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Abstract

ELEPHANTS and humans existed with a long tradition of interdependence up until

contemporary times. However, today human-elephant conflict (HEC) has become

one of the most significant environmental and socio-economic crises in some parts of

the world. The conflict primarily is a consequence of frequent attacks from crop-raiding

elephants to the rural agricultural communities. The primary objective of this research

is to reduce the occurrences of human-elephant conflict by developing a solution in a

way that rural agricultural communities gain the ability to identify elephant migration

towards the village in advance. The proposed solution is basically to incorporate a sensor

network to detect, localize and track elephants before they move into the village area.

In this thesis first, we studied the social structure and behavioural patterns of ele-

phants and identified significant characteristics that can be utilized in the proposed so-

lution. We have recognized the seasonal characteristics which indicate the probability of

elephants migrating towards the villages and more importantly their behavioural pattern

of utilizing the same travel routes. We have further investigated their communication

and call patterns and identified that low-frequency elephant calls called rumbles can be

utilized to detect the presence of elephants from a faraway distance.

Next, we developed a framework which was utilized to investigate the feasibility of

using acoustic sensor network for elephant localization. Then we analysed the effects on

the accuracy of elephant localization and detection based on the characteristics of sound

propagation over the air. We investigated the effect of various meteorological parameters

in elephant vocalization propagation medium and their consequential effects on elephant

positioning accuracy. In addition, we evaluated the effect of signal-to-noise ratio (SNR)

on the detection of vocalization signal which subsequently affects the localization ac-
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curacy. Extensive simulation results revealed that the temperature variations between

sensors and deviation in wind velocity have a significant effect on positioning accuracy

of the system. In addition, localization accuracy decreased enormously once the SNR

level fell under certain marginal level.

We then introduced a novel technique with sound generating probes to estimate the

average speed of sound which is affected by environmental parameters. The technique

was then integrated with the elephant localization system framework which utilizes

acoustic sensor network. Performance of the system was evaluated under real-world

ecological scenarios against a sensor network which is equipped with wind and temper-

ature sensors. Analysis revealed that the sensor network with the proposed probe tech-

nique achieved the best overall accuracy of localization, despite the limited information

it gathers from the environment.

Finally, we built a hardware system to test and validate our approach. Initial ex-

periments were designed and performed by replaying recorded elephant sounds under

different environmental conditions. The results overall illustrated that the system can

provide significant localization accuracy under a range of wind and temperature con-

ditions. An identical hardware set up was then used to localize wild elephants in Sri

Lanka. Our approach enabled localization of wild elephants at a distance of over 500 m

from the sensors to within 30 m accuracy, providing adequate time for the villages to take

appropriate safety measures.
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Chapter 1

Introduction

ELEPHANTS and humans existed with a long tradition of interdependence up until

contemporary times. Elephants figured prominently in work, warfare, culture, re-

ligion and pageantry throughout history [1]. Changes in social and ecological conditions

precipitated by human needs are resulting in serious depletion in certain animal popula-

tions. Human-elephant conflict (HEC) is one such significant socio-ecological problem in

some parts of the world. The conflict primarily is a consequence of frequent attacks from

crop-raiding elephants on the rural agricultural communities. Humans are clearing large

areas of land for food production, increasing pressure on traditional elephant habitats.

This results in migration of elephants to villages to fulfill their food requirements and

ensuing HEC.

In Sri Lanka where the field trials for this research was primarily conducted, it is

estimated that there are approximately 4,200−5,000 wild elephants. Typically, one ele-

phant needs at least five square kilometres of optimum habitat to inhabit [2]. In conse-

quence, the population require in total, minimum of 21, 000 to 25, 000 square kilometres

or 32−38% of the overall land area of the country [2]. The national parks only cover

12.5% of the total requirement and almost 70% of the elephants live outside the national

parks, sharing the land with rural people. As a result, human-elephant conflict is com-

mon in eight of the nine administrative provinces in Sri Lanka affecting over three million

people.

The consequences of HEC are the loss of human lives or permanent disability, damage

to properties and cultivation while creating negative attitudes towards the elephants [3].

From 2012 to 2016, in Sri Lanka alone 316 people were killed by elephants and 1, 171 ele-

1
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phants were killed by people. During the same period, an overall total of 6,415 residences

in the country were damaged by elephants. Until 2007 the average number of elephants

killed per year in Sri Lanka was around 150. Since 2012 this number has increased to 250

elephants per annum and in 2016 the elephant deaths reached its recorded highest of 279

[4]. Over 90% of the elephant fatalities were resulted from retaliatory killing by farmers

for destroying their crops, homes and lives [2]. The gravity of the HEC is serious consid-

ering the fact that the Asian Elephants (Elephas maximus) categorized as Endangered in the

International Union for Conservation of Nature (IUCN) Red List [5].

1.1 Motivation

Various strategies have been implemented to mitigate HEC. Traditional methods such

as chasing elephants away by shouting, building fires and lighting fire crackers are still

used by rural farmers and villages. Approaches such as implementing electric fencing

systems and using satellite imaging and radio and Global Positioning Systems (GPS)

collars to detect the presence of elephants [6] are also employed with the support of gov-

ernment authorities and conservation support groups. However, these strategies suffer

from inherent drawbacks ranging from lack of effectiveness to inadequacy of resources

[7].

Within the current context of human-elephant conflict, it is important to take every

possible action to manage the problem at tolerable levels. Accurately detecting the pres-

ence of elephants plays a significant role in this process [8–10].

Recently, interest has grown in the detection of elephants through their low-frequency

calls, commonly referred to as “rumbles” [7]. This technique is a safe, practical and non-

intrusive methodology to detect these highly social animals that use rumbles for long

distance communication. Once the elephants are detected at a sufficient distance from

the village boundaries countermeasures and warnings to the local population can be de-

ployed. The proposed solution in this thesis is basically to deploy an acoustic sensor

network to detect and localize elephants before they move into the village area.
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1.2 Key Challenges

In this thesis, the research question addresses a multidisciplinary real practical problem.

The following key challenges are identified as the research problems.

• General and favourable elephant behaviour patterns need to be identified for effec-

tive implementation of a theoretical and practical elephant detection framework.

• Sensors should be able to detect the presence of elephants. This will, in practice, be

achieved by positively identifying low-frequency elephant calls originating from a

location where is a long distance away from the area of interest.

• Finding the location of elephants in the given environment is a challenging task.

Mathematical modelling need to be performed to determine the effectiveness of

acoustic localization algorithms.

• These infrasound calls travel through the air and the effects of changes in the medium

need to be determined. For instance, the environmental factors such as temperature

and wind velocity change the speed of sound in air. Quantitative analysis needs to

be performed to estimate the effect on such variations in localization accuracy.

• A practical hardware system needs to be designed and implemented to gather data

for analysis purposes. The designed hardware should be capable of implementa-

tion in a real-world system.

• The number of actual implemented wireless sensor network systems is extremely

low compared to the theoretical publications presented in the wireless sensor net-

work area. To fill the gap, sensor network hardware systems need to be designed

and implemented to test and validate proposed theoretical framework and algo-

rithms.

1.3 Scope and Limitations

This thesis investigates the feasibility of utilizing acoustic sensor network to detect the

presence of elephant and accurately estimate the elephant location. Challenges in lo-
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calization estimation are extensively discussed and naval methodology to improve the

localization accuracy is proposed and implemented in this thesis.

Real-world implementation in this thesis focuses on proof of the concept, and due to

time and resources constraints, data collection is limited to above aspect. Challenges in

the long-term operation of the system framework proposed are out of the scope of this

thesis. The thesis focuses on detecting the presence of the elephant(s). Feature extraction

or similar techniques has not been utilized in this research to classify specific elephant or

estimate the number of elephants in the vicinity of the network.

1.4 Contributions of the Thesis

Major contributions are listed in the order they appear in the thesis.

1. Evaluation of the key elephant social behaviours and characteristics to identify

favourable behavioural patterns for an elephant detection and localization system.

2. Development of the mathematical model to estimate source (elephant) locations

with a passive acoustic sensor network and analysis of the network scale on locali-

sation accuracy.

3. Evaluation of probabilistic bounds and error validation of the elephant localization

model, identifying probabilistic estimation error regions.

4. Proposal for a simulation framework to study the performance of the designed ele-

phant localization algorithms considering real-world model inputs.

5. Investigation of the impact of environmental constraints and signal to noise ratio

on an elephant localization sensor network. Identification of the variables that sig-

nificantly compromise the estimation accuracy with respect to the application.

6. Introduction of a novel “probe” technique to estimate the accurate sound speed in

the air which is affected by the environmental parameters of the medium.
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7. Comparative study of the proposed novel probe technique under different environ-

mental scenarios and evaluation of position estimation error.

8. Design and implementation of a hardware system framework addressing our ap-

plication requirements and including the novel probe technique and deployment.

Collection of data in real-world and forest environment using developed hardware

system.

9. Practical validation of proposed methodologies system consists of both hardware

and software in Sri Lanka.

1.5 Structure of the Thesis

After this introductory chapter, the thesis is organized as follows:

Chapter 2: Literature Review

This chapter carries out a literature survey related to the thesis. In our approach, we

utilize a sensor network to detect and localize elephants. A brief review of implemented

wireless sensor network applications for habitat monitoring has been discussed in the

early part of the chapter. Even though there are extensive theoretical publications related

to wireless sensor networks, practical implementations are limited. The later parts of the

chapter present the current strategies utilized in mitigating HEC. There are wide limita-

tions in current approaches in terms of effectiveness and resource availability and these

concerns are elaborated in Chapter 2.

Chapter 3: Social Behaviour and Vocalizations of Elephants

Understanding animal characteristics and behaviour under different socio-ecological con-

ditions is important in any conservation project. This chapter presents the behaviour pat-

terns and the social structure of elephant society. Important behavioural characteristics
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of elephants utilized in this thesis are highlighted and discussed. Elephants are highly

social animals and they make long distance rumble calls for their communication. The

frequency and time domain responses of these elephant calls are presented in this chapter

whilst evaluating the effects of noise levels.

Chapter 4: Elephant Localization System Framework

This chapter describes the underlying mathematical representation of the elephant lo-

calization system framework. Initially, we explain the passive acoustic localization ap-

proaches in terms of Time of arrival (TOA) and time difference of arrival (TDOA) tech-

niques and then mathematically model the elephant localization problem using timing

observations. Elephant location estimation is obtained using two estimation models

namely the Best Linear Unbiased Estimator (BLUE) and the Maximum Likelihood Es-

timator (MLE). Then the performances of the estimator models are evaluated in a sim-

ulation framework and results are presented. Finally, statistical bounds on the elephant

localization error estimation is derived and illustrated in this chapter.

Chapter 5: Propagation Constraints in Elephant Localization

The passive acoustic sensor network described in this thesis utilizes elephant rumble calls

that travel through the air as the signal. Sound propagation in air is affected by various

environmental parameters, especially the temperature. In addition, the wind carries the

medium that the sound propagates and wind velocity affects the speed of sound in air.

Moreover, the intensity of the signal is inversely proportional to the distance it travels and

therefore, signal to noise ratio (SNR) of the received signal depends on the source-sensor

distance. This chapter quantitatively analyses the effects of meteorological parameters on

the speed of sound in air and evaluates the significance of the phenomenon on elephant

localization accuracy. Additionally, the chapter investigates the SNR dependence of the

elephant localization accuracy. Analyses are performed on a simulation testbed defined

with respect to the application and results are presented.
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Chapter 6: Localization Accuracy Enhancement Technique

The extensive analysis in Chapter 5 emphasises the importance of incorporating the wind

and temperature information into the elephant localisation system to attain acceptable

positioning accuracy with respect to the application. In this chapter, we propose a novel

technique to improve the localization accuracy of the elephant localization framework.

The novel mechanism basically incorporates sound generating probes into the sensor

network providing a means to estimate the accurate speed of sound in the observation

area. The chapter presents an extensive simulation analysis on this methodology as well

as interesting findings concerning the effectiveness of using sound probes in elephant

localization system framework.

Chapter 7: Sensor Hardware Implementation, Data Collection and Analysis

Human-elephant conflict is a real-world problem and countermeasure require practical

implementations. This chapter provides a detailed explanation of the hardware imple-

mentation of our approach. We have conducted experiments using the sensor network

that we built in an outdoor environment to understand the effectiveness of the system un-

der different ecological conditions. Elephant calls were replicated by replaying the rum-

ble calls from a surrogate elephant system and data was collected and analysed. An iden-

tical sensor network system was then deployed to localize wild elephants in Sri Lanka.

This chapter presents the results of out-door experiments performed and experiments

carried out in a forest environment using our sensor-probe framework.

