is introduced to model the communication load

in a sensor network. The routing is performed in the direction of this vector field at any

location of the network, the magnitude of which represents the density of the amount

of data that is being transited through that location. The total communication cost in

the network is defined as the integral of a quadratic form of the vector field over the

network area, which leads to the solution in the form of partial differential equations

(PDEs) analogous to Maxwell’s equations in electrostatic theory. The vector field

model is used to solve the optimal routing problem in the multiple-sink case. In [54],

they extended their work to multi-commodity sensor networks and proposed a routing

method based on PDEs in [53]. In [55], by pointing out the disadvantages of PDEs,

authors proposed a distributed routing method in multi-sink sensor networks based

on field theory which abstracts the sensor networks to a gravitational field generated

by sinks. Similar to electrostatic and gravitational fields, a distributed and scalable

potential field estimation algorithm and a probabilistic forwarding scheme are proposed

to ensure low overhead and high resilience to network dynamics in [56]. Other multi-

commodity formulations of the optimal routing problem to multiple sinks are proposed

in [57–59]. In addition, in [59] a heuristic is proposed to approximate the optimal

solution in a distributed setting.

In [60] and [61], a multi-sink version M-GeRaf of a geographic forwarding algo-

rithm GeRaf [62] and a performance improvement are proposed respectively. M-GeRaf

exploits a random geographic routing approach in order to achieve a reliable data de-

livery in networks with an aggressive power-off strategies. The reliability is achieved by

exploiting the intrinsic broadcast characteristics of the wireless channel and the possi-

bility of learning information from the neighbor transmissions. In [63], three geographic
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localized anycast algorithms for multi-sink sensor networks are proposed, which consist

of greedy and recovery phases to provide guaranteed delivery. One of the algorithms

uses hop count as the metric, while others apply power consumption. All algorithms

construct a path from the source sensor node to one of sinks/actors. During the path

construction, there exists a single destination to reach. The main feature is that this

destination may change along the path according to the network topology. Another

variation of geographic forwarding to multiple sinks is proposed in [64].

In [65], a geographic routing scheme is proposed for providing QoS for multi-

target tracking in multi-sink WSNs. The concept of event ordering is introduced, by

virtue of which a priority-based buffer management scheme is applied to achieve QoS. In

addition, a directional angle restricted QoS-aware routing protocol DQRP is proposed

for the dissemination of the event ordering list. The buffer management scheme works

in conjunction with the DQRP to ensure accurate as well as energy-efficient detection in

the presence of multiple targets. Regarding target detection and tracking applications,

the study in [41] aims to solve the problem of optimal multiple sink deployment.

2.4. Fuzzy Application in WSNs

In [66], a fuzzy diffusion scheme is proposed for single-sink networks which is

an energy optimization on the directed diffusion scheme. Fuzzy diffusion shifts the

energy cost of data forwarding to nodes having high residual energy or less data, while

still achieving an energy-balance in the network. Low energy nodes with heavy traffic

have reduced data forwarding burden and spend most of their power in sensing and

communicating their sensor data, thus seeking to achieve network longevity. In [67],

a fuzzy-based decision-making mechanism is proposed for selecting data dissemination

protocols in WSNs, which aims to select the most efficient protocol considering the

network performance and application-specific requirements. The mechanism relies on

performing simulations and on defining and executing a two-tier fuzzy system. First,

well-known WSN protocols are simulated over different scenarios and application re-

quirements are fed to a knowledge base. Then, a set of fuzzy systems are built based

on the simulation results. In [68] fuzzy logic is used to assign weights to edges using
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lifetime membership and minimum energy membership values in a routing request. A

fuzzy multi-objective aggregation function is used to compute the weight of an edge

and the data is sent along the minimum weight path. This work is improved in [69]

by adding source-to-sink delay membership value for a path. A similar approach is

followed in [70] where a a group of nodes is managed by a gateway node in a cluster-

based architecture. Gateway periodically invokes a fuzzy routine to determine the

energy cost of a link between any two sensor nodes. Once the costs of all possible links

to the gateway are computed, the route is determined by a shortest path algorithm.

In [71], the routing is optimized using a fuzzy inference system considering different

cost functions such as distance, remaining battery power, and link usage in selecting

the next hop node among multiple candidates. A second two-layer inference system

is proposed for hierarchical networks. The studies in [72] and [73] are similar to the

proposals in [66] and [68] respectively.

In [74], new metrics are developed to detect congestion in each node by consid-

ering the queue lengths and channel conditions observed in the one-hop neighborhood.

Based on the estimated level of congestion, each node applies dynamic rate adapta-

tion via fuzzy control and probabilistic load balancing among the one-hop neighbors

to avoid the creation of congestion and bottleneck nodes.

In [75], an algorithm for route selection is proposed for WSNs containing multiple

sinks where the sensor nodes use a fuzzy inference machine in order to select the most

appropriate sink. The algorithm tries to extend the network lifetime by avoiding bad

routes during packet delivery by accounting the lowest energy level in the path and the

number of hops.

MLBRF decides locally the most appropriate sink for data delivery by combining

local dynamic congestion indicators in the neighborhood of a sensor such as the number

of contenders and the buffer occupancy levels with the distances of candidate relays

using a low-complexity fuzzy inference system. The aim of MLBRF is the effective

distribution of the load among the sinks generated upon detection of a target. Contrary

to the tree based static load balancing or pre-delivery path constructing alternatives,
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MLBRF makes per-hop decisions on determining the next hop by using cross layer

buffer-occupancy information to provide reliable, fast and energy efficient video delivery

via load balancing.
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3. LOAD BALANCED RELIABLE FORWARDING

In this chapter, we propose a new cross-layer geographic routing scheme called

LBRF (Load Balanced Reliable Forwarding) which integrates network and MAC layers

to provide reliable and energy efficient data delivery in WSNs. The main idea of LBRF

is to consider the buffer occupancy level information of candidate relay sensors while

routing a video frame with the aim of delivery to the sink. In LBRF, each sensor

passively monitors and stores the buffer occupancy condition of its candidate relay

sensors by a simple reporting mechanism. Sensors report their current buffer occupancy

condition to their neighbors by simply piggybacking the related information to each

MAC layer packet. Neighbors overhearing the packets, stores the related information

for further use in a possible frame delivery. In each decision of a relay selection, sensors

try to provide dynamic load balancing among their candidate relays by evaluating their

stored buffer occupancy information. In this way, buffer occupancy levels of the sensors

are kept in a lower level and more available buffer space is left for video frames which

will be created upon detection of an unpredictable event.

The primary objective of LBRF is the reliable transportation of the generated

video frames in the network which are important for the performance of the application

that the video sensors are deployed for. However, energy expenditure and the latency

are also taken into consideration in the design of LBRF. For improving the latency,

LBRF tries to maximize the advancement towards the sink by selecting the candidate

relay among the neighbors providing the best contribution to the load balance in the

neighborhood. For improving the energy expenditure, LBRF utilizes SMAC [76] as the

underlying MAC protocol, which primarily aims to reduce the energy consumption in

wireless sensor networks . For further improving reliable delivery and energy expendi-

ture, LBRF applies a cancellation mechanism which is a kind of handshake embedded

in SMAC. In a sensor, stored buffer occupancy information related to a neighbor may

be stale, and that neighbor, which actually has no available buffer space, may be se-

lected as the load balancing sensor in the decision of a frame delivery. When the sender

node issues an RTS to that neighbor and receives the corresponding CTS, it infers from
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the piggybacked buffer occupancy information that the relay has no buffer space and it

cancels the delivery of the frame. In addition to the cancellation mechanism, a sensor

that has no candidate relay with available buffer space is refrained from delivering its

packets which relieves the contention of the neighbors in accessing the medium.

In LBRF, the important factors determining the quality of the relay selection

decision in terms of load balancing, is the time of the decision and the accuracy of

the stored buffer occupancy information belonging to the neighbors. When the relay

for a frame is decided in the routing layer, the conditions in the neighborhood may

have totally changed at the time of delivery due to possible waiting in the buffers.

Hence, LBRF decides the relay for a frame in the MAC layer just before the contention

for the medium to enhance the quality of the decision. On the other hand, SMAC

creates some difficulties which negatively affects the accuracy of the monitoring the

buffer occupancy conditions of the neighbors. In the design of SMAC, overhearing is

identified as one of the major sources of energy waste, which is the reception of packets

that are destined to other nodes. SMAC utilizes an overhearing avoidance mechanism

to reduce the energy waste. However, the accuracy of the reporting mechanism of LBRF

decreases because of the overhearing avoidance mechanism which prevents neighbors

to acquire some of the packets containing the current buffer occupancy conditions of

the senders and to update their records with the fresh information. Hence, we modified

the operation of SMAC, especially the overhearing avoidance mechanism, in order to

enable the neighbor nodes to acquire the required packets and to increase the accuracy

of the monitoring. In Section 3.3, we will give a detailed explanation of the modified

SMAC together with a summary of the original SMAC.

As a geographic routing scheme, LBRF uses the location information of the sen-

sors in relay selection. LBRF assumes that each sensor knows its location and acquires

its neighbors’ positions through a neighbor discovery process. It also assumes that the

sensors possess the location information of the sink. The location information of the

neighbors is stored in a table called Neighbor Information Table (NIT). This table also

stores the buffer occupancy level information of neighbor nodes. In order to report the

current buffer occupancy condition, nodes piggyback their current buffer occupancy
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information to each SMAC packet. On hearing these packets, each neighboring sensor

updates the corresponding entry in its NIT with the fresh information, even if the

received packets are not destined to it. In this way, each node passively monitors the

buffer occupancy levels of its neighbors. In addition, the reception time of the last

received packet from a neighbor is also recorded and updated in NIT following the

receptions. If for a sufficiently long time no packet is received from a neighbor, than

that node is accounted to be unreachable and it is not considered as a candidate in the

further relay selection processes.

3.1. Relay Selection in LBRF

The routing strategy works by classifying the neighbors of a node into two distinct

groups with respect to their distances to the sink. The forward region of a node is the

area in the transmission region of a node which provides positive advancement towards

the sink. The remaining area is called as the backward region. If the distance of a

node to the sink node is d, the distance of a neighbor node to the sink node is dn and

the transmission radius of a node is rt; then the forward region of a node contains the

neighbors satisfying 0 < (d− dn) ≤ rt and the backward region contains the neighbors

satisfying −rt < (d − dn) ≤ 0 (Figure 3.1a).
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Figure 3.1. Neighbor classification and a sample relay selection in LBRF.
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1: procedure SearchForCandidateRelay(N ,NIT ,class,region,relay)

2: Nc ← ∅

3: for all n ∈ N do

4: if (NIT (n).class = class ∧ NIT (n).region = region) then

5: Nc ← {n} ∪ Nc

6: end if

7: end for

8: bocmin ← ∅

9: bocmin ← argmin
n∈Nc

(NIT (n).boc)

10: relay ← argmin
n∈ bocmin

(NIT (n).disttosink)

11: return relay

12: end procedure

13: procedure DetermineRelay(selfclass,relay)

14: relay ← 0

15: if (selfclass = 1 ∨ selfclass = 3) then

16: region ← FORWARD

17: else if (selfclass = 2 ∨ selfclass = 4) then

18: region ← BACKWARD

19: end if

20: if (selfclass = 1) then

21: SearchForCandidateRelay(N,NIT, 1, region, relay)

22: else

23: SearchForCandidateRelay(N,NIT, selfclass − 1, region, relay)

24: if (relay = 0) then

25: SearchForCandidateRelay(N,NIT, selfclass, region, relay)

26: end if

27: end if

28: return relay

29: end procedure

Figure 3.2. Pseudo-code for the relay selection mechanism of LBRF.
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If a node does not have any neighbor in the forward region, it is called as a

dead-end. The handling of the dead-end problem will be explained in the following

subsection. In case of a frame delivery, a proper relay node is searched in the first

group of neighbors. The relay node for a frame is chosen with respect to the buffer

occupancy levels of the nodes and the distances of the nodes to the sink node. The

candidate nodes are primarily sorted according to their buffer occupancy levels from

the smallest to the largest. A sensor is excluded from this group if its buffer occupancy

level is not enough to store the frame to be delivered. The relay node is chosen as the

one with the minimum distance to the sink among the neighbors with the lowest buffer

occupancy level at the time of delivery (Figure 3.1b). In this way, while minimizing

the average buffer occupancy and providing load balancing in the neighborhood, LBRF

tries to maximize the advancement towards the sink. A pseudo-code of relay selection

in LBRF is presented in Figure 3.2. Routing classes are introduced to provide a solution

for the problem of routing around dead ends, which will be discussed in the following

section.

3.2. Routing Around Dead-Ends in LBRF

Geographic routing strategies should deal with possible dead-ends caused by con-

nectivity holes (Figure 3.3). There are some solutions [15, 77, 78] which are effective

in bypassing dead ends. For example, GPSR [15] deals with dead-ends by means of

making the network topology graph planar and by using “face routing”. In [79], an effi-

cient non-planar routing technique around dead-ends in sparse topologies is proposed.

The authors also proved that their technique finds loop-free routes. In our routing

scheme, we provide a sender-based adaptation of this receiver-based technique to deal

with possible dead-ends.