Chapter 8: Conclusion

This chapter summarizes the contribution of the thesis and provides some insight for

future research.
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Chapter 2

Literature Review

Our proposed solution to mitigate human-elephant conflict incorporates a wireless sensor network

to detect and localize elephants. Therefore, the first part of this chapter we present a brief literature

review related to wireless sensor networks for habitat monitoring. Despite the extensive theoretical

publications in the area, there are quite limited practical implementations conducted on the wireless

sensor network on monitoring animals in their natural habitats. In the latter part of the chapter,

we mainly discuss the currently implemented strategies to mitigate HEC. We further explain the

practical limitations and drawbacks in terms of effectiveness and resource constraints with related to

these methodologies.

2.1 Sensor Networks for Habitat Monitoring

PREVIOUS wildlife monitoring employed for large mammals has almost entirely

been based on reasonably low-technology VHF transceivers that regularly send out

a ping signal [11]. Consequent advancements have included global positioning system

(GPS) based trackers, which have been used for tracking numerous animals including

birds [12] and sea turtles [13], but these depend on high-power transmitters that transmit

data up to a satellite, and they function from a non-recharged battery supply.

One of the earliest researches carried out using sensor network for habitat monitor-

ing is the monitoring of seabird nesting environment at Great Duck Island [14]. There,

researchers deployed the sensors statically in a grid-like fashion across two wildlife habi-

tats. These sensors observe the animals and report the observation back to the base

station through a sensor network. ZebraNet [15] was another wireless sensor network

(WSN) which was designed for monitoring and tracking zebras at the Sweetwaters re-

serve, Kenya. The system includes custom tracking collars (nodes) carried by animals

9
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under study and the collars operate as a peer-to-peer network to deliver logged data back

to researchers. The collars include a wireless computing device which consists of Flash

memory, GPS module, wireless transceivers, and a small central processing unit (CPU).

The architecture had been designed for an always mobile, multi-hop wireless network.

WSNs for habitat monitoring have been studied by several other research groups

as well. Multi-tiered architecture for habitat monitoring was proposed by Cerpa et al.

[16]. A system was developed based on PC104 hardware platform and it was introduced

as an experimental test bed for habitat monitoring. Wen Hu et al. [17] investigate a

wireless, acoustic sensor network application for monitoring Cane Toads populations

in the monsoonal woodlands of northern Australia. They have used a hybrid mixture

of resource-rich Stargate devices and resource-poor Mica2 hardware devices. Mica2s

were used to collect acoustic samples and expand the sensor coverage while Stargates

were used for resource-intensive tasks such as fast Fourier transforms (FFT) and machine

learning. Recently, it has been presented a vision-based monitoring system for biologi-

cal phenomenon [18]. This system has enabled the automated analysis of thousands of

images in a study of avian behaviour during nesting cycles.

The amount of implemented wireless sensor network systems is extremely low com-

pared to the theoretical publications presented in the area. There is certainly little data

about the extended behaviour of the sensor networks, due to much less wireless networks

utilized for habitat monitoring.

2.2 Current Strategies Deployed in Mitigating HEC

Methods currently adapted in mitigating HEC can be divided into two main categories

[19]; combative methods and preventive measures.

2.2.1 Combative Methods

Combative methods are mainly used in dealing with the elephants after they elephants

entered to the protected area.
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Use of Spotlights

Use of powerful spotlights have been tried in dealing with ccrop-raiding elephants in

India and it has been found that some elephants tend to move away from the beam of

light [20]. The light needs to be powerful and strong enough to be effective and if used

torchlight, in fact it attracts curious elephants towards the source. The spotlight fitted in

vehicles such as tractors and jeeps were also experimented, however, vehicles need to be

close enough to the elephants for this method to be effective. However, once the vehicle

is moved away, the elephants are very smart and tend to come back [21].

Use of Domesticated Elephants

Domesticated elephants (called koonkies) are utilized to drive away the wild elephants

from the crop fields in India, mainly over the daytime [20]. In 1980, a herd of around 60

wild elephants was chased away successfully by using domesticated elephants in West

Bengal in northeast India. Capturing and domesticating elephants is a time consuming,

social-ecologically unfriendly and bureaucratically unrealistic approach.

Use of Firecrackers

Use of firecrackers is one of the most generally used methods to drive the wild elephants

away from cultivated areas. Elephants are intelligent creatures and soon identifies such

psychological bluffs. The use of rockets that ends with a bang was appeared to be more

successful, especially with a group of elephants. Farmers used bamboo gun rockets effec-

tively to chase wild elephant away from of cultivation in India [22]. In the past, wildlife

department authorities used to supply thunder flashes to the farmers. These devices were

successful in mitigating elephant problem in short-term, but not a sustainable solution to

eradicate elephant raids [23].
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Use of Loudspeakers

An experiment has been done in southern India, with playback of a tape contains a jum-

ble of noises via loudspeakers and found effective in short-term, moving raiding bull

elephants from coconut farms [21]. However, a controlled experiment carried out using

recorded tiger calls for deterring elephants was inconclusive [20]. In [24], it has been sug-

gested that high-frequency sound beep may have a possibility of repelling elephants, but

would not be a standalone solution.

Use of Firearms

Shooting the guns or firearms may be effective in driving away elephants back to the

forest. However, elephants being one of the endangered species, shoot to kill is not au-

thorised in any of the elephants residing countries. Therefore, the farmers and wildlife

officers must use the noise of shooting to chase away the elephant. However, some ag-

gressive bull elephants may disregard such noises and move into farming areas [19].

2.2.2 Preventive Measures

Preventive strategies are deployed to avoid elephants from migrating into protected ar-

eas.

Use of Repellents

One of the main sensory channels of elephants is the smell. Considering this fact, chem-

ical repellents have been used as barriers for elephants without much success [20]. This

is mainly due to the difficulty of keeping chemicals in the effective conditions under wet

weather. However, Dutch planters in Sumatra tried to hang rags soaked in human urine

as a repellent to deter wild elephants from oil palm plantation. In the recent past, experi-

ments were conducted on free-ranging elephants in Zimbabwe to test the effectiveness of

Capsicum-based aerosol as a repellent. The results have illustrated that it has a potential

of being a short-term repellent up to 100 m [25].
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Use of chilli briquettes found to be effective as a short-term deterrent for crop raiding

elephants. The chilli briquettes were made of ground dried chillies combined with fresh

elephant or cow dung and dried the mixture to make briquettes [26, 27]. Burning these

briquettes create a noxious smoke which act as the repellent for elephants. However,

the effectiveness of this method significantly depends on the wind direction [26]. If the

prevailing wind drifts towards the crop field, the chilli-dung fires are of no-use as the

smoke do not warn the elephants in the forest area.

Trenches

Trenches to be effective, it needs to be at least 2 m deep and 2 m accords at the top and

1.8 m wide at the base [19]. In addition to the higher cost of building them, because

of wet weather and erosion, the effective depth of trenches often gets affected reducing

the effectiveness of the barrier [28]. The potential of the trench can be enhanced by either

establishing the walls with concrete (which is expensive) or by planting thorny vegetation

along the inner-trench edge. Shallow trenches 1.2 m deep and 1.2 m wide along with a

cover of bamboo matting has been used as a barrier in India. The bamboo mat provides a

psychological rather than a physical barrier as the elephants have an instinctive sense of

what surface could withstand their weight [20]. The cost of construction and maintenance

of the trenches usually outweigh the extent to which it is effective in reducing the damage

that elephants do to the villages or farming areas.

Log Fences and Stone Walls

In Malaysia, it has been used log fences (15 cm to 25 cm in diameter) wrapped in barbed

wire in highly affected areas with HEC [19]. Constructing these fences are highly expen-

sive and it is difficult to extract appropriate timber from the forest. Similarly, construct-

ing stone walls also a tedious and expensive matter and as a result not a viable option for

many areas.
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Electric Fence

Electric fences got a higher attraction out of the existing solutions. Many people in the

affected areas tend to plea electric fences, as they see it as the permanent solution for

HEC. However, the high capital cost and the lack of routine maintenance have always

resulted in the effectiveness of this approach to put well below expectations [29, 30].

The electrical fences consist of two strands of steel wires which are connected to a

pulse generator. The power supply often operated either by battery or solar panels. The

pulse generator passes an electrical pulse of 5,000 volts in every second through strand

wires, which is non-lethal as of its very short duration (3/ 10,000 th of a second). The

system generally works as a mental barrier for elephants rather than a physical obstacle.

However, it is difficult to outsmart the elephants and they have used several tricks to get

over these fences. The ivory of the tuskers is a non-conductive and they use it to dislodge

the fence or insulators. In some cases, it is observed that elephants use fresh trees which

they bring from the forest to trip-off the power supply by short-circuiting the wires. In

other incidents, elephants have used tree branches to break the posts and wires [31].

Demand for meticulous maintenance is another factor that causes electrical fences to

fall below the anticipated success in the long run. Keeping the fence line clear from the

growing vegetation, especially in the wet season is a recurrent problem that needs to ad-

dress in the management of electric fences. The effort to establish Collective maintenance

of an electric fence through a rural community has not often been successful due to the

involvement of a long chain of responsibility, that simply fails at the weakest link. Even

in countries where wildlife is authorities operate in a local level the success of electric

fencing projects is quite unsatisfactory due to the maintenance deficiencies [29, 32].

Beehive Fence

It has been identified through playback experiments that elephants tend to avoid sounds

of disturbed honey bees [33]. The stories from local people suggested that elephants fear

bees as a result of stung behind the thinner skin of the ears, around the eyes and up

the trunk. This must be a painful enough experience for elephants which creates nega-
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tive memories leading them to avoid future encounters with bees. Recently, researches

have been conducted to monitor the effect of the beehive fences on deterring crop-raiding

elephants [34–36]. A beehive fence consists of beehives that are installed into the wires

connected to the posts and usually use to surround agricultural area which need to be

protected.

Effectiveness of these fences highly depend on the meticulous maintenance which is

labour intensive. In addition, it could take a longer period; in some cases, months for

all the beehives to be occupied with bees which minimize the effectiveness of the whole

fence during the interim. Further, less aggressive honey bees may have less effect when

swarming out and deterring elephants. Bees are less active in the cooler conditions and

as a result the effectiveness of the fence is deteriorated during the night where most crop-

raiding occurs [35].

Translocation

Identify and relocate the problematic elephants who are constantly responsible for the de-

struction of plantation or impairment of villagers’ livelihood has been a practice followed

by some wildlife authorities [19, 31]. These elephants are either captured and moved by

a vehicle (capture transport) or driven to a new area (elephant drives). However, in most

cases elephants have returned to its usual habitats within a brief period after the translo-

cation. It has been reported cases where elephants returned to the area of capture from a

distance as far as 100 km [37].

Tagging Elephants with GPS Collars

During the past few years, feasibility to use Global Positioning System (GPS) collars to

track elephants in the wild has gained attraction of the conservationists’ and other stake-

holders who are addressing the issue with HEC [6]. Generally, the collar consists of a GPS

receiver, a radio-modem for data communication, a medium for data storage typically a

non-volatile memory, and an independent VHF or mobile of satellite transmitter or and

a battery. Once the elephants were collared, the location data is retrieved typically in 4-6
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hour intervals. Subsequently, the elephant moving speed can be estimated by dividing

the linear distance between successive locations by the time interval between them.

Tagging elephants with GPS collars is an expensive, dangerous to humans and ele-

phants and tedious task which require complex procedures to be followed. First, the

elephant needs to be captured and tranquilized. In general, gun-propelled syringes con-

taining Etorphine is used to dart the elephants and this task need to be carried out by

an expert personnel. The process involves the risk of approaching the elephant up to the

close proximity of the propelled-gun range. Typically, the elephants were approached on

foot or ground vehicle, but there were cases reported where it used helicopters in the pro-

cess of darting [6]. While the elephant is anesthetized, heart rate, vital signs, respiration

rate, blood pressure and body temperature need to be monitored continuously. Once the

collaring is completed a Diprenorphine need to be injected as the reversal drug and need

to make sure that elephant is act natural after recovery which again involves the risk of

being near the treated animal.

Elephant collars need to be built to sustain in harsh environmental conditions and

need to be water resistant. Collaring being a complex process, it needs to be robust

enough to last for a longer period once it is worn. Therefore, the cost of elephant collars

is considerably high (USD 3000-12000) [38] and the command unit for the collar is also

expensive (USD 6500). In addition, there is a data retrieval cost involve accessing the GPS

satellite data. For instance, a project tracking around 10 elephants over a period of 2 years

can approximately cost at around of $200,000 onwards making the solution unaffordable

for wildlife managing government authorities in most elephant residing countries [38].

Because of the risk involve in collaring elephants, the need for expert technical person-

nel and higher capital and operational cost, GPS-telemetry is not a sustainable method

for monitoring elephants. In addition, due to the infrequent data retrieval intervals, the

approach is not a viable solution for HEC.

Considering the drawbacks and constraints in the current strategies deployed in mit-

igating HEC, it required to investigate a possible alternative to address the problem. In

this thesis, we propose to use passive acoustic sensor network to detect and localize ele-

phants which is an effective methodology in mitigating the occurrences of HEC.
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Social Behaviour and Vocalizations of
Elephants

This chapter presents the social behaviour and structure of elephant society. The useful behavioural

patterns of elephants for localization and tracking methodology used in this thesis are highlighted and

discussed. In addition, general elephant vocalizations are described, and their frequency spectrum is

examined. Characteristics of elephant rumbles in spectral and temporal domains are analysed and the

favourable characteristics in regard to elephant localization are highlighted.

3.1 Introduction

THERE are three main elephant species in the world; African savannah elephants

(Loxodontaafricana), African forest elephants (Loxodonta cyclotis or Loxodonta africana

cyclotis) and Asian elephants (Elephas maximus) [39, 40]. However, less than 50,000 wild

Asian elephants presently extant on earth and fragmented populations dispersed across

13 countries [40–42]. Elephants are found in Southeast Asia and the Indian sub-continent

and with half of the inhabitants live in India [43]. Almost across the all residing terri-

tories, the main threat to Asian elephant survival is the habitat loss and fragmentation

[42, 44]. Contrary to African elephants, ivory poaching is of minor concern for Asian

elephants’ survival as only about 5% of males carry tusks [45].

Understanding of social structure and behaviour patterns of elephants is a crucial

element in an elephant conservation project. The social structure of Asian and African

elephants is briefly described in Section 3.2. General elephant behaviour is discussed in

Section 3.3. Elephant communication and call patterns are summarised and analysed in

Section 3.4.
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3.2 Social Structure of Elephants

Elephants play a crucial role in balancing ecosystem functions and biodiversity in forests

[46, 47]. In [47] they were named as ecosystem engineers and mega gardeners of the

forests considering their part in the transformation of landscapes, influence on vegeta-

tion regeneration, and effect on the dissemination and abundance of wildlife [48, 49].

Elephants being on the edge of extinction may cause to entire forest ecosystem to be at

risk. For instance, in the tropical forest of Congo, some tree species entirely solely reliant

on elephants for seed dispersal [50].

Asian elephants often inhabit densely vegetated areas [44]. Consequently, only three

comprehensive studies based upon individual identifications have been conducted for

wild Asian elephants [51–53].

Asian elephants occupy a variety of habitats such as scrub forests, grasslands, dry

deciduous forests, swamps, moist evergreen forests and mangroves [54]. The span of

their prior and current ranges demonstrates that Asian elephants are capable of adapt-

ing to a broad variety of ecological conditions. Perhaps their behavioural plasticity may

have contributed this adaptability which subsequently evolved in moving into the hu-

man populated areas increasing HEC.

The social composition of wild Asian elephants can be categorised into a fission-

fusion social structure [51,52]. Fission-fusion reflects an adaptive group behaviour which

demonstrates the group size based on costs and benefits of association. If the bene-

fits of association outweigh the costs, sub-groups will fuse into larger groups. On the

other hand, the cost of getting together exceeds the benefits fission occurs; groups divide

into sub-groups. In general, fission-fusion behaviour depends upon a number of factors

such as availability of food and water resources, access to mates and predation pressure

[55–57].

Group size in Asian elephant’s fission-fusion social system can vary extensively from

few animals to a herd of hundreds of individuals [51,52,54,58]. Asian elephants live in a

range of habitats which represents diverse ecological conditions based on the availability

of water and vegetation resources [42, 43, 59–61]. Wild elephants in Sri Lanka have no

threat of natural predators [51], and therefore the group size mostly reflects adaptability
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into available local resources.

Elephants are giant herbivores [62] animals who need to consume a massive amount

of food and water for their survival. In general adult elephant daily consumes about 250

Kg of forage and 180 L of water. Elephants eat most of the vegetation but, like any other

large mammal (ungulates) [63], they specifically consume plant species and plant parts

that contain less fibre and more digestible carbohydrates and proteins [64,65]. Elephants

prefer young grasses over the woody vegetation as their primary food source because

it contains soluble carbohydrates and lower lignin and secondary compounds [65, 66].

Thus, grasses are more digestible compared to woody plants and demand little handling

time [67]. Therefore, Grass patches offer uniform concentrations of high-quality food

resources for elephants [68]. Despite its higher protein content, woody vegetation such as

scrub or evergreen forests is not a desired food source for elephants [63,65]. The chemical

composition of woody plants varies significantly between plant parts and plant growth

stages and as a result, they require longer handling time in elephant’s digestive system

compared to grass [67].

Similar to the most mammals, elephants depend on water for their survival; not only

for drinking but for bathing and social interactions. However, they commit less than two

to three hours of the day for drinking and bathing [69]. This is significantly less than

the time that they spend on foraging. Depending on the age and reproductive status,

elephants spend 12 to 18 hours searching for food or provisions [43, 44, 69]. Water is not

just an essential resource, but it additionally provides a means for social interactions by

facilitating play behaviour [70].

Water and preferable food sources are often may not be close to each other. Therefore,

elephants sometimes need to travel long distances to fulfil there drinking and feeding

needs [43]. The swap between drinking and feeding activities need to be synchronised

among all the members of the social unit to avoid the cost of separation from the main

family unit [71]. Water is less likely to be a resource of competition when it compared

to food and therefore, it is possible to see elephants next to each other when they har-

vest water. However, when water is limited to a few hot spots, substantial aggregations

of animals could be anticipated near water [72] and these may correspond to short-term
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gatherings of multiple social units. Similar to African forest elephants gather by hun-

dreds near clearings [73,74] in some habitats, Asian elephant can be seen in large groups

near water sources in open grass areas or at the edges of forest and grasslands [53].

In general, animal group size increases with predation pressure and openness of habi-

tat [63, 75] and human interference is perceived as predator threat [76, 77]. Hence, the

presence of tourists in some habitats may have affected the elephant group size and per-

suaded the formation of larger groups composed of several social units. For instance,

average elephant group size in Minneria national park in Sri Lanka is significantly higher

than other local habitats and can be considered as a direct impact of human disturbance.

3.3 Social Behaviour of Elephants

Though Asian and African elephant species were separated by at least six million years

[78, 79] it is possible to find a similar social organization in all species to some extent.

For instance, both Savannah and Asian elephant family units are led by the eldest adult

females (matriarchs) and they manage the extended association between other family

units. Savannah elephants who has fission–fusion society with hierarchical ‘tiers’ [56, 80,

81] prefer to have companionships throughout their home ranges provided that resources

permits. However, controversial behavioural observations have been made on Asian

elephants [53].

A study carried out utilising population genetic data, radio telemetry and behavioural

observations in Yala National Park, Sri Lanka [51] reports Asian elephant family units

with adult and sub-adult females and juveniles. It has been observed low levels of asso-

ciation and no intergroup transfer of females in this study. On the other hand, research

carried out in Udawalawa National Park, Sri Lanka depending upon behavioural obser-

vations in [52] described that associations of adult females not limited to unique family

units but they formed larger social groups than in previous reports. In addition, these

family units were observed to be stable across years and female elephants occasionally

switched between family units [52].

Asian elephants have a lifespan of 60 years in wild and are long long-lived animals
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[44, 82–84]. Female elephants give birth to calves after a 20 to 22-month gestation period

and calves are lactational dependent for the first 3 to 4 years of their life [44, 82]. At the

age of eight to nine, female elephants become sexually mature [44, 85, 86] and typically

give birth to their first calf during 14 to 20 years of age [44,87]. Even though male become

sexually matured at age of 17, they in usually will not succeed in mate until the age of 20

to 25 years. This is due to limited access to receptive female elephants and male elephants

generally need to outcompete other males to connect with a female [88,89]. Even females

are commonly found in groups [51, 52, 59, 90], adult males are frequently observed alone

[44, 59, 90].

Adult females are only receptive for a few days in their prolonged 16-week estrous

cycle and they have four to five-year inter-birth period [91]. Therefore, a receptive female

is an unpredictable and limited resource and male elephant competition to connect with

a female is highly likely. As a result, male elephants are not benefited by permanently

remain with a group of females or defending a territory [53].

The home range of individual male overlaps partly or entirely with the home range

of several females. In, [92] it was investigated the home range of elephants in Yala Na-

tional park, Sri Lanka using VHF tracking and have estimated that home range of male

elephants could be twice as of a female elephant. In [59] it was observed that male ele-

phants reside in an area of less than 1 km2 for several days inactively before they migrate

to a different region where they follow the identical pattern.

In African elephant society, sexually inactive adult males move to a location called

the bull area where they interact with other male elephants in a relaxed manner. On the

other hand, sexually active males or musth elephants leave bull areas and in generally

observed alone or in the presence of female elephants. Elephants in musth are more

often encounters aggressively with other sexually active males [93]. In African elephants,

musth bulls are desired by females in estrous and sire most offspring [88, 94]. However,

wild Asian elephant males in and out of musth have been observed mating females [53,

95].

In general, male group size decreases with age [96] and Juvenile males can be ob-

served in larger groups than adult or sub-adult males. Early studies on African elephants
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suggested when males become sexually mature they were forced out of their natal family

units [80,82]. In contrast, more recent studies imply that male independence is a gradual

process which could take up to eight years and not enforced by other members of the

family unit [84]. Males with no peers in the family unit tend to complete the transition

more quickly and become independent [89].

The means of knowledge transfer between animals is a fact affecting to their social

structure [97]. In [98] it claims that there is a positive correlation between animal bond-

ing strength and information transfer. Strong ties between old and young females could

affect the reproductive success through knowledge sharing and supporting each other in

caring offspring. In African elephants, family units led by elderly matriarch has demon-

strated greater per capita reproductive success as these females are capable of distin-

guishing known from unknown male elephants and assessing risk accurately [99]. Thus,

a strong association between elderly and younger females is proven to be beneficial in

conflictive situations. Alloparenting can be observed in societies of elephants and other

mammals [83, 100, 101]. Alloparental care denotes the care and attention given towards

young by the individuals apart from their parents. Being allomother is a beneficial factor

for successfully raising the first offspring of a female and it is observed short inter-birth

intervals if the alloparental care is available [102]. Allomothering is a vital fact that de-

fines the infant survival in African elephants [80,103]. After giving birth to the offspring,

adult females need to spend 12-18 hours per day to search and consume food to obtain

sufficient food for lactation. Therefore, strong bonds between mothers, infants and allo-

mothers are highly beneficial for infant survival and reproductive success [44, 69]. Simi-

lar allomother caring observation has been made in African and Asian elephant societies

[53].

Elephants march through the same travel routes even the environmental conditions

change. Elephant marching through a hotel lobby is reported from Zambia after it was

built on their migration trail [104]. The traditional travel routes may be communicated

from generations to generation and elephants seem dedicated on defending their tradi-

tional elephant routes. Recently Sri Lankan government have recognised the significance

of this characteristic and imposed rules on freeing elephant corridors [105]. Elephant’s
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behaviour of using the same itinerary is one of the key behavioural features that we

utilised in our study.

3.4 Elephant Communication and Call Patterns

Elephants use acoustic signals in different contexts such as mate search [106], male–male

competition [107], and maintenance of social bonds etc. [106]. They are able to detect

low-frequency calls over a range of several kilometers [108–111]. Further, they use al-

ternative sensory channels such as chemical signals (e.g. smell), and visual and tactile

displays all involved in short-distance interactions. It is further suggested seismic en-

ergy transmission may be viable channel for elephant communication [112, 113].

The elephant calls could be grouped into four distinctive categories, namely, trum-

pets, chirps, roars, and rumbles [114]. Juveniles produce three of the four call types,

including trumpets, roars, and rumbles, in the context of play and distress. Adults make

trumpets and roars in the context of aggression, disturbance, and play. Chirps were gen-

erally produced in circumstances of confusion and alarm. Elephants produce rumbles

when coordinating family and larger group behaviours, when attracting mates and an-

nouncing reproduction and, when competing for resources and/or dominance [106].

Strength of elephant calls varies extensively from very soft calls made between moth-

ers and their nearby infants to the extremely loud calls produced by females announcing

their availability. Playback experiments indicated that savannah elephants responded

to each others’ loud vocalizations over a range of at least two kilometers. For the rea-

son that playbacks were only broadcasted at half the amplitude of the strongest elephant

calls in their sample, the researchers concluded that actual range should be at least four

kilometres [108]. The advantage that elephant calls can travel several kilometres enables

elephant societies to coordinate migrations over large areas.

Females vocalize more often than males; the frequency of vocalization in both males

and females is extremely variable and dependent on social circumstances. Researches

carried out in Namibia and in the Central African Republic have shown that rate of call-

ing increases predictably with the number of elephants present [111].
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3.4.1 Elephant Rumbles

Typically, elephant rumbles are rich in infrasound; however, most of these consist of fre-

quencies high enough to be audible to humans. Infrasound is sound below the level of

human hearing. Basically, the infrasonic frequency range is considered to be between

1 Hz to 20 Hz. The lower the frequency, longer the sound wave is and therefore they

can travel farther without being absorbed or reflected by the environment. The structure

of elephant rumbles is quite varied, but readily recognizable. The elephant calls have

roughly eyebrow-shaped time-frequency response as shown in Fig. 3.1. Typically, the

rumbles are in the frequencies between 10−250 Hz and last between 2−10 seconds. The

other infrasonic noises present in the environment such as the broadband wind or thun-

der often could obscure the elephant’s rumble calls. Figures 3.2, 3.3 depict spectrograms

of same elephant rumble call while signal is corrupted by the noise. Additive white Gaus-

sian noise (AWGN) is used for the illustration. Time domain representation of elephant

calls are shown in Figs. 3.4−3.6.
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Figure 3.1: A spectrogram of a recorded elephant rumble call. Eyebrow-shape structure
indicates the harmonics present in the elephant in the signal.