Let us call the forward region of a sensor’s coverage area as F and, and the

backward region of a sensor’s coverage area as B. In addition, let C1, . . . , Cn be a set of

n routing-classes that sensors assign themselves according to their routing abilities. The

routing class of a node determines the region (F or B) to search candidate relays, and

the routing classes that these candidate relays should belong to. The relay is determined
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Figure 3.3. Illustration of the dead-end problem.

among the set of candidate relays using the buffer occupancy and distance based relay

selection mechanism as described in Figure 3.2. The routing-class information of the

neighbors of a sensor is acquired by a simple reporting mechanism as before and stored

in NIT. In order to report the current routing-class, nodes piggyback routing-class

information to each MAC layer packet. On hearing the packet, each neighboring sensor

updates the related routing class information with the fresh one, even if the received

packet is not destined to it. In this way each node has information about the routing-

classes of its neighbors.

The routing class of a node is determined based on the gathered routing class

information. In case of any change in the routing class information from a neighbor,

a node checks and updates its routing class accordingly (Figure 3.4). In that way,

these changes iteratively diffuse in the network over time and the routing classes in

the network reach to a steady state. The routing class of a node is updated either

in the initialization phase or in case of a topological change in the network such as

energy depletion, sensor destruction or a long-term communication disruption. If for

a sufficiently long time no packet is received from a neighbor, than the routing class
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1: procedure UpdateSelfRoutingClass(N ,NIT ,selfclass)

2: selfclass ← 1

3: for all n ∈ N do

4: if (NIT (n).class = 1 ∧ NIT (n).region = FORWARD) then

5: return selfclass

6: end if

7: end for

8: selfclass ← 2

9: for all n ∈ N do

10: if ((NIT (n).class = 1 ∨ 2) ∧ NIT (n).region = BACKWARD) then

11: return selfclass

12: end if

13: end for

14: selfclass ← 3

15: for all n ∈ N do

16: if ((NIT (n).class = 2 ∨ 3) ∧ NIT (n).region = FORWARD) then

17: return selfclass

18: end if

19: end for

20: selfclass ← 4

21: return selfclass

22: end procedure

23: procedure ProcessPacketFromNeighbor(packet)

24: NIT (packet.nodeid).boc ← packet.boc

25: if (NIT (packet.nodeid).class 6= packet.class) then

26: NIT (packet.nodeid).class ← packet.class

27: UpdateSelfRoutingClass(N,NIT, selfclass)

28: end if

29: end procedure

Figure 3.4. Pseudo-code for the routing class updates upon packet reception.
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of that node is stored as C0 in NIT. The neighbors of class C0 are assumed to be dead

and are not involved in any routing decision. A node determines its neighbors that

belong to C0 at the time of each frame delivery by controlling the last packet reception

times in the NIT and reevaluates its routing class.

The initialization phase is started after deployment. At the beginning, all nodes

that have neighbors in F assign themselves to class C1 and all nodes that do not have

neighbors in F assign themselves to class C2 (Figure 3.5). The sink node also assigns

itself to class C1. A C1 node has a route to the sink involving only C1 nodes, and all

nodes in other classes try to find a route to a C1 node. All nodes of class C1 search for

candidate relays among the C1 nodes in F . If a C1 node determines that there remains

no C1 neighbors in F , it updates its routing class as C2. The nodes of class C2 handle

the packets that they generate or receive according to a different rule: the packet is

sent away from the sink selecting a node located in B, preferably of class C1 or of class

C2 (if a C1 node does not exist in B).

1: procedure InitializeClassInformation(N ,NIT ,selfdisttosink,selfclass)

2: selfclass ← 2

3: for all n ∈ N do

4: distdiff ← (selfdisttosink − NIT (n).disttosink)

5: if (distdiff > 0) then

6: NIT (n).region ← FORWARD

7: selfclass ← 1

8: else

9: NIT (n).region ← BACKWARD

10: end if

11: NIT (n).class ← 1

12: end for

13: return selfclass

14: end procedure

Figure 3.5. Pseudo-code for the initialization of routing classes.
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Now, if a C2 node determines that there remains no neighbor in B that is of class

C1 or of C2, than it updates its routing class as C3. In this case, nodes of class C3

do not have C1 neighbors but may have a C2 neighbor which is located in F . The

nodes of class C3 try to find a route for their packets by selecting a node located in F ,

preferably of class C2 or of class C3 (if a C2 node does not exist in F ). If even a node

of class C3 determines that there remains no neighbor in F that is of class C2 or C3,

than it updates its routing class as C4. Similar to the nodes of class C2, the nodes of

class C4 try to route their packets by selecting a node located in B, preferably of class

C3 or of class C4 (if a C3 node does not exist in B).

This mechanism may be generalized for an arbitrary number of routing classes n.

Any node of class Ck, k ≤ n always searches a candidate relay preferably of class Ck−1

or of class Ck which is located in B for k even, and in F for k odd, with the exception

of C1 nodes, which always look for other nodes of class C1 which are located in F . As

a general rule, a greater number of routing classes allows more nodes to find a route

toward the sink. However, it is shown in [78] that four routing classes are sufficient to

handle most situations.

The routing classes in a sample scenario with five sensors is illustrated in Fig-

ure 3.6. In this scenario, the node A determines its class as C1 since the sink is located

in its forward region (Figure 3.6b). The node B also determines its class as C1 since

node A, which also belongs to class C1, is located in its forward region (Figure 3.6c).

The node C has no neighbors of class C1 in its forward region. It determines its

routing class as C2, since node B, which is a C1 node, resides in its backward region

(Figure 3.6d). The node D has no C1 neighbors in its forward region and has no C1 or

C2 neighbors in its backward region. It determines its routing class as C3, since node

C, which is a C2 node, resides in its forward region (Figure 3.6e). Similarly, the node

E has no C1 or C2 neighbors in its forward and backward regions. It determines its

routing class as C4, since node D, which is a C3 node, resides in its backward region

(Figure 3.6f).
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3.3. Modification of SMAC

The functionality of LBRF depends on the accurate monitoring of the buffer

occupancy conditions of the sensors in the neighborhood. In order to report the current

buffer occupancy condition of a sensor via SMAC packets, the structure of SMAC

packets (RTS, CTS, DATA, ACK, SYNC) is modified to contain the BOC (Buffer

Occupancy Condition) entry. At the time of each delivery, the current buffer occupancy

condition is embedded by SMAC in the BOC entry of the packet. The sensors that

receive any of these packets from their neighbors update their NIT with the BOC

information extracted from these packets.

In addition, the operations of SMAC in the sender and the receiver of a data

delivery are also modified. Upon reception of any packet destined to it, a node updates

the BOC information extracted from the packet in NIT. If the destination of an RTS

packet has available buffer space to receive the amount of data indicated in the RTS

packet, the normal SMAC operation is performed. Otherwise, the node receiving the

RTS packet sends the CTS packet and switches to the SLEEP mode for the current

cycle. Such CTS message is referred as NCTS (Negative CTS) indicating that the

frame delivery should be cancelled. The destination of the CTS message infers that

the current buffer space of the source of CTS message is not adequate to store the data

requested to be delivered. Accordingly, it cancels the delivery of data and switches to

the SLEEP mode. This type of RTS-CTS exchange is called as an unsuccessful RTS-

CTS exchange. The sender of RTS message retries delivery in the subsequent cycle

by starting the RTS-CTS exchange with a new relay for the corresponding data. The

operation of SMAC in response to an unsuccessful RTS-CTS exchange is called as the

cancellation mechanism. Instead of cancelling the transmission, either the sender or

the receiver can retry transmission in the current cycle. However, such modifications

increase the complexity of the original SMAC transmission scheme which allows only

one contention per cycle, but provide a slight increase in the efficiency where the

observation of NCTS messages is infrequent.

As we previously stated, the overhearing avoidance mechanism of SMAC prevents
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neighbors to receive packets from ongoing communication activity that they are not

involved in and to update their NIT with the fresh information. Since it prevents

the neighbors to receive the NCTS message, they also cannot infer that an RTS-CTS

exchange is unsuccessful, which causes these neighbors to sleep till the expected end of

communication as a side effect of the virtual carrier sensing mechanism of SMAC. The

problem is crucial especially when the message passing feature of SMAC is enabled.

In that case, the neighbor nodes which have not realized an unsuccessful RTS-CTS

exchange, record that the medium will be busy till all the fragments of a message is

delivered. In order to overcome these problems, the overhearing avoidance mechanism

should be relaxed and the virtual carrier sensing mechanism should be modified. In

addition, when the message passing feature enabled, SMAC should be modified for the

overhearing nodes to estimate the final buffer occupancy conditions of the sender and

the receiver of a message without overhearing all the fragments.

The knowledge about the buffer occupancy information of some neighbors may

still be stale in cases where the node cannot overhear some packets from those neighbors

or where new packets are created at those neighbors after their last successful trans-

mission. The fresh BOC information synchronizes the NIT with the buffer occupancy

condition of the source of the received packet.

In the following subsections, we will summarize the original SMAC [76] and then

describe the modifications in overhearing avoidance and virtual carrier sensing mech-

anisms of SMAC together with the estimation mechanism of overhearing nodes when

the message passing feature is enabled.

3.3.1. Original SMAC

SMAC protocol is a medium access control (MAC) protocol for wireless sensor

networks that enables low-duty-cycle operation on nodes in a multi-hop network by

periodically putting nodes into sleep state. The basic scheme is that each node sleeps

for some time, and then wakes up and transmits its buffered packets or listens to

see if any other node wants to communicate with it. Nodes exchange their schedules
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by periodically broadcasting a SYNC packet to their immediate neighbors and form

virtual clusters.

SMAC adopts virtual and physical carrier sense, and the RTS/CTS exchange for

the hidden terminal problem. The duration of the remaining transmission is indicated

in each transmitted packet. If a node receives a packet destined to another node, it

determines the duration to keep silent from this field. The node records this value in

a variable called the network allocation vector (NAV) and sets a timer for it. Before

initiating a transmission, a node first checks its NAV. If its value is not zero, the node

determines that the medium is busy. This is called virtual carrier sense. Physical

carrier sense is performed by listening to the channel for possible transmissions, by

selecting a random contention slot within a contention window to avoid collisions and

starvations. The medium is determined as free if both virtual and physical carrier sense

indicates that it is free. If a node fails to access the medium, it goes to sleep and wakes

up when the receiver is free and listens again. Broadcast packets are sent without using

RTS/CTS. Unicast packets follow the sequence of RTS/CTS/DATA/ACK between the

sender and the receiver. After the successful exchange of RTS and CTS, the two nodes

will use their normal sleep time for data packet transmission. They do not follow their

sleep schedules until they finish the transmission.

Overhearing is the reception of packets that are destined to other nodes. SMAC

tries to avoid overhearing by letting interfering nodes go to sleep after they hear an

RTS or CTS packet. Since DATA packets are normally much longer than the control

packets, the approach prevents neighboring nodes from overhearing long DATA packets

and following ACKs.

SMAC applies message passing to reduce application-perceived latency and con-

trol overhead. A message is the collection of meaningful, interrelated units of data.

SMAC fragments the long message into many small fragments, and transmit them in

a burst to decrease the penalty of accumulated contention latency for individual frag-

ments. Only one RTS packet and one CTS packet are used. They reserve the medium

for transmitting all the fragments. Every time a data fragment is transmitted, the
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sender waits for an ACK from the receiver. If it fails to receive the ACK, it will extend

the reserved transmission time for one more fragment, and re-transmit the current

fragment immediately.

3.3.2. Modification of SMAC Operation in Overhearing Nodes

A node which overhears a packet from an ongoing communication cannot infer

the success of the transmission because of the overhearing avoidance mechanism of

the original SMAC protocol. However, the accuracy of the monitored buffer occu-

pancy information of the neighbors in a node depends on the inference that a frame

transmission around the node will be successful or not. The aim of the modifications

applied to the original SMAC is to make sure that a node will estimate and update the

end-of-transmission buffer occupancy conditions of the sender and the receiver nodes

using the current BOC information only when the RTS-CTS exchange is realized to be

successful. For this purpose, the overhearing avoidance mechanism of SMAC is relaxed

not to put the overhearing nodes into SLEEP mode till they infer that the RTS-CTS

exchange is successful.

The listen period of the SMAC protocol is modified as illustrated in the flowchart

given in Figure 3.7: As the idle period starts, the sensor starts to listen to the medium

for possible incoming or ongoing transmissions till the SLEEP interrupt is received. In

case of any packet reception, the source, the destination, the type of the packet, the

duration of the whole transmission and the buffer occupancy information is gathered

from the packet. Either destined to itself or not, upon reception of any type of packet,

a node updates the current buffer occupancy information of the source of the packet.

In addition, it calculates the number of data packets to be transmitted / received by

using the duration field of a packet. If the received packet is destined to itself, the node

waits for possible extra packets depending on the type of the received packet and the

duration of the transmission.