From the above analysis, it is evident that the pattern of elephant rumbles can be used

as a tool to recognize the presence of an elephant.
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Figure 3.2: A spectrogram of an elephant rumble call while signal is corrupted by noise
(AWGN with SNR = 10 dB).
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Figure 3.3: A spectrogram of an elephant rumble call while signal is corrupted by noise
(AWGN with SNR = −8 dB).
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Figure 3.4: Time domain representation of a recorded elephant rumble call. Note that the
recorded signal contains minimal background noise. However, detection will be much
more challenging in the presence of environmental noise
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Figure 3.5: Time domain representation of elephant rumble call while the signal is cor-
rupted by noise (AWGN with SNR = 10 dB).
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Figure 3.6: Time domain representation of elephant rumble call while signal is corrupted
by noise (AWGN with SNR = −8 dB).

3.4.2 Frequency Comparison with Other Animal Calls474 Part A PARTMARK
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Fig. 17.1 The frequency ranges of the emphasized frequen-

cies of vocalization in a large range of land-dwelling

animals, plotted as a function of the mass of the animal.

The dashed line shows the regression 33 while

the full line is the regression , as discussed in

the text [17.12]

Over reasonable distances in the air, sound spreads

nearly hemispherically, so that its intensity decays like

, where is the distance from the source. But

sound is also attenuated by atmospheric absorption, with

the attenuation coefficient varying as . An optimally

evolved animal should have maximized its communica-

tion distance under the influence of these two effects. An

analysis [17.12] gives the result that which,

as shown in Fig. 17.1, fits the observations even better

than the simpler result. There are, however, many out-

liers even among the animals considered, due to different

anatomies and habitats. Insects, which must produce

their sound in an entirely different way as is discussed

later, are not shown on this graph, but there is a similar

but not identical relative size relation for them too.

The total sound power produced by an animal is also

a function of its size, typically scaling about as 53 for

air-breathing animals of a given category. When the vari-

ation of song frequency is included, this leads [17.12]

to a conspecific communication distance proportional

about to . Again, while this trend agrees with gen-

eral observations, there are many very notable outliers

and great differences between different types of animals.

Thus, while mammals comparable in size with humans

typically produce sound power in the range 0 1–10 mW,

and large birds may produce comparable power, some

small insects such as cicadas of mass not much more

than 1 g can also produce almost continuous calls with

a power of 1 mW, as will be discussed in Sect. 17.4. At

intermediate sizes, however, many animals, particularly

reptiles, are almost mute.

Elephants represent an interesting extreme in the an-

imal world because of their very large mass – as much

as 10 tonnes. Their calls, which have a fundamental in

the range 14–35 Hz, can have an acoustic power as large

as 5 W, leading to a detection distance as large as 5 km,

or even up to 10 km after sunset on a clear night [17.13]

when very low frequency propagation is aided by atmo-

spheric inversion layers (Chapt. 4). Vegetation too, of

course, can have a significant effect upon transmission

distance. These elephant calls are often misleadingly

referred to as “infrasonic” in the biological literature,

despite the fact that only the fundamental and perhaps

the second harmonic satisfy this criterion, and the calls

have many harmonics well within the hearing range of

humans. Indeed, even other elephants depend upon these

upper harmonics to convey information, and usually can-

not recognize the calls of members of the same family

group above a distance of about 1 5 km because of the

attenuation of harmonics above about 100 Hz through

atmospheric absorption [17.14].

When it comes to sound detection, rather similar

scaling principles operate. As will be discussed briefly

in Sect. 17.2, the basic neuro-physiological mechanisms

for the conversion of vibrations to neural impulses are

remarkably similar in different animal classes, so that

it is to be expected that auditory sensitivity should vary

roughly as the area of the hearing receptor, and thus

about as , and this feature is built into the analysis

referred to above. While a few animals have narrow-band

hearing adapted to detecting particular predators – for

example caterpillars detecting wing beats from wasps –

or for conspecific communication, as in some insects,

most higher animals require a wide frequency range so

as to detect larger predators, which generally produce

sounds of lower frequency, and smaller prey, which may

produce higher frequencies. The auditory range for most

higher animals therefore extends with reasonable sensi-

tivity over a frequency range of about a factor 300, with

the central frequency being higher for smaller animals.

In the case of mammals comparable in size to humans,

the range for mature adults is typically about 50 Hz to

15 kHz. This wide range, however, means that irrele-

vant background noise can become a problem, so that

conspecific call frequencies may be adapted, even over

a short time, to optimize communication. Small echo-

locating animals, such as bats, generally have a band of

enhanced hearing sensitivity and resolution near their

call frequency.
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Figure 3.7: The frequency ranges of the emphasized frequencies of vocalization in a large
range of land−dwelling animals, plotted as a function of the mass of the animal [115].
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The frequency of an animal call is determined simply by the physical properties of the

sound-producing mechanism. In [115] it is proposed a model for this phenomenon and

suggested that vocalization frequency f should be inversely proportional to the linear

size of the animal or, equivalently, that f ∝ M−1/3, where M is the mass of the animal.

This hypothesis is quite agreed with the observations as depicted in Fig. 3.7. As shown

in the figure, elephant infrasonic vocalizations are less susceptible to interfere with other

animal calls.

Being the largest animal on the land, elephants are having significantly higher mass

than the other animals, hence having a natural ability to make low-frequency calls. Com-

bine the above fact with their distinctive frequency structure, elephant rumbles can be

uniquely detected in a forest environment even under the presence of other animal calls.

3.5 Chapter Summary

Ascertaining the animal behaviour is important in any conservation project. In this chap-

ter we described the social behaviour and structure of the elephant society. We high-

lighted the factors effecting to elephant group size, there marching patterns and other

behaviours which are favourable in mitigating HEC thorough our approach. Then we

summarised the call patterns of these highly social animals and analysed the low fre-

quency elephant call named “rumbles” in time and frequency domain. Finally, the chap-

ter provides frequency comparison of elephant calls with other animal calls and discuss

the interference on rumble signals from other animal sounds.



Chapter 4

Elephant Localization System
Framework

The approach we propose to mitigate HEC require localization of elephants through a passive acous-

tic sensor network. In this chapter we brief the underlying mathematical representation of the elephant

localization system framework. First, we summarise the passive acoustic localization approaches in

terms of Time of arrival (TOA) and time difference of arrival (TDOA) techniques and mathematically

model elephant localization problem. Finally, statistical bounds on elephant localization error estimate

are derived and presented.

4.1 Introduction

IN cases where a known or easily distinguishable signature is embedded in the sig-

nal, the sensor can correlate the signal with the signature to accurately estimate time

of arrival. The timing estimation accuracy relies on the signature as well as the sensor

capability. This is meaningful only if the sensor is synchronized either with the emit-

ting node or another receiving node. In the former case, which computes time of arrival

(TOA) measurements, an absolute distance can be computed. In the latter case where

it measures the time difference of arrival (TDOA) a relative distance follows. Geometri-

cally, these two cases constrain the position to be on a circle or on a hyperbolic function,

respectively [116]. In both the cases, it is assumed that the sensor nodes are stationary

with known positions.

The approach proposed in this thesis to mitigate HEC is by locating the elephants

incorporating a sensor network. In ideal conditions, if the synchronized sensors iden-

tify the rumbles signals with a timing stamp, trilateration or triangulation methodology

29
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can be utilizing to estimate the location of the elephant. Section 4.2 explains the differ-

ent timing observations utilize in localization strategies and comparable measurement

model for our application is introduced. In Section 4.3 two different estimation models

for Localisation System are derived and presented.

4.2 Timing Observations and Localization

4.2.1 TOA Measurements

Each receiver measures the arrival time of a transmitted signal from an unknown posi-

tion, using accurate and synchronized clocks. If the transmitter is also synchronized, the

signal propagation time can be computed, which leads to a TOA measurement. Prop-

agation time corresponds to a distance, which leads to the distance circles around each

receiver and the intersection point gives the target position.

4.2.2 TDOA Measurements

If the transmitter is unsynchronized, each pair of receivers can compute a time-difference

of arrival TDOA. Each receiver pair computes separate hyperbolic function for the dis-

tance in terms of TDOA and again the intersection point results the target position.

Elephant localization is exactly identical to the hypothesis described here Section

4.2.2. The vocalization made by the elephant can be considered as distinguishable sig-

nature and the elephant call can be treated as unsynchronized transmitter. Therefore, by

using TDOA measurements it is possible to localize the elephants.

4.3 Mathematical Models for Elephant Localisation System

The approach of elephant localisation by TDOA measurements can be represented math-

ematically utilizing estimation models [117, 118]. Here we present two different estima-

tion models to represent elephant localisation problem.
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4.3.1 Best Linear Unbiased Estimator (BLUE) Model

Let the localization sensor network has N sensors that each receives the signal of interest.

It is assumed that the sensors are deployed at known locations and each has identical

capabilities. Each sensor is Omni-directional and can detect and receive the interested

signals. Further, it is assumed that all the sensors are synchronized perfectly and have

accurate timing.

Figure 4.1: Source localization using N number of sensors. The nominal source position
(xn, yn) assumed to be known. It is necessary to determine actual source position (xs, ys).

Let the time of arrival measurements for each sensor to be ti for i = 0, 1, ..., N − 1. It

is necessary to locate the source position (xs, ys). The arrival time measurements can be

modelled by

ti = T0 +
Ri

c
+ ei i = 0, 1, ..., N − 1 (4.1)

where T0 is the signal emitted time by the source, c is the sound propagation speed, ei

is the uncorrelated measurement noise with zero mean and σ2 variance. Let the known

position of ith sensors to be (xi, yi). The range difference between the source and the ith

sensor is given by
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Ri =
√
(xs − xi)2 + (ys − yi)2 (4.2)

Substituting (5.3) in (5.2), the model will become nonlinear with respect to the un-

known parameters xs and ys, and the problem will then become difficult to solve. There-

fore, following the standard approach, it is assumed that nominal source position (xn, yn)

is available where nominal range is denoted by Rni . In fact, this nominal position which

is close to the actual source position could have been obtained from previous measure-

ment, especially in a case of target is being tracked. Now, if it is estimated θ = [(xs −
xn)(ys − yn)]T = [δxsδys]T, then the new source position can be determined. By using

a first-order Taylor series expansion of Ri in (5.2) about the nominal position xs = xn,

ys = yn, the range can be written as

Ri ≈ Rni +
xn − xi

Rni

δxs +
yn − yi

Rni

δys (4.3)

By substituting (4.3) in (5.2)

ti = T0 +
Rni

c
+

xn − xi

Rni c
δxs +

yn − yi

Rni c
δys + ei

we obtain linear model for the unknown parameters δxs and δys. For convenience, as

in the the Fig. 4.1 we represent,

xn − xi

Rni

= cosαi, (4.4)

yn − yi

Rni

= sinαi, (4.5)

and the model simplifies to
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ti = T0 +
Rni

c
+

cosαi

c
δxs +

sinαi

c
δys + ei

By incorporating the term Rni /c into the measurement by letting

τi = ti −
Rni

c

the linear model finally becomes to

τi = T0 +
cosαi

c
δxs +

sinαi

c
δys + ei (4.6)

However, the signal emitted time T0 is not known in the case of our application.

Therefore, it is incorporating TDOA measurements for the model. The TDOAs are gen-

erated as

ξ1 = τ1 − τ0

ξ2 = τ2 − τ1

...

ξN−1 = τN−1 − τN−2

Then from (4.6) the final linear model can be denoted by

ξi =
1
c
(cosαi − cosαi−1)δxs +

1
c
(sinαi − sinαi−1)δys + ei − ei−1

for i = 0, 1, ..., N − 1. Therefore our model now is in the form of

x = Hθ+ w (4.7)

where
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θ = [ δxs δys ]T

H =
1
c




cosα1 − cosα0 sinα1 − sinα0

cosα2 − cosα1 sinα2 − sinα1
...

...

cosαN−1 − cosαN−2 sinαN−1 − sinαN−2




w =




e1 − e0

e2 − e1
...

eN−1 − eN−2




Further, the noise vector w can be represented as

w = Ae

where

A =




−1 1 0 0 · · · 0

0 −1 1 0 · · · 0
...

...
...

...
...

...

0 0 · · · 0 −1 1




,

and

e =




e0

e1
...

eN−1




.

Since the covariance matrix of e is given by σ2I the covariance matrix C of the noise

vector w is given by
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C = E[AeeTAT] = σ2AAT

Now by applying Gauss-Makov theorem for the above linear model the best linear

unbiased estimator (BLUE) for the source position can be given by

θ̂ = (HTC−1H)−1HTC−1ξ (4.8)

=
[
HT(AAT)−1H

]−1
HT(AAT)−1ξ (4.9)

The minimum variance is given by

var(θ̂i) = σ2
[{

HT(AAT)−1H
}−1

]

ii
(4.10)

In addition, the covariance matrix of above estimator θ̂ is given by

Cθ̂ = σ2
[
HT(AAT)−1H

]−1

4.3.2 Performance Evaluation on Loclaization using BLUE Model

The localization methodology discussed in Section 4.3.1 is simulated using Matlab 7.9.0

(R2009b). Figure 4.2 shows an example sensor and source configuration and the true and

estimated positions of the source. Initially, sensors are deployed randomly in an area of

5000× 5000 m2 and the actual source also located inside the same area. It is assumed that

each sensor has line of sight propagation path between the source and the sensors. The

algorithm needs an initial source position guess to estimate the true source position from

TDOA measurements. However, the system discussed above use passive localization

and therefore the initial position of the source is unknown. Therefore, the arithmetic

mean (x̄, ȳ) between sensors is used as the initial position guess [xes0 yes0 ]
T. Then, the

distance from ith sensor to derived source location is calculated by
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Rnik =
√
(xesk − xi)2 + (yesk − yi)2

where [xesk yesk ]
T is the estimated source location at kth iteration. This value is uti-

lized in calculating cosαi and sinαi terms in (4.4) and (4.5) to construct the matrix H in

(4.7). Variance of the uncorrelated measurement noise (σ2) is chosen as 0.1, assuming

significant noise is present at the receiver measurements. The δxs and δys are calculated

as per (4.9) and the new source position for next iteration is then determined as

[xesk+1 yesk+1 ]
T = [(xesk + δxs) (yesk + δys)]

T.

This estimated location is utilized as the source location for the next iteration. Like-

wise, the algorithm iteratively converges into the actual source location. By comparing

minimum variance given by (4.10), it can be determined whether the algorithm has con-

verged to a solution or more iterations of the estimator are needed. Figure 4.2 depicts how

the location estimator derived above converged into a solution within three iterations.
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Figure 4.2: Source position estimation using algorithm described in Section 4.3.1. TDOA
measurements from five sensors are utilized. The estimated source position in each iter-
ation is depicted.

The effect of sensor positioning for the overall performance is further analyzed through

simulations. Figures 4.3− 4.5 depicts the performance of the algorithm for different sen-
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(b) Performance profile

Figure 4.3: Sensors were deployed in a single line. Number of sensors were changed from
3 to 40. For each trial locations of the sensors were changed 100 times randomly. Note
that the successive estimations of source always converge before 10 iterations.
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(b) Performance profile

Figure 4.4: Sensors were deployed in two lines below the source. Number of sensors
were changed from 3 to 40. For each trial locations of the sensors were changed 100
times randomly. Note that the successive estimations of source always converge before
10 iterations.

sor configurations. Note that if the number of iterations exceed 100, the algorithm exits

from estimating source position, deciding that it could not locate the source position for

that particular sensor configuration. In typical WSN TDOA localization system if the

sensors are very close to each other, then one of the sensors is virtually redundant and it

provides little additional information. The result could be significant positioning error.

The effect of the redundant sensors is significant while the number of sensors is low. This

fact is represented in the algorithm by unsuccessful localizations.

However, it should be noted that the positioning of the sensors play a major role

on the performance of the localization algorithm. For instance, the success rate is much
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(b) Performance profile

Figure 4.5: Sensors were deployed in two lines above and below the source. Number of
sensors were changed from 3 to 40. For each trial locations of the sensors were changed
100 times randomly

significant when the sensors are deployed around the source position rather than posi-

tioning them in a single side from the source. This phenomenon can be identified by

examining the success rates of Fig. 4.5b with respect to Fig. 4.3b and 4.4b.

The Fig. 4.6 depicts the effect of increasing the number of sensors with respect to the

successive convergence of the algorithm. Note that after the number of sensors increased

to a certain value, there is no significant improvement in the probability of success in

estimating the source position in lower iterations. In this particular case, this number

of sensors can roughly be identified as seven. In some situations, having a higher num-

ber of sensors could be a disadvantage in the presence of noise, because each sensor can

contribute for some amount of positioning error. Therefore, the optimal number of sen-

sors needed to cover a particular area has to be estimated while maximizing the range of

detection and minimizing the localization error.

4.3.3 Maximum Likelihood Estimator (MLE) Model

As mentioned in Section 4.3.1 Arrival time measurements can be modelled as

τi = T0 +
‖ ZS − Zi ‖

c
+ wi i = 0, 1, ..., N − 1
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Figure 4.6: The effect of number of sensors over the probability of success within three
iterations. (The result was obtained from 10000 executions)

where wi ∼ N(0, σ2).

The TDOA meausrement between ith and jth sensor is given by

τij = τi − τj =
1
c
[‖ ZS − Zi ‖]−

1
c
[
‖ ZS − Zj ‖

]
+ wi − wj

where ‖ ZS − Zi ‖ is range difference between source and the ith sensor. Therefore,

with N number of sensors we get N − 1 independent TDOA measurements.

We consider N − 1 independent measurements with respect to 1st sensor. Then the

system of measurements can be written as




τ12

τ13
...

τ1N




︸ ︷︷ ︸
4τ

=




1 −1 0 · · · 0

1 0 −1 · · · 0
...

...
. . . · · · ...

1 0 · · · · · · −1




︸ ︷︷ ︸
A




‖ ZS − Z1 ‖
‖ ZS − Z2 ‖

...

‖ ZS − ZN ‖




︸ ︷︷ ︸
ζZs

+




1 −1 0 · · · 0

1 0 −1 · · · 0
...

...
. . . · · · ...

1 0 · · · · · · −1




︸ ︷︷ ︸
A




w12

w13
...

w1N




︸ ︷︷ ︸
W
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where ZS = (xS,yS) is the source location and the Zi = (xi,yi) ; i = 1, 2, ..., N are the

sensor locations.

Therefore the probability distribution of MLE can be written as

4τ ∼ N(AζZs, σ2AAT)

where explicitly given by

p
(4τ

ZS

)
=

1√
2π | σ2AAT | 12

e−
1
2 (4ø−AζZs)

T(σ2AAT)
−1

(4τ−AζZs)

From [118], for any unbiased estimator θ̂ of the parameter θ the FIM elements are

given by

[J(θ)]k,l = E
{

∂log f (y)
∂θk

∂log f (y)
∂θl

}

where 1 ≤ k, l ≤ M.

For a Gaussian time series, the FIM is given by

[J(θ)]k,l =
1
2

tr
{

R−1(θ)
∂R(θ)

∂θk
R−1(θ)

∂R(θ)

∂θl

}
+

[
∂m(θ)

∂θk

]T

R−1(θ)

[
∂m(θ)

∂θl

]

.

In the localization problem that we are considering, the covariance matrix does not

depend on Zs. Therefore,

[J(ZS)]k,l =

[
∂AζZs

∂ZS

]T (
σ2AAT

)−1
[

∂AζZs

∂ZS

]

Note that Zs is bivariate with xS,yS. Therefore, let us compute the elements of FIM

separately. Consider partial derivative of single element of ζZs with respect to xS

∂ ‖ ZS − Zi ‖
∂xS

=
∂
√
(xs − xi)2 + (ys − y)2

∂xS
=

(xs − xi)

‖ ZS − Zi ‖
.



4.3 Mathematical Models for Elephant Localisation System 41

Similarly

∂ ‖ ZS − Zi ‖
∂yS

=
∂
√
(xs − xi)2 + (ys − y)2

∂yS
=

(ys − yi)

‖ ZS − Zi ‖

.

Therefore, elements of FIM can be derived as

[J(ZS)]x,x =




(xs−x1)
‖ZS−Z1‖
(xs−x2)
‖ZS−Z2‖

...
(xs−xN)
‖ZS−ZN‖




T

AT
(

σ2AAT
)−1

A




(xs−x1)
‖ZS−Z1‖
(xs−x2)
‖ZS−Z2‖

...
(xs−xN)
‖ZS−ZN‖




[J(ZS)]y,y =




(ys−y1)
‖ZS−Z1‖
(ys−y2)
‖ZS−Z2‖

...
(ys−yN)
‖ZS−ZN‖




T

AT
(

σ2AAT
)−1

A




(ys−y1)
‖ZS−Z1‖
(ys−y2)
‖ZS−Z2‖

...
(ys−yN)
‖ZS−ZN‖




[J(ZS)]x,y = [J(ZS)]y,x =




(xs−x1)
‖ZS−Z1‖
(xs−x2)
‖ZS−Z2‖

...
(xs−xN)
‖ZS−ZN‖




T

AT
(

σ2AAT
)−1

A




(ys−y1)
‖ZS−Z1‖
(ys−y2)
‖ZS−Z2‖

...
(ys−yN)
‖ZS−ZN‖




Further, it can be derived that

AT
(

σ2AAT
)−1

A =
1

Nσ2




N − 1 −1 −1 · · · −1

−1 N − 1 −1 · · · −1
...

...
. . . · · · ...

−1 −1 · · · · · · N − 1




N×N

=
1

Nσ2 (NI− 1)

Finally, with the derivation of the above elements FIM for our problem can be repre-

sented by



42 Elephant Localization System Framework

[J(ZS)] =


 [J(ZS)]x,x [J(ZS)]x,y

[J(ZS)]y,x [J(ZS)]y,y




.

Therefore, the CRLB can be found by

var(Ẑ)i ≥ [J(ZS)]ii
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Figure 4.7: Confidence assessment on localisation estimation. Uncertainty in estimation
for arbitrary source location (450, 800) when σ = 0.2 is illustrated by the Covariance error
Ellipse.
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4.4 Chapter Summary

In this chapter, we described the approach on elephant localization using timing obser-

vation measurements in a sensor network. In addition, we derived and presented math-

ematical models for the elephant localization system framework with two different es-

timation models. We evaluated the performance of the presented mathematical model

implementing a simulation framework. Finally, we illustrated the statistical bounds for

the localization error estimate.





Chapter 5

Propagation Constraints in Elephant
Localization

In this chapter, we expand elephant localization system framework to introduce real-world input

model constraints. We analyze the effect of various meteorological parameters in elephant vocalization

propagation and their consequential effects on elephant positioning accuracy. In addition, we present

the effect of signal-to-noise ratio (SNR) on detection of vocalization signal which consequently affects

the localization accuracy.

5.1 Introduction

PASSIVE acoustic localization systems depend on the signal transmission through

the propagation medium. Therefore, changes in the properties of the medium

could significantly affect the detection and the localization accuracy. Positioning esti-

mation in these systems is computed based on speed and sound in the medium and the

timing measurements. If the received signals are processed in a centralized location or

if the sensors are synchronized, the timing measurement error can always be controlled

within acceptable margins. However, the speed of sound in the medium is an external

factor and could vary extensively with the properties of the medium. In our application

of elephant localization utilizing acoustic sensor network, the signal for the sensors is ele-

phant rumbles and propagation medium for the signal is air. It is important to examine

the sound signal variation through the air and its effect on localization error. Therefore,

in this chapter of the thesis, we quantitatively analyse the effects of various environmen-

tal parameters on the positioning accuracy of the system. In Section 5.2 we discuss about

the sound propagation in air as the basis for understanding the environmental effects.

45
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Section 5.3 we revisit the localization algorithm that utilized in this framework. In Sec-

tion 5.4 we explain the simulation setup and Section 5.5 outlines results of the analysis

and discuss it, further.

5.2 Sound Propagation in Air

The accuracy of elephant localization and detection significantly depends on the char-

acteristics of sound propagation in the air. The sound propagates through the air as

longitudinal waves and the propagation is affected by the properties of the medium. For

instance, the variations in the metrological parameters such as temperature, wind, rela-

tive humidity ect. results in the sound propagation variations in terms of intensity and

speed. In this chapter we basically focus on temperature and wind effects on the speed

of sound.

5.2.1 Sound Propagation Model

Elephant vocalization generation can be assumed as a point acoustic source and if the

medium of air is assumed to be homogeneous, the sound propagation is considered to be

spherical. Therefore, the sound intensity in a certain direction is inversely proportional to

the expanding surface area of the sphere. The sound pressure level (SPL) at distance r is

given by SPL = SWLpoint− 10log(4πr2) dB where SWLpoint represent the sound pressure

level measured at one meter from the source. The model can be simplified to SPL =

SWLpoint− 20log(r)− 11 dB which is often referred to as the standard inverse square law

for point source sound propagation [119]. In summary, the relative sound intensity is

reduced by 6 dB per doubling of distance. Depletion in sound intensity reduces the SNR

levels at the sensors. Consequently, signals of interest which concealed in the background

noise become difficult to detect.
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5.2.2 Temperature Effect

The speed of sound in air changes with respect to variations in several phenomena such

as temperature, water vapour mole fraction, pressure and CO2 content in the air. Cramer

[120] has proposed a following closed form equation for the relationship between speed

of sound and the above environmental factors.

v0(t, p, xw, xc) = a0 + a1t + a2t2 + (a3 + a4t + a5t2)xw

+(a6 + a7t + a8t2)p + (a9 + a10t + a11t2)xc

+a12x2
w + a13 p2 + a14x2

c + a15xw pxc, (5.1)

where v0 is zero−frequency speed of sound, t is the temperature of air in Celcius, xw is

the water vapor mole fraction, xc is the CO2 mole fraction, and p is the air pressure. The

coefficients a0 to a15 are given in Table 5.1.