If the packet is overheard from an ongoing communication, then the following

actions are taken depending on the type of the received packet:
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Figure 3.7. Operation of modified SMAC in overhearing nodes.
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If a node overhears an RTS packet from a neighbor, it creates an entry in the

WaitList containing the type of the next packet expected to be received in this commu-

nication and the address of the expected source. This list is created in order to identify

multiple communications that does not interfere with each other around that node.

WaitList is necessary to update the buffer occupancy information for the receiver of

the transmission, once the frame transmission takes place in that communication. For

this purpose, it checks the destination of the packet. If the destination is a neighbor

of the node, it is possible for the node to overhear the CTS message. An entry in

the WaitList is created regarding that CTS will be received from the destination. The

NAV value is set as the expected time to receive a CTS packet.

If the destination of the RTS packet is not a neighbor of the overhearing node, then

the destination node is hidden from the overhearing node. Hence, an entry regarding

that a DATA packet will be received from the source node is created in the WaitList to

understand that frame transmission takes place. The NAV value is set as the expected

time to receive a DATA packet.

If a node overhears a CTS packet from a neighbor, it checks the WaitList for the

relevant entry regarding the received packet, and removes the entry, if exists. Next, it

inspects the duration field of it in order to determine whether the node has available

buffer space for the data packets requested to be sent by the source of the RTS packet.

The node overhearing a CTS packet updates the buffer occupancy information of the

source of the CTS as it has received the packets. If the destination of the RTS packet

is also a neighbor of the node, the node updates the buffer occupancy information of

the source of the RTS as it has transmitted the packets. The node also sets NAV as

the time required to finalize the transmission of the packets. If the overheard packet

is NCTS, the buffer occupancy information of the sources of the RTS and the CTS

packets is not updated and the NAV value is not altered.

If a node overhears a DATA packet from a neighbor, it checks the WaitList for

the relevant entry regarding the received packet, and removes the entry, if exists. Next,

the node updates the buffer occupancy information of the source of the DATA as it
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has transmitted the packets. The node also sets NAV as the time required to finalize

the transmission of the packets.

If a node overhears an ACK packet, the node updates the buffer occupancy

information of the source of the ACK as it has received the packets. The node also

sets NAV as the time required to finalize the transmission of the packets.

Subsequently, in each case, the node goes into SLEEP mode either when the

WaitList is empty or when the SLEEP interrupt is received due to its normal sleep

schedule regardless of the contents of the WaitList. The contents of the WaitList are

removed before the node goes into SLEEP mode.

3.3.3. BOC Estimation Mechanism

When an overhearing node infers that an RTS-CTS exchange of its neighbors is

successful, the BOC of the neighbors involved in communication should be estimated

and the relevant entries in NIT should be updated prior to setting the NAV value

to the end of transmission and putting the node into SLEEP mode. The estimation

mechanism uses the information stored in the duration field in the overheard packet that

indicates the duration of the remaining transmission. The operation of the estimation

mechanism is given in Figure 3.8.

The accuracy of the buffer occupancy information of the neighbors monitored by

a sensor is presented in Table 3.1. The simulation scenario and simulation parameters

are provided in the performance evaluation section. The presented results are obtained

when the sensors use the LBRF scheme. At the time of frame delivery, each sensor

compares the BOC information of the source of the CTS message in the NIT with

the actual value of the BOC extracted from the received CTS message. The related

statistics are collected in the overall network. The accuracy results in Table 3.1 rep-

resent the percentage of the number of equalities observed in all BOC comparisons.

As the frame rate of the application increases, we observe a decrease in the accuracy

of the monitored buffer occupancy information. Since the frame creation rate is high,
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1: procedure EstimateBOC(NIT ,packet)

2: currentboc ← NIT (packet.nodeid).boc

3: if (packet.type = RTS) then

4: estimatedboc ← currentboc −
(

(packet.td)c−SIZE(RTS)
SIZE(DATA)+SIZE(ACK)

)
5: else if (packet.type = CTS ∨ packet.type = ACK) then

6: estimatedboc ← currentboc +
(

(packet.td)c
SIZE(DATA)+SIZE(ACK)

)
7: else if (packet.type = DATA) then

8: estimatedboc ← currentboc −
(

(packet.td)c−SIZE(ACK)
SIZE(DATA)+SIZE(ACK)

)
9: end if

10: NIT (packet.nodeid).boc ← estimatedboc

11: end procedure

c: Channel capacity in bits/sec

td: Remaining transmission duration after reception in sec

SIZE(·): Size of a packet in bits

Figure 3.8. Pseudo-code for the BOC estimation mechanism.

the buffer occupancy condition of neighbors rapidly changes in case of event detection.

This change results with an inconsistency between the stored and the actual buffer

occupancy information of the destination sensor node, since the packet creation rate

is higher than the update rate of the buffer occupancy information performed upon

overhearing any packet from the destination sensor. This phenomenon causes the ac-

curacy results to be less than 100% for all frame rates in the simulations. However,

the accuracy rates are observed to be at least almost 95%.

Table 3.1. Accuracy of the monitored buffer occupancy information.

Frame Rate Accuracy

3 fps 0.970

4 fps 0.954

5 fps 0.950

6 fps 0.949
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3.3.4. Discussion on the Cost of the Modifications

The aim of the modifications in SMAC operation is to relax the overhearing

avoidance mechanism not to put overhearing nodes into SLEEP mode till they infer

that RTS-CTS exchange is successful. In other words, the awake time of a node in

the listen period is extended in the cases when there occur communication in the

neighborhood of the node. Hence, actually, the modifications do not put extra burden

on a node in terms of computation and memory usage, but it increases the energy

expenditure of a node due to longer awake times and overhearing some extra packets.

Different than the original SMAC, the modified version operates on a table called

NIT, which stores location information, distance to sink information, buffer occupancy

level information, the routing class and region information of the neighbors. In addi-

tion, the reception time of the last received packet from a neighbor is also stored in

NIT. The space complexity of this table is O(N2) for small N and O(N) for large N ,

where N is the number of neighbors of a node. In the modified version, buffer occu-

pancy level, routing class and last reception time entries are updated upon reception of

a packet from a neighbor. The computational complexity of the update operation is at

most O(N), which is composed of a search in the table and update fields operations. If

the routing class of a neighbor extracted from a packet is different than the stored class

in NIT, the node recalculates its self routing class. The complexity of this operation is

also O(N), which may require one or more search operations on NIT (Figure 3.4).

The modified version perform some operations on a list called WaitList, depending

on the type of the packet received from a neighbor. The length of this list is at most

N . Hence the complexity of adding an element to the list or removing an element from

the list operations is O(N). In some cases, the destination of the packet is checked for

inclusion in the neighbor list which requires a search operation in NIT of complexity

O(N). Estimation of buffer occupancy conditions of the neighbors is an O(1) time

operation. Hence, the complexity of the operations branched depending on the packet

type (Figure 3.7) is O(N), concluding the overall complexity of the modifications to

be O(N).
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We explain energy cost of the modifications with an illustrative scenario presented

in Figure 3.9. In that scenario, where rt is the transmission range, the node A want

to transmit a video frame to node B. R1 is the region where the nodes can hear the

packets from only node A, and R3 is the region where the nodes can hear the packets

from only node B. The nodes in R2 region can hear the packets transmitted by A and

B.

In the original SMAC, when the node A transmits the RTS packet to node B,

the nodes in region R1 and R2 go to SLEEP mode upon overhearing of the RTS

packet. The nodes in region R3 go to SLEEP mode when they overhear the CTS

packet transmitted by node B as a reply to the RTS packet. In the modified version of

SMAC, when the node A transmits the RTS packet to node B, the nodes in region R1

do not go to SLEEP mode until they overhear the first DATA packet transmitted by

node A. Hence, extra energy consumption of the nodes in R1 is due to idle listening

during the time between the overhearing of RTS and DATA packets, and reception of

a DATA packet. The nodes in region R2, also, do not go to SLEEP mode until they

overhear the CTS packet transmitted by node B. Hence, extra energy consumption of

the nodes in R2 is due to the idle listening during the time between the overhearing of

RTS and CTS packets, and the reception of a CTS packet. There is no extra energy

consumption of the nodes in R3 since in each version they go to SLEEP mode as soon

as they overhear a CTS packet from node B, since it contains adequate information

for them to infer the success of the transmission.
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Figure 3.9. A scenario illustrating the overhearing regions during a transmission.
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Although, we do not provide a separate analysis for the energy cost of the modifi-

cations, the energy consumption comparison of the routing algorithms that use original

and modified SMAC is presented in Section 3.5.3. In order to ease the understanding

of the energy expenditure results, we will define the energy expenditure properties of

SMAC in the following section.

3.3.5. Energy Consumption Properties of SMAC

The basic scheme of SMAC [76] described in Section 3.3.1 is illustared in Fig-

ure 3.10. Each node sleeps for a duration of Tsleep and then wakes up to see if any other

node wants to talk to it. During the SLEEP period, the node turns off its radio, and

the energy consumption parameter of the node in that period is the SLEEP power. The

complete cycle of awake and sleep is called a frame. The awake interval is composed of

synchronization and listen periods. Each period has a contention window with many

time slots for senders to perform carrier sense. For example, if a sender wants to send

a packet (SYNC or DATA), it starts carrier sense when the receiver begins listening.

It randomly selects a time slot to finish its carrier sense. If it has not detected any

transmission by the end of that time slot, it wins the contention and starts sending its

packet. During carrier sensing the energy consumption parameter of SMAC is IDLE

power, whereas the related parameters in data transmission and data reception are TX

power and RX power. At the end of the data transmission, the communicating nodes

sleep until the beginning of the subsequent SMAC frame.

Energy consumption of a node that uses SMAC as the underlying MAC protocol

is highly related with the durations of the synchronization, listen and sleep periods.

Typically, the duration of synchronization (Tsync) and listen periods (Tlisten) are de-

termined as the time required for the contention window in that period plus the time

required to send a SYNC packet or the time required to send RTS and CTS packets,

SYNC RTS CTS DATA ACK DATA ACK

Sync Period

CW for Sync

Listen Period

CW for DATA

Sleep Period

Transmission duration (ttr) CW for Sync

Figure 3.10. Frame structure of SMAC.
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respectively. The duty cycle (rdc) is a system parameter for SMAC and is defined as

the ratio of the awake interval (Tactive) to the frame length (Tframe). The size of each

period is normally fixed according to physical-layer and MAC parameters such as the

radio channel bitrate (c) and the contention window sizes for the data period (W ) and

the SYNC period (Ws). The frame length and the duration of the sleep period can be

calculated as:

Tframe = Tactive/rdc

= (Tsync + Tlisten) /rdc

= ((Ws − 1)tslot + tSY NC

+ (W − 1)tslot + tRTS + tCTS) /rdc (3.1)

Tsleep = Tactive(1 − rdc)/rdc

where tslot, tSY NC , tRTS, tCTS are the durations for a single contention slot and the

packets of SMAC in a channel of bitrate c in terms of bits per second.

3.4. Discussion on the Cost of LBRF

The operation of LBRF is based on the information stored in NIT, the entries

of which is updated by the modified SMAC. As we discussed in Section 3.3.4, the

space complexity of NIT is O(N2) for small N and O(N) for large N , where N is the

number of neighbors of a node. The pseudo-code of relay selection mechanism given in

Figure 3.2 will be used in the determination of the computational complexity of LBRF.

According to the pseudo-codes the actual computation is done in the first procedure. In

that procedure there is a search operation in NIT to determine the neighbors residing

in the delivery region. In addition there are two search operations to find the closest

neighbor to the sink in the delivery region with the minimum buffer occupancy level.

These three operations is implemented as a one pass traversal over NIT and using a

sorted list where the neighbors in the delivery region are inserted into the list according

to the buffer occupancy level (primary) and the distance to the sink (secondary). At

the end of the traversal, the neighbor node which is at the head of the list is going
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to be the relay node. Hence, the computational complexity of determining the relay

node is O(N) due to the O(N) time traversal operation over NIT and the sorted list

operations of maximum complexity O(N). The space complexity is also O(N) since

the length of the sorted list is at most N , and it operates on the elements of structure

type that contains node identity, buffer occupancy level and distance information.

The overhead of LBRF on the network is not considerable. LBRF uses no extra

control packet for its operation. Instead, it piggybacks buffer occupancy condition and

routing class information to each MAC layer packet, which results with an insignificant

increase in the length compared to the length of a data packet.

3.5. Performance Evaluation of LBRF

We evaluate the performance of LBRF routing scheme by comparing it with

GPSR (which is based on greedy forwarding) and two random forwarding schemes via

simulations using OPNET [80] in a target tracking video application scenario. In the

first random scheme, called random forwarding (RF), the relay for a frame is determined

randomly among the neighbors residing in the forward region of the sensor. In the

second random scheme, called weighted random forwarding (WRF), the neighbors in

the forward region are weighted in random selection with respect to their provision of

advancement towards the sink. In other words, in WRF the closest neighbor to the

sink can be determined as the relay with the highest probability whereas the closest

neighbor to the node can be determined as the relay with the lowest probability. The

comparison of LBRF and GPSR schemes enables us to assess the advantages of applying

load balance and the disadvantages of greedy forwarding. The comparison of LBRF

and the random forwarding schemes RF and WRF provides an assessment for the

necessity of cross layer assistance in load balancing.

We evaluated the performance of routing schemes using 10 different network

topologies with corresponding 10 different target trajectories where 200 video sensors

are uniformly deployed in a square shaped environment of each side 400 m. Two targets

are moving in the environment according to the random waypoint mobility model where
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the target speeds are 2 m/s and the pause times are 0 seconds. In each scenario, the

sink node is placed in the middle of the right side of the environment. The presented

values are the mean values of the results obtained in these 10 scenarios.

In the simulation, we assumed that the video sensors are capable of taking images

and compressing them with the cameras integrated on their hardware [81, 82]. Since

the size of the data transmitted is directly related to the size of the image, SQCIF

(128 x 96) format is assumed. The image module employs intra-frame encoding which

results in compressed images of size 10 Kbits. Predictive encoding alternatives such

as ISO MPEG and H.26x cannot practically be used in VSNs due to the high com-

plexity involved [2]. Distributed source coding techniques are promising alternatives

for encoding video in VSNs as they exploit the inter-frame redundancy with affordable

complexity in the sensor nodes [83]. However, due to the lack of practical implementa-

tions yet available, we resort to the JPEG compression available on the image module.

Table 3.2. Simulation parameters for the evaluation of LBRF.

Parameter Value

#Sensors/Area/Sink Loc. 200/400 m x 400 m/(400,200)

Data Packet Size 1000 bits

Video Frame Size 10 packets

Frame Rate 3,4,5,6 fps

Buffer Size 100 Kbits

Channel Rate 250 Kbps

MAC Layer SMAC (Message Passing)

Duty Cycle 15%

Contention Window Size 64 slots

Sensing Radius 30 m

Transmission Radius 60 m

Initial Energy 200 J

TX Power 81 mW

RX Power 30 mW

IDLE Power 30 mW

SLEEP Power 0.03 mW
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Generally, higher video quality is required for better VSN application performance.

Video quality can be adjusted in the system by varying the image resolution and the

camera frame rate. In our case, we fix the image resolution since a lower resolution may

not be tolerated by the identification application, whereas a higher resolution results

in frame sizes that cannot effectively be carried in the network. Therefore, in the simu-

lations the frame rate of the cameras on the sensors is varied to alter the video quality

throughout the network. Event triggered data generation is simulated where the trig-

gering event is the visual detection of a target. Since the cameras support background

subtraction feature, an image is produced only when the scenery changes significantly.

Hence triggering occurs when the target is within the camera detection range of 30 m

and is within the Field of View (FOV) of 52 degrees [3]. The communication ranges of

the video sensors are 60 m. Other simulation parameters are presented in Table 3.2.

The radio power consumption parameters are set as in [84], which are typical values

for Mica2 Mote sensors.

3.5.1. Frame Delivery Performance

Figure 3.11 presents the frame delivery performance and the efficiency of the

routing schemes in terms of successful frame delivery ratio and average frame rate

received by the sink respectively as compared to the video frame rate of the application.

When we compare the performance of LBRF and GPSR routing schemes in terms

of successful frame delivery to the sink in Figure 3.11a, we observe that LBRF outper-

forms GPSR. The two schemes achieve their maximum performance when the video

quality is at its lowest, where the delivery ratio of GPSR is 89.7% and the delivery

ratio of LBRF is 98.9%. The performances of the schemes for the maximum tested

video quality are 54.5% and 79.5% for GPSR and LBRF, respectively. As the video

quality increases, the performance gap between GPSR and LBRF widens from 11.2%

to 25%.

The main reason for the performance gap between GPSR and LBRF in Fig-

ure 3.11 is the difference between the loss rates of both schemes in the relay nodes.
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Figure 3.11. Frame delivery performance comparison: (a) Frame delivery ratio (b)

Perceived frame rate.
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Figure 3.12. Frame drop rate comparison: (a) Drop rate in the source (b) Drop rate

in the relay.
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In order to investigate the frame loss characteristics of these schemes, we analyze the

frame drop rates in the source and in the relay nodes (Figure 3.12). It is remarkable

that almost no frames are dropped in the relay nodes using LBRF, whereas the ma-

jority of the frame loss occurs in the relay nodes when GPSR is used (Figure 3.12b).

GPSR determines its relay node as the one which provides the maximum advancement

towards the sink in a greedy manner. The greedy approach results with the selec-

tion of the same sensor as the relay node by many sensors (Figure 1.1a). As a result,

these relay nodes are more likely to have higher buffer occupancy levels. The buffer

occupancy levels of these relays get higher when a target is detected by them. The

presented loss rates of GPSR are the result of the buffer overflows triggered by the high

buffer occupancy levels of the relay sensors. In contrast to GPSR, LBRF determines

its relay node as the one which provides the maximum advancement towards the sink

only among the sensors having the smallest buffer occupancy level which is available

to receive a video frame. In that way, each sensor tries to achieve homogeneity in the

buffer occupancy levels of its neighbors providing positive advancement, which sup-

plies considerably lower levels of buffer occupancy with respect to GPSR. Preserving

the homogeneity increases the probability for a node to find a relay with available buffer

space. Combined with the cancellation of delivery due to insufficient buffer space in the

destination, the loss rate in the relay nodes for LBRF is almost 0 for all quality levels,

which results with the survival of more frames relayed in the network. However, pro-

viding homogeneity increases the number of nodes containing frames in their buffers,

which as a result increases the number of nodes contending for the medium access in

the neighborhood. The increase in the number of survived frames increases the average

buffer occupancy levels of the sensors leaving less space for the frames to be created

and the increase in the number of contenders decreases the output rate of a sensor.

The joint effect of these two factors results with higher loss rates in the source nodes

for LBRF as compared to GPSR (Figure 3.12a). As the video quality increases, LBRF

utilizes more sensors as a relay, which increases the number of contending nodes. Since

the increase in the number of frames does not affect the relay selection of GPSR, the

performance gap between the loss rates in the source nodes of LBRF and GPSR gets

larger. On the other hand, since GPSR always utilizes the same relay node, increase in

the video quality results with an increase in the buffer occupancy level of these relay
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nodes which in turn results with an increase in the performance gap between the loss

rates in the relay nodes of LBRF and GPSR.

When we compare the performance of LBRF and the random forwarding schemes

in terms of successful frame delivery, we observe that LBRF outperforms both RF

and WRF schemes (Figure 3.11a). The loss rates in the relay nodes are almost 0

for all three routing schemes (Figure 3.12b). Hence, the difference between the frame

delivery ratios are due to the drop rates in the source nodes (Figure 3.12a). Loss results

show that LBRF provides more homogeneous and lower buffer occupancy levels in the

neighborhood of a sensor. As a result more space is left in LBRF for the frames to be

created as compared to RF and WRF schemes, which consequently decreases the loss

rate in the source. The difference between RF and WRF schemes is due to the higher

residence time of the frames in the network caused by shorter average advancement

towards the sink in relay determination in RF.
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Figure 3.13. Frame latency performance comparison.
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3.5.2. Frame Latencies

We compared the performance of the routing schemes in terms of mean delay of

frames successfully delivered to the sink in Figure 3.13. When we compare LBRF and

GPSR schemes for the minimum video quality, we observe the effects of the number of

contenders and the buffer occupancy levels to the frame delivery latency. When the load

is light, LBRF distributes the load among smaller number of neighbors in the forward

region, which decreases the number of contenders in the neighborhood with respect to

higher load conditions. In addition, we observe less accumulation in the buffers of the

contending sensors. In contrast to LBRF, multiple sensors determine the same node

as their only relay in GPSR resulting with less number of sensors selected as relay. As

a consequence, the number of contenders remains less than that of LBRF, which is a

positive factor for decreasing the delay in the network. However, higher accumulation

of frames is observed in the buffers of these relays, which negatively affects the network

delay performance. The effect of the number of contenders in LBRF is observed to have

less effect than the buffer accumulation in GPSR in light load conditions. As the video

quality increases, LBRF utilizes more neighbors in the forward region of a sensor, which

increases the number of contenders, whereas the number of contenders is constant for

all quality levels in GPSR. Since LBRF keeps more frames alive in the network as

shown in Figure 3.11a, more frames accumulate in the buffers of the utilized sensors.

Hence, as the video quality is increased in the network, we can observe that the delay

performance of LBRF is more affected by the increase in the number of contenders and

the increase in the buffer occupancy levels.

In the comparison of LBRF and the random forwarding schemes, we observe

that LBRF outperforms RF and WRF schemes for each video quality in terms of

frame delivery latency. The justification for the lower latency is the longer average

advancement towards the sink and the provision of more homogeneous and lower buffer

occupancy levels in the neighborhood in the determination of relays for the frames.
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Figure 3.14. Energy consumption comparison: (a) Energy expenditure per sensor

node (b) Energy expenditure per received frame.
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3.5.3. Energy Consumptions

We compared the performances of the routing schemes in terms of average energy

expenditure per sensor node and average energy expenditure in the network per frame

successfully delivered to the sink in Figure 3.14a and Figure 3.14b respectively. The

general behavior of the energy expenditure is observed to be decreasing as the video

quality increases. This interesting result, which is also mentioned in [85], is related

with the reduced idle listening duration due to the overhearing avoidance and virtual

carrier sensing mechanisms of SMAC. The overhearing avoidance mechanisms enables

the overhearing sensors to sleep earlier than the actual sleep time, while the virtual

carrier sensing mechanism prevents a node to wake up prior to the end of an ongoing

transmission. SMAC requires some nodes to follow multiple sleep schedules causing a

significant proportion of the nodes to stay awake much longer than the expected awake

period determined by the duty cycle [86]. Hence, such overhearing nodes which follow

more than one schedule continue to sleep in other schedules, where they would be awake

and wasting energy for idle listening in case of no transmissions in their vicinity. The

total energy conservation due to decreased idle listening in these overhearing sensors is

generally higher than the energy expenditure of the communicating nodes. Hence, as

the number of transmissions increases, the energy conservation in the network increases

because of the decreased idle listening [87]. The same argument holds for the modified

SMAC algorithm since it also applies an overhearing avoidance mechanism and a virtual

carrier sensing mechanism.

LBRF scheme operates with the modified version of SMAC in which the over-

hearing avoidance mechanism of SMAC is relaxed to put the nodes into sleep mode

later than the original SMAC in order to overhear more packets from the neighbors

containing fresh buffer occupancy information. Hence, the modified version of SMAC

increases the energy expenditure of the sensors. In addition, since more frames are

successfully delivered by LBRF, the energy expenditure for transmissions is higher as

compared to GPSR for any video quality. For lower video quality, LBRF causes the

sensors to spend more energy than GPSR. However as the video quality increases,

LBRF utilizes more sensors as a relay and the number of sensors in the vicinity of
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a transmission increases accordingly. Since the number of sensors utilized as a relay

is constant in GPSR for all video qualities, the gap between the energy expenditure

of these two protocols decreases as the video quality increases. Furthermore, LBRF

spends less energy than GPSR for the highest tested video quality, which implies that

the mentioned higher energy expenditures of LBRF are compensated by the increased

amount of sleep time all over the network. Note that, the lowest energy expenditure is

observed for the RF scheme. The highest residence time of the frames in the network

due to usage of RF results with the lowest duration spent for idle listening in the net-

work. As a consequence, the energy expenditure in the network is in the lowest level

for each video quality when the RF is used as the routing scheme.

Figure 3.14b presents the energy spent in the network per successful frame de-

livery which is a metric to assess the efficiency of energy consumption. We observed

previously in Figure 3.11b that LBRF outperforms GPSR in terms of average frame

rate delivered to the sink and the performance difference between the two schemes

becomes larger as the video quality gets better. Combining these results with those

in Figure 3.14a, we observe that LBRF utilizes the energy budget more efficiently

than GPSR for all video quality levels. Moreover, as the video quality increases, the

performance gap between the two schemes widens.

In the cross comparison of LBRF, RF and WRF schemes in terms of the energy

spent in the network per successful frame delivery, we observe that the three routing

schemes achieves similar performance where LBRF causes the network to spend slightly

less energy per successful frame delivery.

By assessing the performance comparison results in terms of frame delivery ra-

tio, frame latency and energy efficiency, we can conclude that load balancing is quite

beneficial compared to greedy forwarding. In addition, we can confirm that the cross

layer assistance in the provision of load balancing is advantageous, where the higher

frame delivery ratio is achieved with lower frame latency and lower energy expenditure

per successfully delivered frame.
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4. DIRECTIONAL LOAD BALANCED SPREADING

We propose a new cross-layer routing scheme called DLBS (Directional Load

Balanced Spreading) by combining the load-balancing approaches applied in LBRF

and DGR [17] routing schemes. The load-balancing approach in the LBRF scheme

aims to solve the problem introduced in Figure 1.1a. LBRF tries to establish an

efficient utilization of the available buffer space in the sensors, which provides positive

advancement towards the sink. By considering the buffer states of these sensors, it

tries to distribute the load equally among them. This approach locally improves the

survival of the routed packets as well as provides more available buffer space for the

traffic created by the sensor node itself. However, load balancing in a restricted zone

leads to an increase in the number of contenders which increases the average medium

access time. Hence, the accumulation of more frames in a higher number of contending

nodes results with increased cumulative waiting time of the frames, leading to an

increased average frame delay.