However, the speed of sound mainly depends on temperature and effects of other

variables are insignificant. Therefore, the speed of sound in air can be expressed in terms

of temperature as CSoundT = CSound0

√
(1 + T

273.15 ) where CSound0 = 331.45 ms−1 is sound

speed at 0 0C [121]. In general, per degree Celsius rise in temperature, the speed of sound

increases by 0.61 ms−1.
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Table 5.1: Coefficients of Eq. (5.1) (Carmer [120] equation for speed of sound dependen-
cies in air.)

Coefficient Modified Cramer Values

a0 330.8860 m/s

a1 0.6324 m/s ◦C

a2 -0.000528 m/s ◦C2

a3 51.471935 m/s

a4 0.1495874 m/s ◦C

a5 -0.000782 m/s ◦C2

a6 -1.82x10-7 m/s Pa

a7 3.73x10-8 m/s ◦CPa

a8 -2.93x10-10 m/s ◦C2 Pa

a9 -85.20931 m/s

a10 -0.228525 m/s ◦C

a11 5.91x10-5 m/s ◦C2

a12 -2.835149 m/s

a13 -2.15x10-13 m/s Pa2

a14 29.179762 m/s

a15 0.000486 m/s Pa

5.2.3 Wind Effect

Sound propagation medium of air itself is in a motion due to the wind. The sound prop-

agating through the air will be transported by the moving air mass. Therefore, when

the sound propagates towards the direction of the wind, the sound speed will decrease.

On the otherhand, if the sound propagates along wind direction, the speed of sound

will increase. In a situation, wind makes an angle with the sound path it is necessary to

take the vector component along the sound path. In our application, sound path is the

elephant−sensor path and Fig. 5.1 depicts a situation where wind flows in an angle of

β(= |θ2 − θ1|) with respect to sound path. Let V1 be the speed of sound without wind

effect, and V2 be the wind speed. Then, the resultant sound speed V in the direction of
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Figure 5.1: Wind effect on sound speed in the direction of propagation. Effective compo-
nent of V2 along the elephant−sensor direction should be incorporated.

source−sensor is given by

V = V1 + V2cos(β).

In the follwoing section we present the localization algorithm utilized in our framework.

5.3 Localization Algorithm

Once an elephant (source) generates a vocalization, the sound signal propagates through

the air following the model discussed in Section 5.2. The sensors at the vicinity of the

source receive the attenuated and noise corrupted signal. In our analysis, we assume

that all the sensors in our deployment receive the elephant vocalization generated at

our interested observation area. Then, we obtain the time difference of arrival (TDOA)

information by performing pair−wise cross-correlations between observation signals at

each sensor pair.

Let the time of arrival measurements at sensor i to be ti where i = 0, 1, · · · , N − 1.

The infrasonic acoustic sensors are deployed at pre−determined coordinates (xi, yi). It

is necessary to locate the source position (xs, ys). The arrival time measurements can be
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Figure 5.2: N number of sensors are deployed at the vicinity of the expected elephant lo-
cation. Here, the distance difference between source and the pth and qth sensor is defined
as gpq.

modelled by

ti = T0 +
Ri

ci
+ wi i = 0, 1, · · · , N − 1 (5.2)

where T0 is the signal emitted time by the source, Ri is the range difference between

source and the ith sensor, ci is the sound propagation speed and wi is the uncorrelated

measurement noise with zero mean and σ2 variance. It should be noted that the speed of

sound between source and each sensor could vary due to the ecological effects discussed

in Section 5.2. The distance from source to ith sensor Ri is given by

Ri =
√
(xs − xi)2 + (ys − yi)2. (5.3)

The signal emitted time T0 in (5.2) is unknown. Therefore, now we incorporate TDOA

measurements to the model. Let the TDOA measurement between pth and qth sensor

denoted by ∆tpq which is given by

∆tpq = tp − tq + wpq (5.4)
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where p = 0, 1, · · · , N − 2 and q = p + 1, p + 2, · · · , N − 1. The equation (5.4) can be

written in terms of (5.3) by

∆tpq =
Rp

cp
− Rq

cq
+ wpq (5.5)

which can be explicitly characterized by the non linear model

Y = h(x) + w (5.6)

where

Y =




∆t01

∆t02
...

∆tN−2,N−1




h(x) =




R0
c0
− R1

c1

R0
c0
− R2

c2
...

RN−2
cN−2
− RN−1

cN−1




w =




w01

w02
...

wN−2,N−1




.

Solving non linear equation in (5.6) can be approached with diverse techniques [118]

[122]. We appreciate the problem in a geometrical approach as depicted in Fig. 6.1. Lets

assume that the wpq = 0 and the cp = cq = c for ∀(p, q) = 0, 1, · · · , N − 1. Here, ∆tpq

corresponds to the distance difference between source and the pair of sensors p and q.

Let

hpq = c× ∆tpq (5.7)
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and

gpq = Rp − Rq (5.8)

where both (5.7), (5.8) represent the distance differences. However, gpq consists of the

unknown source location. Therefore, the source location can be determined by solving

the function defined by

f (xs, ys) = argmin
xs,ys

∑
p,q

(
hpq − gpq

)2 . (5.9)

However, the location estimation found by (6.1) does not consider the measurement er-

rors and the sound propagation velocity variances discussed previously. Therefore, by

introducing those constraints externally to the localization routine, we can attain the ef-

fect of those parameters. The next section of the chapter presents the simulaions of the

estimation accuracy that affected by different constraints.

5.4 Simulation Framework

The simulation is involved in two major steps. Former part of the simulation is carried

out to implement elephant vocalization signal detection at the sensors. This routine also

provides the time delay information between each pair of sensors. In this section, the

SNR effects on signal detection and acquiring time delay information are also considered.

The latter part of the simulation estimate the source position utilizing the time delay

information provided by the previos section. The wind and temperature effect on source

position estimation is considered in this section.

5.4.1 Vocalization Detection

In real world scenario, once an elephant made a rumble signal, each sensor in the vicinity

of the source location hear time delayed and noise corrupted versions of the original sig-

nal. This is simulated by shifting and zero padding the original rumble vocalization data
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file by relevent time delays for each sensor. Then, the noise corruption is incorporated by

adding white Gaussian noise to time shifted signal. Now at the receiver, if the signal is

cross−correlated with signature rumble vocalization signal, it is possible to find the peak

cross−correlation coefficient at number of samples which represent the original time de-

lay information. We perform multiple cross−correlations between each pair of sensors’

observation signals to find the time delay information represented by ∆tpq in (5.7).

5.4.2 Sensor Placement and Source Localization

In this part of the simulation several real world aspects are taken into the consideration.

We chose 2000 m × 2000 m square as our analysis area which represent the woodland.

We assume that coordinate axis y = 0 as our village boundary. Countermeasure can be

taken only if the elephants are localized at least before they enter into the 500 m margin

from the village boundary. Therefore, we choose interested source observation area as

the rectangle bounded by coordinates {(0, 500), (0, 2000), (2000, 500), (2000, 2000)}.
Sensors might need occasional maintenance, for instance, to replace the batteries, to

sensor health checks etc. Practically people could not frequently move into deep forest

area which is not pleasing in terms of risk and the cost of the visits. Therefore, the sen-

sors need to be placed close to the village boundary. We decide that the sensors should

be placed within 200 m distance from the village boundary. Consequently, the sensor de-

ployment area is a rectangle bounded by coordinates {(0, 0), (0, 200), (2000, 0), (2000, 200)}.
However, sensors need to be placed optimally so that they avoid the redundancy and

provide maximum accuracy. We, considered several options, such as placing sensors

randomly, homogeneously, in a line and in a curvature. In the line deployment, we se-

lected centre line of the chosen sensor deployment strip (y = 100 m) and we deployed

sensors in equidistance separations. In curvature deployment, the proper arc is found as

follows. First, we drew a circle centred at (1000, 2000) and radius 2000 m. Then we select

the arc which is laid inside the sensor placement strip. Then the sensors are placed such

that they are separated from each other by equal arc distances. In our simulations, we

used four sensors which have identical capabilities. It is identified, by means of several

simulation experiments that the curvature sensor placement outperforms other methods
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in source localization. Therefore, it is chosen as the sensor placement criteria for the re-

sults presented in this work.

The effect of each constraint discussed in Section 5.2 is attained by placing the source

at different positions in the interested observation area and calculating the estimation er-

ror. Initially, the rectangular observation area is divided into 100 m × 100 m small girds.

Then, the source is placed 100 times randomly inside the small grid and the source po-

sition is estimated according to the algorithm discussed in Section 5.3. However, each of

position estimation obtained here is affected by different parameters such as wind, tem-

perature and SNR and thus they are erroneous. We compute the error for each random

source position by calculating the Euclidean distance between actual and the estimated

source locations. Then the mean estimation error is calculated for the above 100 source

placements. The computed mean error is considered as the average inaccuracy in posi-

tioning when the source is located at the area represented by that particular grid. The

above process is repeated for each grid in the observation area. The effects of different

meteorological parameters and SNR are presented in the subsequent section.

5.5 Results and Discussions

The simulation setup discussed in the Section 5.4 is obtained using Matlab 7.9.0 (R2009b)

development environment for the analysis. The effect of individual parameter is ana-

lyzed via simulations while keeping the other parameters constant. Figures 5.3−5.5 show

the temperature effects on the source positioning. Initially, it is assumed that the temper-

ature is uniform throughout the area. Results for the instances of temperature 220C and

300C are depicted in Figs. 5.3, 5.4, respectively. The maximum mean estimation errors in

these incidents are less than one meter throughout the observation grid. Therefore, the

increase in the temperature equally, does not affect the source positioning accuracy signif-

icantly. Then, we varied the temperatures at each node such that TS1 = 250C, TS2 = 230C,

TS3 = 220C, TS4 = 240C, and execute the simulation again. Figure 5.5 shows that in this

scenario the positioning error increases, drastically.

The wind has a very significant effect on localization accuracy as depicted in Fig.
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Figure 5.3: The source localization error variation at different source positions within the
observation area. Four sensors are deployed in curvature with equal arc length separa-
tions as discussed in Section 6.4. The T = 22 0C uniform throughout the area. V2 = 0
ms−1, θ2 = 2700, SNR = 10 dB
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Figure 5.4: The source localization error variation at different source positions within the
observation area. Four sensors are deployed in curvature with equal arc length separa-
tions as discussed in Section 6.4. The T = 30 0C uniform throughout the area. V2 = 0
ms−1, θ2 = 2700, SNR = 10 dB
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Figure 5.5: The source localization error variation at different source positions within
the observation area. The sensors are deployed in curvature with equal arc length sep-
arations as discussed in Section 6.4. The Temperature varies between each sensor path.
TS1 = 25 0C, TS2 = 23 0C, TS3 = 22 TS4 = 24 0C. V2 = 0 ms−1, θ2 = 2700, SNR = 10 dB
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Figure 5.6: The source localization error variation at different source positions within the
observation area for wind velocities V2 = 5 ms−1, V2 = 10 ms−1, V2 = 15 ms−1, V2 = 20
ms−1. Four sensors are deployed in curvature with equal arc length separations as dis-
cussed in Section 6.4. The T = 22 0C uniform throughout the area. θ2 = 2700, SNR = 10
dB.
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Figure 5.7: The source localization error variation at different source positions within the
observation area. Four sensors are deployed in curvature with equal arc length separa-
tions as discussed in Section 6.4. The T = 22 0C uniform throughout the area. V2 = 0
ms−1, θ2 = 2700, SNR = -15 dB.

5.6. The rise in the wind velocity increases error in positioning especially towards the

boundaries of x axis. In lower wind velocities, perhaps the error margin of ± 20 m at 500

m might not exceed; however, inaccuracy at higher velocities cannot be tolerated. Faster

wind velocities toward the sensors will increase the sound velocity while decreasing the

time-of-flight (TOF) of the signal from the source to the sensor. The TOF is higher when

the source is far away from the sensors. Therefore, the errors in time delay increase with

the distance resulting in higher positioning errors at far away source locations from the

sensors.

The SNR has a much more considerable effect on the source localization accuracy

in our algorithm. Figure 5.7 depicts the distribution of mean estimation error through-

out our observation grid, while the SNR is set to −15 dB. Note that in our analysis we

add the noise from a uniform distribution, assuming the noise is equivalent even for far

away distances from the sensors. However, this assumption does not follow the actual

scenario. According to the discussion in Section 5.2.1 the sound intensity depletes with

the distance, resulting in lower SNR levels at the sensors when the source is far away.