In contrast to LBRF, DGR scheme applies a direction-based load balancing ap-

proach by distributing the load on a sensor into predetermined multiple directions to

traverse over multiple possibly non-interfering paths converging to the sink. These di-

rections are determined by deviation angles defined as the deviation from the direction

of the sink (Figure 4.1). DGR divides a single video stream into multiple sub-streams

and each sub-stream is delivered in a round robin fashion over these paths. The par-

titioning of a video stream and the delivery of these sub-streams over disjoint paths

in a round-robin fashion provides a fair load distribution over these paths traversing

different regions of the network. This implicitly provides a spatial load balance in the

network. However, each of the paths in DGR are determined as in single-path static

routing schemes, and may suffer from the congestion problem presented in Figure 1.1a

in case of the existence of multiple source nodes in the network.

DLBS is a hybrid routing technique which combines the ideas in LBRF and

DGR to benefit from the advantages and to reduce the effects of the disadvantages
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Figure 4.1. Illustration of the paths determined by deviation angle α.

of both approaches. DLBS utilizes the round-robin angle selection strategy during

delivery of frames in each video source node to provide spatial load balancing. In

each direction, DLBS applies LBRF like routing mechanism to avoid the congestion

problem and to further improve the load-balance. In that way, DLBS aims to improve

the perceived quality of the video from several video sources by increasing the successful

frame delivery performance and decreasing the mean frame delay.

DLBS utilizes the buffer occupancy level information of candidate next hop sen-

sors in relay selection which is acquired by the simple piggybacking mechanism, as

in LBRF. Hence, DLBS works with the modified version of SMAC as the underlying

MAC layer protocol. The problem of routing around dead-ends is solved by adopting

the same mechanism in LBRF. The only difference is that the general DLBS scheme

is applied by only the nodes in the routing-class C1 and the nodes belonging to other

routing classes applies the general LBRF scheme. The directional routing approach in

DLBS is similar to the one in DGR. However, DGR requires node-disjoint path con-

struction from the source to the sink prior to the transmission of the video stream. In
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contrast to DGR, DLBS uses a hop by hop strategy in route establishment where the

next node in a path is determined in an ad-hoc manner considering the buffer occu-

pancy conditions of the candidate relay sensors at the time of delivery which provides

a more dynamic relay selection strategy.

4.1. DLBS Routing Mechanism

In DLBS, there are two main strategies that are utilized in the decision of a can-

didate relay for a frame. The first strategy is called as the angle based spreading (ABS)

and the second strategy is the LBRF scheme. The aim of ABS strategy is to deter-

mine the next hop node for a given DeviationAngle. In a source node, DeviationAngle

is selected from a set of predetermined deviation angles in a round-robin fashion per

successful frame delivery, which is inferred from a successful RTS-CTS exchange. The

angle of transmission is embedded in each packet of the frame for further reference by

the relay nodes in their routing decisions. In the relay nodes, ABS strategy adjusts

the deviation angle embedded in the packets of the frame in a hop-by-hop manner in

order to direct the frames towards the sink quickly after providing a spatial spreading.

The relay selection mechanism uses the adjusted deviation angle in the relay nodes. In

angle adjustment the relay nodes uses a variable called SrcToSinkHopCount. The value

of this variable is determined by the source node as the expected number of total hops

to the sink and recorded in the packets of the frame to be transmitted. SrcToSinkHop-

Count is calculated assuming the case where the network is dense and the route to the

sink can be established with the minimum number of hops, which is the ratio of the

distance to the sink to the communication range of the sensor.

ABS determines a candidate next hop node for a given deviation angle by con-

sidering the buffer occupancy levels and the distances of the nodes to the strategic

mapping location, which will be introduced in the following section. ABS utilizes an

LBRF-like strategy to determine the relay node for a frame. If ABS cannot determine

a relay in the direction of the current deviation angle either because of inexistence of

a sensor in that direction, or unavailability of the buffers of existent sensors, DLBS

applies the LBRF routing mechanism in order to find a suitable relay for the frame.
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If the SrcToSinkHopCount of a source or a relay node is smaller than or equal to two,

then nodes only use the LBRF, to avoid unnecessary spreading of the frames near the

sink.

4.2. Relay Selection in the ABS Strategy

ABS strategy tries to find a relay for a deviation angle (α) by rotating the XY

coordinate system to the XvY v virtual coordinate system and then rotating the XvY v

virtual coordinate system to the XmY m mapping coordinate system. In this section,

the deviation angle refers to the actual angle used in a source node or the adjusted

one used in a relay node. Initially, each node calculates the virtual coordinates [17]

of its neighbors, which are defined as the coordinates in the virtual two-dimensional

coordinate system where the node is the origin, and the X-axis is the line between the

node and the sink. If (xr
s, y

r
s) is the position of a node, (xr

n, yr
n) is the position of its

neighbor and (xt, yt) is the position of the sink, the virtual coordinates (xv
n, yv

n) of the

neighbor is calculated with the following rotation mapping:

 xv
n = cos(θ)(xr

n − xr
s) + sin(θ)(yr

n − yr
s),

yv
n = cos(θ)(yr

n − yr
s) − sin(θ)(xr

n − xr
s),

(4.1)

θ = arctan

(
yt − yr

s

xt − xr
s

)
(4.2)

ReferenceLine is defined as the straight line between the node and the sink,

and DeviationAngle (α) is defined as the angle that specifies how much a path is

expected to deviate from the ReferenceLine at the origin point. The DeviationLine

is acquired by rotating the ReferenceLine by α. The rotation of the position of the

sink around the sensor by α, which means the rotation of the virtual coordinate of the

sink around the origin by α, yields the position of the virtual sink, which is located at

the endpoint of the DeviationLine. The position of the virtual sink is referred as the

StrategicMappingLocation (Figure 4.2). If the virtual coordinates are rotated around
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Figure 4.2. Relay selection in the ABS strategy.

the origin by α, the rotated coordinates are defined as mapping coordinates [17]. If

α < 0, the rotation is clockwise, and if α > 0, the rotation is counterclockwise. The

mapping coordinates are used in the determination of the candidate next hop sensor for

a deviation angle. The mapping coordinates (xm
n , ym

n ) of a neighbor node is calculated

as

 xm
n = cos(α)xv

n + sin(α)yv
n,

ym
n = cos(α)yv

n − sin(α)xv
n,

(4.3)

The set of candidate relays towards the virtual sink in the direction of Devia-

tionAngle (α) are determined in a similar way as in the LBRF routing mechanism.

However, we limit the number of candidate relays, in order to limit the propagation

away from the sink. For this purpose, we introduce the SpreadingThreshold (sth),

where 0 ≤ sth ≤ rt. If the distance of a node to the StrategicMappingLocation (i.e.

virtual sink) is dα, the distance of a neighbor node to the StrategicMappingLocation is
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dα
n and the transmission radius of a node is rt; then the set of candidate relays are the

neighbors satisfying (rt − sth) < (dα − dα
n) ≤ rt. The region where the candidate relays

are scanned is illustrated by the shaded area in Figure 4.2. As in LBRF, a sensor is

excluded from the set of candidate relays if its buffer occupancy level is not enough to

store the frame to be delivered. The remaining candidate sensors are sorted according

to their buffer occupancy levels from smallest to largest. The relay node is determined

as the nearest node to the StrategicMappingLocation among the candidate relay nodes

which have the smallest buffer occupancy level at the time of delivery.

4.3. Angle Adjustment in ABS Strategy

Angle adjustment is performed in the relay nodes to determine the direction of the

next hop in the route discovery process and depends on the variables DeviationAngle,

SrcToSinkHopCount and HopCount. These parameters are extracted from the packets

of the received frame where the DeviationAngle (α) and SrcToSinkHopCount variables

are embedded by DLBS in the source node and HopCount variable, which is the number

of hops traversed from the source up to the relay node, is provided by the MAC layer.

Instead of using the actual value of the deviation angle extracted from the packets

of the received frame, a relay node adjusts the deviation angle, α, as a function of the

values of SrcToSinkHopCount and HopCount. There are several alternatives for this

function [17], among which the following function is utilized in our routing scheme:

αH =
max (SrcToSinkHopCount − HopCount, 0)

SrcToSinkHopCount
α (4.4)

The rationale behind the selection of this function is that the αH value decreases

slowly resulting with longer paths towards the sink. The usage of longer path lengths

aims the exploitation of the network regions in proximity to the perimeter of the

network, where the network traffic is expected to be relatively lower than the inner

regions of the network. However, the total energy expenditure per packet increases

with the number of hops in the routing path. Hence, we prefer a linear adjustment
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function for the deviation angle.

In Figure 4.3, a sample relay selection scenario is presented, where the deviation

angle α is 90◦. In this scenario, sth is taken as rt

2
. There are three nodes in the

selection region which are the nodes A, B and C with buffer occupancy levels 3,3,

and 5 respectively. Since, the node A is the closest one among the candidates to the

StrategicMappingLocation (the position of the virtual sink) with the smallest buffer

occupancy level, it is determined as the relay node for α=90◦.

X

Y

Sink

90a =

q

Virtual Sink

.

5

3
3

A

C

B

Figure 4.3. A sample relay selection scenario in DLBS where α=90◦.

Pseudo-codes for the DLBS scheme in the source and the relay nodes are provided

in Figure 4.4 and Figure 4.5 respectively.

4.4. Demonstrative Analysis of Tradeoff between Load Partitioning over

Multiple Paths and Single Path Approaches

In order to compare the effect of sending the overall load over the shortest path

of length H hops and sending distinct k partitions of load through k parallel routes of
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1: procedure DetermineRelayInSource(N ,NIT ,STSHC,αlist,α,Frame)

2: relay ← 0

3: DetermineDeviationAngle(αlist, α) . Round robin fashion

4: if (STSHC ≤ 2) then . STSHC: Source to sink hop count

5: α ← 0

6: end if

7: Calculate mapping coordinates of the neighbors and the sink w.r.t α

8: Ns ← {n : n ∈ N and of C1 residing in the shaded region in Figure 4.2}

9: bocmin ← argmin
n∈Ns

(NIT (n).boc)

10: relay ← argmin
n∈ bocmin

(DistToVirtualSink(n))

11: if (relay = 0) then

12: SearchForCandidateRelay(N ,NIT ,1,FORWARD,relay) . LBRF

13: end if

14: if (relay 6= 0) then

15: SetDeviationAngle(Frame,α)

16: SetSourceToSinkHopCount(Frame,STSHC)

17: SetRelay(Frame,relay)

18: end if

19: return Frame

20: end procedure

Figure 4.4. Pseudo-code for the relay selection mechanism of DLBS in the source.

length H +h hops, we provide a demonstrative analysis of the delay performance of the

routes illustrated in Figure 4.6. The detailed analysis requires (i) analysis of the con-

tention phase, (ii) the analysis of the duty cycle, (iii) analysis of delay and throughput

in multihop sensor networks. Moreover, the dynamic nature of the route determination

process and the target trajectories further complicates a detailed analysis. We provide

a simplified analysis of the delay performance in order to the demonstrate the tradeoff

between the load partitioning over multiple paths and the single path approach. Fig-

ure 4.6a and Figure 4.6b are the simplified representations of the paths traversed by

the frames in LBRF and DLBS/DGR schemes respectively. For simplicity, we assume
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1: procedure DetermineRelayInRelay(N ,NIT ,STSHC,Frame)

2: relay ← 0

3: GetDeviationAngle(Frame,α)

4: GetSourceToSinkHopCount(Frame,STSHCF )

5: GetHopCount(Frame,hopcount)

6: if (STSHCF > hopcount ∨ STSHC ≤ 2) then

7: α ← 0

8: else

9: α ← α
(

STSHCF−hopcount
STSHCF

)
10: end if

11: Calculate mapping coordinates of the neighbors and the sink w.r.t α

12: Ns ← {n : n ∈ N and of C1 residing in the shaded region in Figure 4.2}

13: bocmin ← argmin
n∈Ns

(NIT (n).boc)

14: relay ← argmin
n∈ bocmin

(DistToVirtualSink(n))

15: if (relay = 0) then

16: SearchForCandidateRelay(N ,NIT ,1,FORWARD,relay) . LBRF

17: end if

18: if (relay 6= 0) then

19: SetRelay(Frame,relay)

20: end if

21: return Frame

22: end procedure

Figure 4.5. Pseudo-code for the relay selection mechanism of DLBS in a relay.

that the nodes are represented as M/M/1 queues. Assuming a perfect MAC layer, no

collisions and no interference between disjoint paths, the average delays in each node

in Figure 4.6a and Figure 4.6b are 1
µ−λ

and 1
µ−λ/k

respectively, where µ is the service

rate of the sensor and λ is the data input rate of the sensor. Hence, the total delay in

each path can be found as T1 = 1
µ−λ

H for single path route and T2 = 1
µ−λ/k

(H + h) for

each route of multiple parallel paths.
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Figure 4.6. The illustration of (a) a single path sensor network route with H hops (b)

multiple parallel paths with H + h hops.

We aim to find the upper bound of h (extra hops traversed by frames) so that

the delay for transmitting a partition of load over a longer route is smaller than the

delay of transmitting the whole load over a single and shorter route. Hence,

T2 ≤ T1

1

µ − λ/k
(H + h) ≤ 1

µ − λ
H

k(µ − λ)(H + h) ≤ (kµ − λ)H

k(µ − λ)h ≤ λ(k − 1)H

h ≤ k − 1

k

λ

µ − λ
H (4.5)

From (4.5), we can see that in the heavy traffic conditions where λ approaches

µ, the number of extra tolerable hops (h) approaches and even may get greater than

the number of hops (H) in the shortest path. Hence, the frame latency decreases as
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we choose to split the load into parts and transmit over longer routes. The obvious

solution of transmitting the load through a single path is advantageous only if λ is much

smaller than µ (in the light traffic conditions). However, due to the dynamic nature of

the target trajectories and bursty nature of packet generation, the load generated in

the network usually approaches to the output rate. This behavior can be observed in

Figure 4.8a. Even at the rate of 3 fps, we can observe a higher number of frame drops in

the source node when the LBRF scheme is used, i.e. the input rate increases in the relay

nodes resulting with a higher input rate than the output rate. This situation results

with an increased packet accumulation and finally more packet losses in the sensor

buffers. The increase in the delay is caused by the increase in the packet accumulation

in the LBRF case, which have paths usually shorter than DLBS.

4.5. Discussion on the Cost of DLBS

As in the case of LBRF, the operation of DLBS is based on the information stored

in NIT with space complexity O(N2) for small N and O(N) for large N , where N is

the number of neighbors of a node. The pseudo-codes of relay selection mechanisms

in the source and relay nodes given in Figure 4.4 and Figure 4.5 will be used in the

determination of the computational complexity of DLBS. We can observe that the

operation of the pseudo-codes are similar to the operation of LBRF (Figure 3.2). The

difference is in the determination of the candidate neighbors with respect to α direction

instead of with respect to the sink direction which requires extra computations of

complexity O(N2) for small N and O(N) for large N . After determining the candidates,

there are two search operations to find the closest neighbor to the sink in the delivery

region with the minimum buffer occupancy level. These operations is implemented

using a sorted list where the neighbors in the delivery region are inserted into the

list according to the buffer occupancy level (primary) and the distance to the sink

(secondary). At the end of the traversal, the neighbor node which is at the head of the

list is going to be the relay node. Hence, the computational complexity of determining

the relay node is O(N) due to the sorted list operations of maximum complexity O(N).

Hence the overall time complexity of relay selection mechanisms in DLBS is O(N2) for

small N and O(N) for large N . As compared to time complexity of LBRF which is
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O(N), the computational overhead of DLBS on the sensors is higher especially when

the the number of neighbors of a node is small. The space complexity is also O(N) since

the length of the sorted list is at most N , and it operates on the elements of structure

type that contains node identity, buffer occupancy level and distance information.

The overhead of DLBS on the network is not considerable. DLBS uses no extra

control packet for its operation. It piggybacks deviation angle and source to sink hop

count information to each MAC layer packet in addition to the information piggy-

backed by LBRF which are buffer occupancy condition and routing class information.

As compared to LBRF the length of the packets is longer in DLBS but this is an

insignificant increase in the length as compared to the length of a data packet.

4.6. Performance Evaluation of DLBS

We evaluate the performance of DLBS routing scheme by comparing it with

LBRF and DGR schemes via simulations using OPNET [80] in a target tracking video

application scenario. In DLBS, the SpreadingThreshold (sth) is set as 30 m, which is the

half of the communication range. Other simulation parameters and the assumptions

are same with the ones presented in the performance evaluation section of Chapter 3.

Table 4.1. Performance of DLBS for different α sets.

α set Delivery ratio Latency (sec) Energy efficiency (mJ/sec)

{60◦,−60◦} 0.840 4.153 0.813

{60◦, 0◦,−60◦} 0.841 4.278 0.814

{90◦,−90◦} 0.844 4.107 0.805

{90◦, 0◦,−90◦} 0.856 4.034 0.797

In order to determine the α set to be used in the simulations, we evaluated

the performance of DLBS for different α sets in terms of mean frame delivery ratio,

mean frame latency and mean energy expenditure in the network per successful frame

delivery, when the frame rate is set as 6 fps. From the results in Table 4.1, we deduce

that DLBS obtains the best performance when the α set is {90◦, 0◦,−90◦}. Hence, in

the simulations of DLBS and DGR we used the α set as {90◦, 0◦,−90◦}.



65

3 fps 4 fps 5 fps 6 fps
0.75

0.8

0.85

0.9

0.95

1

(#
 o

f 
re

c
e
iv

e
d
 f

ra
m

e
s
) 

/ 
(#

 o
f 

c
re

a
te

d
 f

ra
m

e
s
)

Frame Rate

DLBS

DGR

LBRF

Figure 4.7. Frame delivery performance comparison.

4.6.1. Frame Delivery Performance

Figure 4.7 presents the frame delivery performance and the efficiency of the rout-

ing schemes in terms of successful frame delivery ratio and average frame rate received

by the sink respectively as compared to the video frame rate of the application.

In order to provide a comparison between the two load-balancing approaches

(local, spatial), we compare LBRF and DGR schemes. We observe that the success-

ful frame delivery performance of LBRF is slightly higher (approximately 1%) than

the performance of DGR. LBRF tries to increase the frame delivery performance by

dynamically utilizing the storage space of alternative sensors which provides positive

advancement towards the sink in a load balanced manner considering the buffer oc-

cupancy conditions of them. However, it is not successful to effectively alleviate an

existent congestion in the direction of the sink, since all traffic is restricted to be

routed along a narrow area in the network. On the other hand, DGR scheme tries to

increase the frame delivery performance by dividing and spreading the load in multiple

directions, which provides the distribution of the load to a wider area in the network
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with respect to LBRF. However, since the paths in each direction are constructed de-

terministically in DGR, it does not utilize alternative sensors in these directions. It

also does not consider the buffer occupancy conditions of the sensors along the routes.

Therefore, it cannot prevent an occurrence of congestion in these sensors.

DLBS combines the spatial and the local load balancing approaches and it em-

ploys dynamic buffer occupancy aware load balancing in multiple directions. This

combination provides DLBS to benefit from the advantages and to reduce the effects of

the disadvantages of the both approaches. In comparison of DLBS and DGR, we ob-

serve that DLBS achieves a substantially higher frame delivery ratio. The performance

difference between the two schemes is approximately 1-7% as the video quality is varied

between 3 fps-6 fps. DLBS also outperforms LBRF and the maximum performance

difference between the two schemes is achieved as 6.1% when the video quality is 6 fps.

As we compare LBRF and DGR schemes, we can observe the effects of the ad-

vantages and disadvantages of the local and spatial load balancing approaches. LBRF

has a better performance in terms of drop rate in the relay (Figure 4.8b), since it aims

to keep the relayed frames survived in the system by utilizing more sensors for storage

using a buffer occupancy aware routing mechanism. The increase in the number of

contenders results with a decrease in the output rate per sensor. Hence more created

frames are dropped in the sensors, since less buffer space is reserved for their storage,

due to accumulating relayed frames. DGR does not consider the buffer occupancy

condition of the relays, and uses a static route for each direction, which leads to more

number of relayed frame drops in existence of congestion. However, it has a better

performance in terms of drop rate in the source (Figure 4.8a), due to the spreading

of the load to a wider area in the network and inexistence of a buffer reservation for

relayed frames, jointly increasing available space for newly created frames.

DLBS outperforms both DGR and LBRF schemes by utilizing a higher number of

sensors as relay in a wider area in the network providing more storage space for relayed

frames. DLBS benefits from buffer occupancy aware routing mechanism of LBRF to

reliably relay the frames. In addition, it benefits from the idea of dividing and spreading
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Figure 4.8. Frame drop rate comparison: (a) Drop rate in the source (b) Drop rate in

the relay.
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the load into different directions offered by DGR to provide more alternative sensors

to be utilized as a relay. Hence, we observe that the drop rate of relayed frames in

DLBS is as low as the drop rate in LBRF whereas the drop rate in the source is lower

than the drop rate in DGR.
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Figure 4.9. Frame latency performance comparison.

4.6.2. Frame Latencies

DGR partitions the load, spreads each partition in different directions in the

network, and is a multidirectional static routing scheme. The behavior of DGR is

analogous to multi-path GPSR. Since the load in each direction in DGR is less than

the load in GPSR, its latency performance is better than the performance of GPSR

for all video quality levels. Since the performance evaluation results in Chapter 3 show

that GPSR outperforms LBRF in terms of latency performance, there is a significant

performance gap between LBRF and DGR routing schemes.

DLBS benefits from the load partitioning and spreading approach of DGR but

suffers from the factors adversely affecting the latency performance explained for LBRF.
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Hence the performance improvement of DLBS with respect to LBRF remains almost

same as the performance improvement of DGR with respect to GPSR for all video

quality levels.

4.6.3. Energy Consumptions

We compared the performances of routing schemes in terms of average energy

expenditure per sensor node and average energy expenditure in the network per frame

successfully delivered to the sink in Figure 4.10a and Figure 4.10b respectively. The

general behavior of the energy expenditure is similar to the behavior observed in the

performance evaluation section of Chapter 3 which has a decreasing trend with the

increased video quality. This result was justified with the reduced idle listening duration

due to the overhearing avoidance and virtual carrier sensing mechanisms of SMAC [87].

LBRF and DLBS schemes operate with the modified version of SMAC in which

the overhearing avoidance mechanism of SMAC is relaxed to put the nodes into sleep

mode later than the original SMAC in order to overhear more packets from the neigh-

bors containing fresh buffer occupancy information. Hence, the modified version of

SMAC increases the energy expenditure of the sensors.

The energy consumption of DGR per sensor node is better than LBRF, since

it operates with the original version of SMAC and it accesses to a wider area in the

network enabling more sensors not involved in the frame delivery to switch into SLEEP

mode. In addition, the higher number of contenders in LBRF leads to more collisions

as compared to DGR which increases the energy consumption per sensor node in the

network.

Since DLBS also accesses a wider area in the network as DGR, the energy con-

sumption is less than LBRF. However, since DLBS delivers 1-7% more frames (Fig-

ure 4.7a) and increases the number of contenders as compared to DGR, and uses the

modified version of SMAC, the energy consumption per sensor node is more than DGR.
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Figure 4.10. Energy consumption comparison: (a) Energy expenditure per sensor

node (b) Energy expenditure per received frame.
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Figure 4.10b presents the energy spent in the network per successful frame deliv-

ery which is a metric to assess the efficiency of energy consumption. When we compare

LBRF and DGR, we observe that their performances are similar in terms of the energy

spent in the network per successful frame delivery. Although energy expenditure of

LBRF per sensor node is more than that of DGR, LBRF delivers a higher number

of frames balancing the energy expenditure per frame of both schemes. On the other

hand, DLBS provides more efficient video delivery as compared to LBRF and DGR, by

delivering significantly more frames within the same simulation duration with a better

utilization of the energy budget.
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5. MULTI-SINK LOAD BALANCED RELIABLE

FORWARDING

In a multi-sinked target tracking video sensor network, the important decision is

the selection of the destination sink for a frame to be delivered by a sensor node. As

in classical multi-sink routing algorithms, each sensor node can be statically assigned

to a sink, generally based on distance, and each frame created by a sensor can be de-

livered to the same sink. However, since the size of a video frame is large, it is highly

probable for the network to experience a congestion, the degree of which depends on

the minimum frame rate requirement of the target tracking application. In addition,

the inherent sensor network characteristics of high node density and multi-hop com-

munication increase the severity of a possible congestion. If multiple targets roam in

the sensor field and the majority or all of the targets are closer to one of the sinks, the

congestion exacerbates. Hence, instead of static assignment of sensors to the sinks, the

sensors should dynamically determine the destination sink in the delivery of a frame

by using dynamic criteria along with the static criterion of sensor distance to a sink.

In this chapter, we propose a new cross layer geographic routing scheme called

MLBRF (Multi-Sink Load Balanced Reliable Forwarding) which integrates network

and MAC layers to provide reliable and energy efficient data delivery in multi-sinked

WSNs. MLBRF proposes a dynamic multi-criteria sink selection mechanism which

applies fuzzy inference on evaluation of the multi-criteria and the decision of the sink

node that a frame to be directed. MLBRF uses LBRF scheme both in the inference

system and in the routing of the frames to the decided sinks. In the next section, we

will describe the multi-criteria fuzzy sink selection mechanism. Since MLBRF is a geo-

graphic routing scheme, it should deal with possible dead-ends caused by connectivity

holes. In Section 5.2, we will discuss the modifications required on the routing around

dead-ends solution of LBRF for adaptation to multi-sinked network structures.
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5.1. Fuzzy Sink Selection Mechanism for MLBRF

In a multi-sinked sensor network, an evaluation and comparison technique is

required to decide on the sink to direct the frame. Moreover, since the usage of distance

as the only criterion has some drawbacks that causes congestion in the network, the

decision mechanism requires additional dynamic criteria that provide inference on the

traffic density in the direction of a sink. The number of the nodes that have frames

in their buffers and residing in the forward region of a node towards a sink is an

indicator for the traffic density. In addition, the buffer occupancy levels of these nodes

extend a node’s knowledge about the traffic density. Although the neighborhood buffer

occupancy knowledge is local, it provides a dynamic and discriminating information to

be used in the selection of the sink node.