Therefore, it can be expected higher SNR levels while the elephants are closer to the sen-
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sors. The SNR level has substantial effect when the source is placed in the XY corners

of the observation area. This results from inaccurate time delay information provided

by correlation routine, at lower SNR levels. The inaccuracy is significant once sensors

are spatially in closer to the source. These erroneous time delays subsequently cause the

minimization algorithm to estimate enormously inaccurate source positions as depicted

in Fig. 5.7. The effect was further analyzed by increasing the SNR level in steps. The

inaccuracy disappeared at the SNR level of −12 dB. We identified this as the marginal

SNR level that is necessary for the system to provide proper localization estimation in

this simulation setup.

5.6 Chapter Summary

In this chapter we have analysed major propagation constraints that could affect the ele-

phant localization framework. Our results show that the impact of the temperature for

the accuracy of source localization is insignificant if the temperature is uniform over the

considered area. In contrast, the temperature variation between each source−sensor path

significantly affects the source positioning error. Therefore, in real implementation inte-

grating mechanism to compensate temperature variations will vastly improve the local-

ization accuracy. In addition, it is identified that wind velocity has a very significant effect

on positioning error. Therefore, incorporating real-time wind velocity information is also

important in this localization system. The SNR levels at the sensors also play major role

in localization error. The system provides enormously inaccurate position estimations

once the SNR level drops under certain marginal level. More precisely, this level is −12

dB with respect to our simulation framework discussed in this chapter. Therefore, in an

actual implementation, incorporating signal processing techniques for noise reduction

will increase the overall performance of the system.



Chapter 6

Localization Accuracy Enhancement
Technique

In this chapter, we propose a novel “probe” technique to estimate the average speed of sound which is

affected by the environmental parameters. The novel technique is incorporated to enhance the accuracy

of elephant localization system which utilizes an acoustic sensor network. We explain the localization

system framework and then we introduce the probe technique for wind and temperature affected sound

speed correction. Incorporation of probes in our sensor network eliminates the requirement to explic-

itly measure temperature and wind velocity for accurate determination of sound velocity. Performance

of the system is evaluated against a conventional sensor network equipped with wind and temperature

sensors. The performance of the technique is evaluated under different real-world ecological scenarios

and results are presented.

6.1 Introduction

ESTIMATED position accuracy dependency on accurate signal propagation speed

used in the computation algorithm in a passive acoustic sensor network is signif-

icant in some applications [123, 124]. In Chapter 5 the possibility of using an acoustic

sensor network to detect and localize elephants has been extensively analysed. How-

ever, the speed of sound propagation in air, depends on ecological parameters such as

temperature and wind velocity. Therefore, wind and temperature variations are identi-

fied as the main cause of performance deterioration of such system.

In this chapter, we propose a novel technique to correct the errors arising from varia-

tions in sound speeds due to environmental effects. We propose a system framework to

implement the algorithms that have been developed and describe the results of experi-

59
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ments, under different environmental profiles.

In Section 6.2 we revisit the localization algorithm that will be utilized in the pro-

posed system. In Section 6.3 the technique used to correct the speed of sound to mitigate

temperature and wind velocity effects is described in detail. In Section 6.4 we explain the

simulation framework and Section 6.5 outlines performance of the novel technique.

6.2 Localization Algorithm
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Figure 6.1: N number of sensors are deployed at the vicinity of the expected elephant
location. The distance difference between source and the pth and qth sensor is defined as
gpq.

We consider an acoustic sensor network with N sensors that listen to elephant vo-

calizations. In consideration of the long propagation range of infrasonic rumble signals

[108], it is assumed that all sensors receive an attenuated and noise corrupted replica of

a call generated by an elephant (source). Let the time of arrival measurements at sen-

sor Si be ti where i = 0, 1, · · · , N − 1. The infrasonic acoustic sensors are deployed at

predetermined coordinates (xi, yi). It is necessary to locate the source position (xs, ys).

The arrival time measurements at sensor Si can be modeled by ti = T0 + Ri/ci + εi

where T0 is the signal emitted time by the source, Ri is the distance between source

and the ith sensor, ci is the sound propagation speed and εi is the normally distributed

measurement noise with zero mean and σ2 variance. It should be noted that the ci
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between the source and each sensor could vary because of environmental effects such

as wind and the temperature. The distance from source to ith sensor Ri is given by

Ri =
√
(xs − xi)2 + (ys − yi)2. The time T0 of signal emission is unknown, and so it is ap-

propriate to perform a time-difference-of-arrival (TDOA) estimation. TDOA information

is obtained by performing pair-wise cross-correlations between the observation sound

signals at each sensor pair. TDOA measurement between the pth and qth sensors denoted

by ∆tpq is given by ∆tpq = tp− tq + εpq = Rp/cp− Rq/cq + εpq, where p = 0, 1, · · · , N− 2

and q = p + 1, p + 2, · · · , N − 1, εpq = εp − εq.

Let the measured TDOA ranges be

m = [m2,1 m3,1 · · · mn,1]
T = d + ε

where

d(θ) = [r2,1 r3,1 · · · rn,1]

and rp,q = Rp − Rq. The probability density function [125] of m given θ is

f (m/θ) = 2π−n/2(det Q)−1/2 exp{−J/2}

where

J = [m− r(θ)]TQ−1[m− r(θ)].

The Maximum Likelihood Estimate (MLE) is the θ(xs, ys) that minimizes J. This can

be reduced to minimizing the non-linear least square problem [126] of

f (xs, ys) = arg min
xs,ys

∑
p,q

(
hpq − gpq

)2 . (6.1)

where hpq = c× ∆tpq and gpq = Rp − Rq.

The solution to (6.1) gives the unknown source location. However, to locate the source
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accurately the above system needs the correct sound propagation speeds between the

source and each sensor, which is affected by wind and temperature variations. Our ap-

proach to estimate sound speed with mitigated temperature and wind velocity effects is

presented in the next section.

6.3 Average Sound Speed Estimation Methodology

Our goal is to estimate the approximate speed of sound that signals propagate with re-

spect to each sensor. In order to build a solution that attains the above sound speeds in a

real world environmental scenario we first develop a model assuming uniform environ-

mental conditions. Then the model is extended to real world comparable, non uniform

and totally unknown environmental conditions.

To locate the elephants accurately, acoustic sensors and some specific sound (chirp)

signal generators are deployed at predetermined location coordinates. These sound gen-

erators are referred to as “probes” in the remainder of the chapter. The chirp signal gen-

eration time schedule is predefined and known to both devices. Therefore, by listening to

the signal, each sensor can determine the time of flight (TOF) from probes to the sensor.

Then, the approximate speed of sound between the source and the sensors is estimated

in two different models as presented below.

Model A: The temperature over the area is assumed to be uniform but un-
known. The wind speed and the direction over the area are assumed to be
uniform but unknown.

We estimate the wind information and the uniform temperature over the area completely

depending on the probe technique without incorporating additional sensors. Consider

that the ith sensor (Si) receives the signal from the probes Pl , Pm, Pn as depicted in Model

A in the Figure 6.2. The temperature affected speed of sound between Si and Pz is VPzSi(T)

where z = l, m, n, and, so the measured speed of sound VPzSi between Si and Pz is given

by VPzSi = V(T) +Vw cos(θw− θPzSi). Thus, by resolving the system of equations for each

probe z and sensor Si, it is possible to estimate the approximate speed of sound in the
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Figure 6.2: The ith sensor (Si) receiving the signal from the probes Pl , Pm, Pn. The wind
flows with speed of Vw with an angle of θw with respect to the horizontal axis. The
temperature affected speed of sound between Pz is VPzSi(T) where z = l, m, n.
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area by evaluating three unknowns (wind speed Vw, wind direction θw, and temperature

affected speed of sound V(T)). Now the wind direction can be derived as

θw = tan−1
[

A sin(β)− B sin(α)
A cos(β)− B cos(α)

]
(6.2)

where

A = (VPlSi −VPmSi) sin ((θPnSi − θPlSi)/2) ,

B = (VPlSi −VPnSi) sin ((θPmSi − θPlSi)/2) ,

α = (θPmSi + θPlSi) /2, and β = (θPnSi + θPlSi) /2. The wind speed Vw is now

Vw =
VPlSi −VPmSi

cos(θw − θPlSi)− cos(θw − θPmSi)
. (6.3)

Bu using (6.2) and (6.3) we obtain the temperature affected speed of sound V(T) from

V(T) = VPlSi −Vw cos(θw − θPlSi). (6.4)

The temperature and the wind effects compensated sound velocity can then be deter-

mined.

Model B: The temperature over the area is non−uniform and unknown. The
wind speed and the direction over the area are also non−uniform and un-
known.

Under the condition where wind and temperature are non-uniform and information is

unavailable, it is difficult to produce closed form equations to correct the actual sound

propagation speed, because not enough information is available. In this case real world

spatial properties of the temperature and wind variations were incorporated. The as-

sumption of slow spatial variation of temperature permits temperatures in adjacent re-

gions to be considered as correlated random variables. We model this variation, therefore,
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as a two-dimensional Gaussian function in the phase of data generation. The temperature

at particular location coordinates (x, y) is given by

f (x, y) = Tmin + ∆TVmax exp

(
−
(
(x− xo)2

2σ2
x

+
(y− yo)2

2σ2
y

))
,

where Tmin is the minimum temperature, ∆TVmax is the maximum temperature variation,

(xo, yo) is the centre coordinates of the interested area, σx, σy are the x and y spreads of

the temperature blob over the area. A representation of this temperature variation is de-

picted Fig. S7 in Section 6.7.1 of the supplemental information. In addition, the wind flow

is assumed to be a Markov Random Field (MRF). The wind vector at a particular position

is determined by values drawn from a normal distribution N (VwAdj, σ2
w) where VwAdj

is the wind vector in adjacent locations. Representations for wind speed and direction

maps under this scenario are depicted Figures S8-S9 in Section 6.7.1 of the supplemental

information. Further, the probe technique is incorporated to evaluate the approximated

actual sound propagation by dividing the interested area into effective isothermal spa-

tial regions. The validity of the above approximation depends upon the selection of the

spatial region. The smallest region to uniquely estimate the environmental parameters is

chosen as the isothermal region. This region is the area depicted as Model A in Fig. 6.2.

The set of equations derived in the Model A can be used to estimate the average sound

speed correction within the effective isothermal areas. Sound signals to distinct sensors

will experience different speeds of propagation as affected by wind and temperature vari-

ations. By efficiently averaging them considering the spatial proximity, approximation to

the effective sound speed can be obtained.

Comparison Model 1: The temperature over the area is non−uniform and un-
known. The wind speed and the direction over the area are also non−uniform
and unknown. Wind and temperature sensors are incorporated at various loca-
tions for the environmental affect modelling. To compensate the environmen-
tal effects, area partitioning and sound speed averaging technique was utilized.

Comparison Model 1 comprises a conventional acoustic sensor network. In this model

we incorporate temperature and wind sensors in the system and place them in the lo-
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cations where probes and sensors were placed in the previous models. These wind and

temperature sensors provide point measurements. To obtain a better representation of

the environmental profile over the area, we partition it into small regions which include

at leaset one sound sensor location and three probe locations. Then we average the mea-

surements from temperature and wind sensors incorporated with those partitioned re-

gion. Consequently, the speed of sound with respect to each acoustic sensor is deter-

mined taken into account the measurements.

Comparison Model 2: The temperature over the area is non−uniform and un-
known. The wind speed and the direction over the area are also non−uniform
and unknown. Wind and temperature sensors are incorporated at various lo-
cations for the environmental affect modelling. Two-dimensional Gaussian
function and MRF are used to model the environmental effect.

In Comparison Model 2 we utilize temperature and wind sensors as in Comparison

Model 1. In this model instead of averaging the measurements in the regions effectively,

we utilize Gaussian temperature model to determine the temperature variation over the

area. This Gaussian model is similar to the one that introduced in synthetic data gener-

ation above described in Model B. Model parameters for temperature variation can be

produced through the measurements at sensor and probe coordinates and subsequently,

temperature values at every coordinate can be determined. In addition, the wind veloc-

ity vector over the region is also represented as a MRF. The wind speed and direction

measurements from the sensors are used to determine the initial mean and the variance

of the field. Consequently, this information is incorporated to estimate the wind velocity

field values over the area.

6.4 Simulation Framework

To test the proposed methodology in a real elephant localization scenario, a software

simulation framework was first developed; and subsequently, a hardware system was

implemented. Previously recorded elephant rumble signals were used to replicate the

elephants in testing the hardware system along with a sensor network to capture these
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elephant calls. In the software framework, signal processing and localization mecha-

nisms were implemented. Further, a separate simulation analysis was carried out taking

into account real forest environmental scenario for localization error evaluation. Three

major steps in the above software simulation are summarized below.

Step 1: Sensors and Probes Placement and Sound Speed Estimation

In this part of the simulation, several real world constraints are taken into consideration.