In order to map different metrics into a single value to be used in the sink decision,

we use fuzzy inferencing which has the expertise of modeling the complex real world

using rule sets defined by a model similar to the human reasoning [88]. The components

of our fuzzy sink selection system are singleton fuzzifier, product inference engine and

centroid defuzzifier (Figure 5.1).

Assuming the number of sinks in the network is n, we define a three-dimensional

pattern vector for each sink si as:

ωsi
= (αsi

, βsi
, γsi

), 1 ≤ i ≤ n (5.1)

where αsi
is the number of the nodes that have frames in their buffers in the forward

region of a node in the direction of si (the number of contenders), βsi
is the buffer

occupancy of the candidate node csi
determined by LBRF considering the frame will

be delivered to si and γsi
is the distance of csi

to si.

A sensor extracts αsi
and βsi

information from the BOC entries stored in NIT

and kept up-to-date by LBRF reporting mechanism. A sensor examines the forward

region in the direction of each si and determines a candidate relay csi
by using LBRF
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Figure 5.1. Block diagram of the fuzzy sink selection mechanism.

mechanism. Since, MLBRF assumes that the sensors have the location information of

their neighbors and the sinks, γsi
can be calculated.

Our singleton fuzzifier maps each element of this pattern vector to a fuzzy variable

using membership functions. The fuzzifier defines three fuzzy classes named LOW (L),

MEDIUM (M), and HIGH (H) for each fuzzy variable. Each fuzzy variable is assigned

a fuzzy value vector where there is a membership function mapping an element of the

pattern vector to an element of the fuzzy value vector for each of the fuzzy classes as:

F : (α, β, γ) → (αf , βf , γf ) (5.2)

χf =
[
µL

χ(χ), µM
χ (χ), µH

χ (χ)
]

(5.3)

µL
χ , µM

χ , µH
χ : D(χ) → [0, 1] (5.4)

where χ represents the variables α, β and γ and D(χ) is the domain of the represented

variable. The domains of the membership functions are defined as:

D(α) = [0, nmax], D(β) = [0, bmax], D(γ) = [0, dmax] (5.5)
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Figure 5.2. Membership functions for the fuzzy variables α, β and γ.

where nmax, bmax and dmax are the maximum of αsi
, βsi

and γsi
values respectively.

Hence, by using the fuzzifier F , we map the pattern vectors ωsi
to the fuzzy

pattern vectors ωf
si

= (αf
si
, βf

si
, γf

si
), for each sink si as

F (αsi
, βsi

, γsi
) = (αf

si
, βf

si
, γf

si
) (5.6)

Membership functions of the fuzzifier for the three fuzzy variables are presented in

Figure 5.2. The computational complexities of the function calculations are considered

in the choice of these fuzzy functions among other alternatives [88]. As an example,

if the distance, γ, of the candidate relay in the direction of a sink is 150 m where

dmax=400 m, then the corresponding γf is [0.5,0.5,0] since µL
γ (150)=0.5, µM

γ (150)=0.5

and µH
γ (150)=0 as can be seen in Figure 5.2c.

One of the important components of our fuzzy inference system is the rule base

which is designed to mimic the real world behavior. Since there are three fuzzy variables

in a fuzzy pattern vector and three fuzzy classes for each fuzzy variable, the rule

base contains 33=27 different rules. Consequence class f r
c of an implicative rule r is
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determined by a rule evaluation method (REM) where the structure of r in our rule

base is as

r : If αr is f r
1 and βr is f r

2 and γr is f r
3 then output is f r

c

where each of f r
1 ,f r

2 and f r
3 is one of the fuzzy classes L,M or H. The aim of the REM is

to determine the output of a rule considering a prioritization between the elements of

the pattern vector and the fuzzy classes. This prioritization is performed by employing

a weighted voting mechanism. The voting mechanism considers that the effect of the

number of contenders is higher than the effects of the buffer occupancy and the distance

of the candidate relay in the selection of the destination sink and the weight of α is set

as twice as much of β and γ. Hence, the weights of the fuzzy classes for β and γ are

set as 3 for L, 2 for M and 1 for H where the corresponding weights for α are set as

6, 4 and 2. This arrangement is beneficial since for each element of the pattern vector

lower values of the number of contenders, the buffer occupancy levels and the distances

are preferred in the comparison of the routing directions. The output of a rule r, θr,

is calculated by summing up the weights of f r
1 , f r

2 and f r
3 and represents the current

membership degree of the sensor to a sink inferred from that rule. The consequence

fuzzy class f r
c of a rule r is determined by the θr value of r.

Table 5.1 shows the rule base of our fuzzy inference system, where the θ column

corresponds to the output values of the rules which is calculated using the REM and

the c column corresponds to the consequence fuzzy classes determined by the unique

values of θ.

In Rule 1, the number of contenders is high, the buffer occupancy level of the

candidate relay node is high and the distance of the candidate relay to the sink is high.

So, each element of the input pattern vector votes bad for this sink implying the lowest

degree of membership of value 4, which is class 1. Similarly, in Rule 27, the number

of contenders is low, the buffer occupancy level of the candidate relay node is low and

the distance of the candidate relay to the sink is low implying the highest degree of
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membership of value 12, which is class 9.

Input of the fuzzy inference engine is the three dimensional fuzzy pattern vector.

Table 5.1. Fuzzy rules in the knowledge base.

Index α β γ c θ

1 H H H 1 4

2 H H M 2 5

3 H H L 3 6

4 H M H 2 5

5 H M M 3 6

6 H M L 4 7

7 H L H 3 6

8 H L M 4 7

9 H L L 5 8

10 M H H 3 6

11 M H M 4 7

12 M H L 5 8

13 M M H 4 7

14 M M M 5 8

15 M M L 6 9

16 M L H 5 8

17 M L M 6 9

18 M L L 7 10

19 L H H 5 8

20 L H M 6 9

21 L H L 7 10

22 L M H 6 9

23 L M M 7 10

24 L M L 8 11

25 L L H 7 10

26 L L M 8 11

27 L L L 9 12



78

For a new pattern vector, contribution of each rule in the fuzzy rule base is given as:

νr = µfr
1

α (α)µ
fr
2

β (β)µfr
3

γ (γ) (5.7)

where µ
fr
1

α , µ
fr
2

β and µ
fr
3

γ are the membership functions in the rule r corresponding to

the fuzzy classes of the fuzzy variables for α, β and γ respectively. We use the product-

inference rule in our fuzzy inference engine, since it allows mathematical simplification

in the defuzzification process and is commonly used in practice. Hence,

µr = νrµ
fr

c
c (θr) (5.8)

where the membership functions of the consequence fuzzy classes are as in Figure 5.3.

Note that the membership function of each consequence fuzzy class is chosen to be a

triangle that is symmetric with respect to the abscissa value of its apex which is equal

to the θ value of the corresponding consequence class. The rationale behind the design

of these fuzzy functions is the low complexity offered in the defuzzification process. The

improper selection of fuzzy functions needs high processing capability in the calculation

of the output of the centroid defuzzifier. Since the processing capabilities of the sensors

are limited, such a design is beneficial both in terms of the processing requirement and

the energy efficiency.

Using the rule base in Table 5.1 and the product inference rule, the output of the
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Figure 5.3. Membership functions of the consequence classes.
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centroid defuzzifier can be calculated easily as [88]:

πsi
=

27∑
r=1

θrµr

/
27∑

r=1

µr =
27∑

r=1

θrνr

/
27∑

r=1

νr (5.9)

where θr is the is the output of the rule r, which is obtained from the rule base and

πsi
is the current membership value of the sensor to the sink si.

1: procedure MLBRF(N , LN , l0, S, LS,r,s∗,relay)

2: for all s ∈ S do

3: ls ← LS(s)

4: LBRF(N,LN , l0, ls, r, cs, αs, βs, γs)

5: cS(s) ← cs

6: α(s) ← αs

7: β(s) ← βs

8: γ(s) ← γs

9: end for

10: nmax ← max
s∈S

(α(s))

11: bmax ← max
s∈S

(β(s))

12: cmax ← max
s∈S

(γ(s))

13: for all s ∈ S do

14: Compute πs using Figure 5.2, Table 5.1, Eqs. (5.7) & (5.9)

15: π(s) ← πs

16: end for

17: s∗ ← argmax
s∈S

(π(s))

18: relay ← cS(s∗)

19: end procedure

N : Neighbor list, LN : Neighbor locations, l0: Location of the sensor

S: Sink list, LS : Sink locations, ls: Location of the sink s

r: Transmission radius, s∗: Destination sink, relay: Relay sensor

Figure 5.4. MLBRF scheme with fuzzy sink selection.
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The current membership values πsi
for each sink i are calculated. The destination

sink, s∗ for the current frame is determined as the one with the highest membership

value:

s∗ = argmax
si∈{s1,...,sn}

(πsi
) (5.10)

In the cases where multiple highest membership values exist, distances to the sinks are

used to break the tie.

The destination sink for a frame is determined only in the source sensor after its

creation and is not altered along the way towards the destination. However, for the

cases where the frame cannot be routed in the direction of the destination sink due

to non-existence of a closer neighbor (dead-end problem), the destination sink for the

frame is reevaluated (Section 5.2). In addition, if a source sensor is a neighbor of a

sink, fuzzy sink selection mechanism is not processed and the frame is directed to the

neighbor sink.

In Figure 5.5, a sample scenario is presented where a sensor has to determine the

destination sink for a frame among four candidate sinks. Since in the forward region,

F, of the sensor towards Sink1, there are 2 nodes that have frames in their buffers,

αs1 is determined as 2. LBRF scheme determines the sensor with 20 packets in its

buffer and a distance of 300 m to Sink1 as the relay for that direction. Hence βs1 and

γs1 are determined as 20 and 300 respectively (Figure 5.5a). Note that the domain

parameters nmax, bmax and dmax of the membership functions for α, β, and γ are 4, 30

and 300 respectively. With these parameters the output of the defuzzifier for each sink

are calculated as πs1=6.33, πs2=5.66, πs3=5.66, πs4=4.33. Hence the destination sink

for the frame is determined as Sink1.

5.2. Routing Around Dead-Ends in MLBRF

In this section, we will discuss the modifications required on the routing around

dead-ends solution of LBRF for adaptation to multi-sinked network structures in Sec-
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Figure 5.5. Illustration of the determination of α, β, γ in a sample scenario.

tion 3.2. In a multi-sinked network structure, a sensor’s routing-class information is

formed into an n-tuple as (δs1 ,· · · ,δsn) where each δsi
is the routing-class of the sen-

sor with respect to the sink i. As in the single sink case, each sensor piggy-backs its

routing-class tuple to each MAC layer packet and the elements of the own routing-class

tuple of a sensor is determined according to the gathered routing-class tuples from the

neighbors which are stored in NIT. In the initial phase, all sensors that have neighbors

in F in the direction of si sets their δsi
as C1 and all sensors that do not have neighbors

in F in the direction of si sets their δsi
as C2. The sink si sets its δsi

as C1, and sets

its δsj
values where j 6= i as C0. The fuzzy sink selection mechanism determines the
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destination sink among the ones which has the corresponding δsi
set as C1. In the case

where none of the δsi
is C1, the fuzzy sink selection mechanism considers the sink di-

rections where the corresponding δsi
values are C2. In the same way, the sink selection

mechanism may switch to directions with the succeeding higher class, when there is no

direction with the current class.

Note that the destination sink for a frame is not altered along the way as stated

in Section 5.1. However, in a case where the corresponding δsi
of a sensor for a frame

changes before routing the frame, the destination sink of that frame is re-evaluated

and updated accordingly.
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Figure 5.6. Illustration of the routing classes of MLBRF in a sample scenario.

In Figure 5.6, the routing classes in MLBRF are illustrated in a sample scenario.

C has no neighbors with δs1 as C1 in its forward region towards Sink 1. It determines its

δs1 as C2, since B with its δs1 as C1 resides in its backward region. D has no neighbors

with δs1 as C1 in its forward region and has no C1 or C2 neighbors in its backward

region. It determines its δs1 as C3, since C with its δs1 as C2 resides in its forward

region (Figure 5.6a). On the other hand, B determines its δs2 as C1, since C with its

δs2 as C1 resides in its forward region towards Sink 2 (Figure 5.6b). In this scenario,

as B considers both of the sinks in fuzzy sink selection, C only considers Sink 2.
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5.3. Discussion on the Cost of MLBRF

As in the case of LBRF and DLBS, the operation of MLBRF is based on the

information stored in NIT with space complexity O(N2) for small N and O(N) for

large N , where N is the number of neighbors of a node. The pseudo-code of MLBRF

scheme with fuzzy sink selection given in Figure 5.4 will be used in the determination

of the computational complexity of MLBRF. We can observe that the operation of

MLBRF contain two parts. In the first part the input parameters for the fuzzy inference

system and the candidate nodes in each sink direction are determined using LBRF

relay determination mechanism. Hence, since the number of sinks in an environment

is not large, the computational complexity of the first part is O(N). In the second

part the fuzzy inference system is executed. The fuzzification and the deffuzzification

operations of the inference system requires many computations due to the number of

rules in the knowledge base and the number of fuzzy variables. Although, we decrease

the number of computations in the deffuzzification process by using symmetric triangle

output membership functions, the computational complexity of the fuzzy inference

system is O(N2). Hence the overall complexity of MLBRF scheme with fuzzy sink

selection is O(N2). As compared to the time complexity of LBRF which is O(N),

the computational overhead of MLBRF is higher on the sensors. Similarly MLBRF

requires higher computation as compared to DLBS in the case of small N. On the other

hand, MLBRF and DLBS have similar computational overhead when the number of

neighbors of a node is large. The space complexity of MLBRF scheme is O(N2) due

to the memory requirements to store the rules and the membership functions in the

knowledge base.

The overhead of MLBRF on the network is not considerable. MLBRF uses no

extra control packet for its operation. It piggybacks routing class information with

respect to each sink to each MAC layer packet in addition to the information piggy-

backed by LBRF which are buffer occupancy condition and routing class information

with respect to a single sink. As compared to LBRF the length of the packets is longer

in MLBRF but this is an insignificant increase in the length as compared to the length

of a data packet.
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5.4. Performance Evaluation of MLBRF with the Fuzzy Sink Selection

Mechanism

We evaluate the performance of the fuzzy sink selection mechanism by comparing

it with three other selection mechanisms via simulations using OPNET [80] in a target

tracking video application scenario. In the first selection mechanism, the destination

sink is determined as the closest one by the source sensor. In the second one, the

destination sink is determined randomly. The third mechanism applies a distance-

based random sink selection procedure and we call it as DB-Random (Figure 5.7). In

this procedure, the reciprocal of the distances to each sink are stored in D−
S . The

membership degree of the sensor in the direction of s, MD(s), is the normalization

of D−
S (s) with respect to

∑
s∈S

D−
S (s) where

∑
s∈S

MD(s) = 1. The destination sink is

determined randomly using the membership degrees as the weights of the sinks in the

random selection, where the closest sink achieves the highest weight. As in the fuzzy

case, the destination sink is determined only in the source sensor and LBRF mechanism

is used in the delivery to the sink without altering the destination along the way.

In the simulations, 200 video sensors are uniformly deployed in a square shaped

environment of each side 400 m. There are four targets in the environment moving

according to the random waypoint mobility model where the target speeds are 3 m/s

and the pause times are 0 seconds. We varied the number of sinks in the environment

between 1 and 4 where the locations of the sinks are (0,200), (400,200), (200,0), and

(200,400). We evaluated each scenario for 10 different network topologies with corre-

sponding 10 different target trajectories. The values presented in this section are the

mean values of the results obtained in these experiments. Simulation parameters are

determined as presented in Table 3.2 in Chapter 3.

Performance of MLBRF with the fuzzy sink selection mechanism in terms of frame

delivery, frame latency and energy efficiency is presented in Figure 5.8, Figure 5.9 and

Figure 5.10 respectively. The single sink case is given for the purpose of comparison

and in this case the operation of MLBRF is equivalent to LBRF. We observe from Fig-

ure 5.8 that when we deploy the second sink into the environment, we get a significant
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1: procedure DB-Random(LS, destination)

2: D−
sum ← 0.0

3: for all s ∈ S do

4: D−
S (s) ← 1

LS(s)

5: D−
sum ← D−

sum + D−
S (s)

6: end for

7: Rand[0,1](rand)

8: MDsum ← 0.0

9: for all s ∈ S do

10: MD(s) ← D−
S (s)

D−
sum

11: MDsum ← MDsum + MD(s)

12: if rand ≤ MDsum then

13: destination ← s

14: break

15: end if

16: end for

17: end procedure

LS: Sink locations

Figure 5.7. Distance based random sink selection mechanism.

performance gain where the frame delivery ratio increases from 0.62 to 0.81 in the 6

fps case. The gain is more remarkable in the frame latency performance where the

mean frame delay decreases to 3.6 sec from 27.3 sec in the 6 fps case (Figure 5.9). As

the number of sinks in the environment is increased, the load directed to each sink is

balanced and hence the congestion around the sinks is alleviated. Although, deploying

extra sinks into the environment increases the performance in terms of reliability and

latency metrics, the breakpoint is the deployment of the second sink. The budget for

the sensor network and the QoS requirements of the application are the determining

factors for the number of sinks in the environment.
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The energy efficiency of MLBRF is evaluated in terms of average energy expen-

diture in the network per successfully delivered frame to the sink (Figure 5.10). The

Figure 5.8. Frame delivery performance of fuzzy sink selection.

Figure 5.9. Frame latency performance of fuzzy sink selection.
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Figure 5.10. Energy efficiency performance of fuzzy sink selection.

energy expenditure characteristics in the single-sink case provides the clues for the be-

havior in the multi-sink case. The general behavior in the single sink case is that the per

frame energy expenditure in the network decreases as the video quality increases. This

interesting result, which is also encountered in the performance evaluation of LBRF in

Chapter 3, is related with the reduced idle listening duration due to the overhearing

avoidance mechanism of SMAC which enables the overhearing sensors to sleep earlier

than the actual sleep time [87]. The nodes spend more energy in idle cycles since every

node has to sense the channel throughout the predetermined listen duration. How-

ever, in a successful transmission cycle or a collision cycle, nodes can go to sleep upon

hearing the RTS or CTS packets from other nodes.

In Figure 5.10 we observe that, the energy expenditure per frame decreases when

the second sink is deployed into the environment for the 3 fps and 4 fps video qualities.

Deployment of extra sinks increase the energy expenditure. On the other hand, for

the 5 fps and 6 fps video qualities, the behavior of the energy expenditure is always

decreasing with the increased number of sinks in the environment. In the former case,

deployment of the second sink decreases the number of idle cycles by dividing the load

among the sinks. Further splitting the load by the deployment of extra sinks results in
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lighter load conditions which lead to an increase in the number of idle cycles. Hence,

the energy expenditure per frame increases due to increased idle listening. In the latter

case, splitting the load increases the number of frames survived in the network more

than in the previous case (Figure 5.8). Hence, splitting the load causes a sufficiently

heavy load distribution throughout the network to decrease the effect of idle listening

on energy expenditure per frame.

The performance of the sink selection mechanisms are compared in terms of frame

delivery (Figure 5.11), frame latency (Figure 5.12) and energy efficiency (Figure 5.13).

The results in these figures are obtained for the case where there are 4 sinks in the

environment. We observe in Figure 5.11 and Figure 5.12 that by using the closest

sink selection mechanism, MLBRF operates with the worst performance in terms of

reliability and latency metrics. In this selection scheme, a sensor is statically assigned to

the closest sink and each created frame by this sensor is delivered to that sink without

considering the traffic conditions. If majority or all of the targets are closer to one

of the sinks, the detecting sensors direct their frames to that sink creating congestion
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Figure 5.11. Frame delivery performance comparison of the selection schemes.
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Figure 5.12. Frame latency performance comparison of the selection schemes.

and buffer overflows. The static closest sink selection scheme could not balance the

dynamically created load among the multiple sinks.

The random sink selection scheme tries to distribute the created load among the

sinks by directing each created frame to a randomly determined sink. The performance

of the random sink selection is better than the closest sink selection. However, since

it does not consider the distances to the sinks, there may be cases where a sensor

closest to a sink directs some of its frames to the farthest sink even in the lightest load

conditions towards the closest sink. In such cases, latency and energy expenditure are

unnecessarily increased due to usage of longer paths.

The DB-Random sink selection is an improvement on balancing the load among

multiple sinks which considers the distances of the detecting sensors to the sinks while

performing random selection. We observe from Figure 5.11 and Figure 5.12, that the

drawback of the random sink selection is alleviated by DB-Random resulting with

better performance. However, although DB-Random provides more balanced load
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distribution, it does not consider the load conditions while directing the created frames

to the sinks.

We observe that, by using the fuzzy sink selection mechanism, MLBRF achieves

the best performance in terms of reliability and latency metrics. The success of the

fuzzy sink selection mechanism depends on the provision of an even distribution of the

dynamic load among the sinks, by combining the distance criterion with the multiple

criteria indicating the congestion level in the neighborhood towards a sink.

In the case of energy efficiency, it is interesting that the closest sink selection

scheme has the worst performance (Figure 5.13). Although performance of other

schemes are similar, as the video quality increased in the network, the fuzzy sink

selection increases its performance and achieves the best performance as compared to

the other selection mechanisms. Since the fuzzy selection distributes the load more

evenly among the sinks, it provides lighter load conditions in each direction as com-

pared to the other selection schemes for the 3 fps and 4 fps video qualities. Hence,
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Figure 5.13. Energy efficiency performance comparison of the selection schemes.
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due to increased number of idle listening cycles throughout the network, the fuzzy sink

selection does not provide the most energy efficient frame delivery for these video qual-

ities. However, for the 5 fps and 6 fps video qualities, the number of frames survived

in the network is more than in the previous case by using the fuzzy selection instead

of the random selection schemes (Figure 5.11). As a consequence, the increased load

in the network decreases the energy expenditure per frame due to decreased effect of

idle listening as in Figure 5.10.
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6. CONCLUSIONS

Congestion is a major source of data loss in VSNs which adversely affects the

reliable data delivery and consequently the success of the video application. In this

thesis, we explored distributed and dynamic load balancing techniques to avoid con-

gestion and to provide reliable data delivery in VSNs. We proposed three cross-layer

geographic routing schemes LBRF, DLBS and MLBRF which apply three different

load balancing techniques.

LBRF scheme introduced the local load balancing technique. In event triggered

video applications, regarding the dense deployment of video sensors, many sensors de-

tect the same event and create bursts of video streams destined to the sink which create

transient local congestions in the network. Moreover, shortest distance based classical

single path routing schemes increase the severity of the congestion by concentrating

the traffic on some preferred sensors, resulting with an unbalanced traffic distribution

in the network. The main effort in local load balancing is the provision of even load

distribution among the candidate neighbors in the direction of delivery. The load bal-

ance is achieved in the determination of a relay for a frame using monitored buffer

occupancy levels of the neighbors.

LBRF provides load balancing just in the direction of the sink, whereas DLBS

routes the frames and provides load balancing in multiple directions which later on

converge to the sink. DLBS provides two-folded load balancing, spatial and local,

by first partitioning a video stream into multiple parts and delivering the parts over

multiple directions in a round robin manner and then by providing a load balance in

the direction of the delivery.

Although LBRF and DLBS provide substantial improvements in terms of re-

liability and energy efficiency, these improvements are limited due to convergecast

communication pattern directed to a single sink. Hence, we explored load distribu-

tion to multiple sinks as another technique for load balancing in VSNs. Deployment
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of multiple sinks is a promising solution in terms of reliability, latency and energy

efficiency due to the alleviation of congestion around the sinks. In applications such

as target tracking where the load creation is dynamic throughout the network, static

load balancing techniques could not effectively distribute the load to multiple sinks.

A dynamic load balancing technique is the appropriate solution for the applications

where the data creation is triggered upon event detection. MLBRF employs a dynamic

multi-criteria sink selection mechanism which applies fuzzy inference in the decision

of the destination sink for a frame to combine local indicators of the congestion level

in the neighborhood towards a sink with the distance criterion. Deploying extra sinks

into the environment increases the performance of the network where the breakpoint is

the deployment of the second sink. Hence, the number of sinks to be deployed into the

environment should be determined by the budget for the sensor network and the QoS

requirements of the application. A surprising outcome of comparative performance

evaluation of different sink selection schemes is that even directing the load to ran-

domly determined sinks without considering the distance is superior than directing the

load to the closest sink. The comparative results also confirm the success of the fuzzy

sink selection mechanism for achieving the best performance in terms of reliability,

latency and energy efficiency for high video qualities.

In the future, we want to improve the local load balancing technique to consider

both the sender’s and the receiver’s load conditions and the delivery characteristics

which require sender and receiver oriented relay determination approaches. In addition,

we want to improve the class based approach for dead-end handling to account for

the quality of a class of a sensor which will be based on the number of lower class

neighbors in the routing direction for that class. We will accumulate and aggregate

this information as moving away from the sink. Using this information, a sensor can

discriminate the neighbors of the same class. In that way, we can decrease the volume

of the traffic passing through the bottleneck regions in the network, which consequently

increases the QoS of data delivery.

Related with the multi-sink study, we want to improve the routing scheme by

employing a dynamic sink-switching mechanism along the way considering the deci-
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sion history and the current load conditions towards each sink. In addition, we aim to

tailor MLBRF routing scheme for forest fire scenarios where sensor and communication

destructions are inevitable due to extremely high temperatures. We want to explore

the advantages of deploying multiple sinks in the forest fire scenarios and we aim to

increase the fire spread prediction quality by proposing fire aware cross layer mecha-

nisms. Moreover, we want to explore the benefits of applying load balanced routing to

multiple mobile sinks in terms of reliable and energy efficient data delivery.
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