We chose a 2000 m × 2000 m square as our analysis area which represents the wood-

lands. The coordinate axis y = 0 is assumed as the village boundary. Once the elephants

are detected at a sufficient distance (safety distance) from the village boundaries safety

measures can be taken. As the average walking speed of elephant is around 3-6 kmh−1,

distance of 500 m was selected as the safety distance. Now the interested elephant obser-

vation area became the rectangle bounded by coordinates {(0, 500), (0, 2000), (2000, 500),

(2000, 2000)}. Sensors need to be placed close to the village boundary for practical rea-

sons, so that the rectangle bounded by coordinates {(0, 0), (0, 200), (2000, 0), (2000, 200)}
was chosen as the sensor deployment area. In a similar way to [123] sensors are placed at

equidistance locations on a segment of circle centered at (1000, 2000) with a radius 2000

m. In the simulations 12 sensors which assumed to have identical capabilities were used.

The operation of the probes are limited to generate chirp signals at a predefined time

schedule. These probes are assumed more robust than sensors and need less mainte-

nance. Further, to acquire general environmental information in the observation area,

probes need to be deployed in or close to the interested observation region. We chose to

place them around the lower boundary (y = 500 m) of the observation area. Ten equally

separated probes were deployed in a strip, such that every sensor had access to at least

three probes at essentially the same range.

Sound signal experiences different sound speeds across the region it travels. For in-

stance, if it is considered an area depicted in Figure 6.3, divided into nine squares, each

square can be considered as a microclimate region with a particular wind velocity Wl and

temperature Tl where l = 1, 2, · · · , 9. In each square, sound speed is affected by the local

environmental parameters. For instance, the signal from source E to Sensor S1 will expe-
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Figure 6.3: Example observation area with variable sound speeds. Each grid can be con-
sidered as a microclimate region with a particular wind velocity Wl and temperature Tl
where l = 1, 2, · · · , 9. The effective sound speed varies according to the environmental
parameters at each grid.

rience the effects of temperatures T2, T4, T5, T7 and wind velocities VW2, VW4, VW5, VW7

along the propagation path. Apparently, the most complex sound speed variation can be

observed in the analysis of Model B where temperatures as well as wind velocities vary

between each square. A detailed discussion on effects of sound speed variations on the

propagation time delays is presented in Section 6.7.2 of the supplemental information.

Step 2: Vocalization Detection and TDOA Estimation

Once an elephant makes a rumble call, every sensor in the vicinity of the source location

receives time delayed and noise corrupted versions of the original signal. This scenario is

simulated by shifting and zero padding the original rumble vocalization data files by rel-

evant time delays. Then, the noise corruption is incorporated by adding white Gaussian

noise to the time shifted signals. Now the signals are cross-correlated with each other

at the centralized processing unit to obtain the time delay difference information. These

time delays correspond to ∆tpq in Section 6.2.
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Step 3: Source Localization and Error Validation

The performance of the probe technique is obtained by placing the source at different

positions in the observation area and calculating the estimation error. Initially, the rect-

angular observation area is divided into 100 m × 100 m small square. Then, the source is

placed 100 times randomly inside the small grid and the source position is estimated ac-

cording to the algorithm discussed in Section 6.2. We compute the error for each random

source position by calculating the Euclidean distance between the actual and the esti-

mated source locations. The mean estimation error is calculated for the above 100 source

placements. The normalized mean estimation error is calculated as the ratio between the

mean estimation error of the grid with respect to the distance to the grid from the village

boundary (y = 0). The above process is repeated for each grid in the observation area.

The performance of the probe technique under above simulation setup is presented in

Section 6.5.

6.5 Performance Evaluation on Probe Technique

The performance of the proposed methodology discussed as in Model B was tested against

comparison models described in Section 6.3. In all models identical and real world com-

parable environmental condition was maintained with synthetically generated tempera-

ture and wind data. The wind velocity was non-uniform and the relationship was given

by the Markov-Random Field properties whilst the temperature distribution was attained

through Gaussian distribution as described in Model B.

Figure 6.4 depicts the performance of Comparison Model 1. In this scenario it was

assumed that all sensors and probes consist of additional temperature and wind sensors.

Exact temperature and wind information is known to the centralized processor at those

particular positions. Thus, the sound speed can be attained through effectively averaging

these measurements. However, this averaging methodology does not represent exact

environmental condition. As a result, actual effect on sound speed cannot be attained

through this process and model shows higher normalized error distribution.

Analysis results for normalized error distribution over the area, for Comparison Model



70 Localization Accuracy Enhancement Technique

0
500

1000
1500

2000

500

1000

1500

2000
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Source X Position (m)Source Y Position (m)

N
o

rm
al

iz
ed

 M
ea

n
 E

st
im

at
io

n
 E

rr
o

r 

Figure 6.4: Normalized source localization error variation at different source positions
within the observation area. At every sensor and probe position, a wind and temperature
sensors were incorporated as in Comparison Model 1 in Section 6.3. The sound speed
estimation was done through partitioning the area and effectively averaging the point
measurements with respect to each sensor. (i.e. Not through probe technique). Ten probes
and 12 sensors are deployed as discussed in Section 6.4. The temperature and wind
velocities are non-uniform over the area. (Simulation parameters were chosen as follows:
T ∈ {22− 32}◦C. Initial mean values for wind are Vw = 20 ms−1, θw = 1200. SNR = 10
dB.)

2 is shown in Figure 6.5. In this model, wind and temperature sensors were utilized and

the measurements from these sensors were incorporated to determine the environmen-

tal model parameters as in synthetic data generation explained in Section 6.3. In the

above condition, it is possible to find exact temperature values over the area as we in-

corporate identical Gaussian function that we utilized in data generation to represent the

temperature variation attain through the measurements. However for the wind veloc-

ity variation, the measurements only provide initial mean VwInit and variation σ2
w of the

field and the exact wind velocity at each grid could be different from the values attained

through the model. Therefore, even this model represents the environmental data over

the area with more reasonable manner, it does not provide superior performance over

the previous comparison model.

Figure 6.6 shows the performance of positioning estimation whilst sound speed eval-
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Figure 6.5: Normalized source localization error variation at different source positions
within the observation area. At every sensor and probe position, a wind and temperature
sensors were incorporated as in Comparison Model 2 in Section 6.3. Gaussian function
was utilized to model the temperature and MRF was used to model the wind velocities
over the observation field. The sound speed is then determined considering the above
environmental model values. (i.e. Not through probe technique). Ten probes and 12
sensors are deployed as discussed in Section 6.4. The temperature and wind velocities
are non-uniform over the area. (Simulation parameters were chosen as follows: T ∈
{22− 32}◦C. Initial mean values for wind are Vw = 20 ms−1, θw = 1200. SNR = 10 dB.)

uation was solely done utilizing probe technique as described in Model B. Utilization of

the technique has surpassed the positioning accuracy than in above scenarios despite the

sound speed estimation is performed with limitations of the ecological data. The normal-

ized mean error estimation is always below the 0.06 margin while the estimation error is

just above 20 m in average around y = 500 m border. In an elephant localizing system,

the positioning accuracy is highly important only when the elephants are close to the

village. Therefore, the above accuracy attained through our inexpensive probe technique

is well over the acceptable margin. In addition, this accuracy is achieved without ex-

plicitly measuring the wind and temperature over the area. A performance analysis of

probe technique with respect to above sensor network scenarios under several different

environmental conditions is presented in Section 6.7.4 of supplemental material.
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Figure 6.6: Normalized source localization error variation at different source positions
within the observation area. No temperature or wind sensors utilized in the system. The
sound speed estimation was done solely depending on probe technique as described in
Model B in Section 6.3. Ten probes and 12 sensors are deployed as in Section 6.4. Tem-
perature and wind velocities are non-uniform and unknown over the area. (Simulation
parameters were chosen as follows: T ∈ {22− 32}◦C. Initial mean values for wind are
Vw = 20 ms−1, θw = 1200. SNR = 10 dB.)

6.6 Chapter Summary

In this chapter, we have investigated the feasibility of enhancing the accuracy in elephant

localization system by utilizing a sound generating probe technique. The performance

of the technique is analysed under different ecological scenarios in a simulation frame-

work. Comparison models have been introduced to evaluate the performance of the tech-

nique under different environmental conditions. The results are presented to illustrate

the effectiveness in utilizing the probe technique under comparable real-world wind and

temperature variations. The technique preserves the normalized mean error estimation

always below the 0.06 margin throughout the interested observation area. The position-

ing accuracy of elephant localization system is more important when the elephants are

closer to the village boundaries. The analysis confirms that probe technique can limit the

positioning error just above 20 m in average around y = 500 m from the village border.
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6.7 Supplementary Material

6.7.1 Environmental Parameter Variation Maps

In the simulation analysis for the data generation purposes temperature variation over

the area was represented by two dimensional Gaussian function. The temperature at

particular location coordinates (x, y) is given by

f (x, y) = Tmin + ∆TVmax exp

(
−
(
(x− xo)2

2σ2
x

+
(y− yo)2

2σ2
y

))
,

where Tmin is the minimum temperature, ∆TVmax is the maximum temperature variation,

(xo, yo) is the centre coordinates of the interested area, σx, σy are the x and y spreads of the

temperature blob over the area. Figure S7 depicts the temperature variation map utilized

in the simulation analysis.

The wind direction and the speed variation over the area are represented assuming

Markov random field property. Subsequently, wind vector at a particular position was

determined by values drawn from a normal distribution N (VwAdj, σ2
w) where VwAdj is

the wind vector at the adjacent location. Figures S8- S9 represent the wind velocity and

the direction variation maps utilised in the simulation analysis.

6.7.2 Source Localization under Sound Speed Variation

The speed of sound in air depends on several environmental variables such as tempera-

ture, water vapour mole fraction, pressure and CO2 content in the air. Cramer [120] has

proposed a closed form equation for sound speed in air as a s function of above environ-

mental factors. However, the sound speed mainly depends on temperature variations

and effects of other variables are relatively insignificant. The speed of sound in air can be

expressed in terms of temperature as

C(T) = C(T0)

√(
1 +

T
273.15

)
,
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Figure S7: Temperature variation map over the simulation area. Temperature variation
over the area was represented by a two dimensional Gaussian function. Simulation pa-
rameters were chosen as follows: Tmin = 22◦C, ∆TVmax = 10◦C, (xo, yo) = (1000, 1000),
and σx = 500, σy = 500.

where CSound0 = 331.45 ms−1 is sound speed at 0 0C [121]. In general, the speed of sound

increases by 0.61 ms−1 per degree Celsius rise in temperature. When the sound propa-

gates under wind the propagation medium itself is in a motion. The sound propagating

through the air will be transported by the moving air mass. Therefore, resultant sound

speed under wind condition V in the direction propagation is given by

C(T, Vw) = C(T) + C(W)cos(ψ)

where C(W) is the wind speed and ψ is the angle between sound path and the wind

direction.

We consider an area which is divided into grids similar to the example region de-

picted in Fig. S10. The temperature and the wind velocities are constant in each grid;

however, these two variables vary between grids. Therefore, the sound speeds between

each grid vary due to temperature and wind effects. Probes and sensors are deployed in

predefined coordinates and source elephant location is unknown. Let us consider that we

have M number of probes and N number of sensors. The area is divided into Q number

of grids.
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Figure S8: Wind speed variation map over the simulation area. The wind direction and
the speed variation over the area are represented assuming Markov random field prop-
erty. Simulation parameters were chosen as follows: Initial mean values for wind speed
is Vw = 20 ms−1 and σwSpeed = 0.5.

Time of arrival measurement from ith sensor to jth probe is given by

tSi Pj =
Q

∑
k=1

dSi Pjk

CSi Pjk
+ ξSi Pj (6.5)

where, dSi Pjk is the distance that sound signal travelled from probe Pj towards sensor Si

in the kth grid which is given by

dSi Pjk =
√
(xSi Pjk1 − xSi Pjk2)

2 + (ySi Pjk1 − ySi Pjk2)
2

and CSi Pjk is the sound speed in the kth grid at source sensor path which is given by

CSi Pjk(T, W) = CSi Pjk(T) + C(W)Si Pjkcos(ψSi Pj)

and ξSi Pj is measurement noise which was assumed to be Gaussian. In the simulation

frameworks we have implemented piecewise summation of time in (6.5) to calculate the

actual TDOA measurements between probes and sensor pairs. The algorithm to calculate

the total propagation time from kth probe to ith sensor is given in Algorithm 1.
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Algorithm 1 Calculating total sound propagation time from kth probe to ith sensor

Step 1: get wind velocity, temperature matrix over all grids
Step 2: calculate sound speeds at each grids
Step 3: find all grid cross points in probe sensor path
Step 4: calculate probe-sensor path angle WRT x axis (θPkSi)
if θPkSi ≤ π/2 then

for thisPiece ∈ (piece1,..., piece(totalCrossPoints-1)) do
if piece1 then

thisPieceVelocity = probe belong grid sound speed
else if piece crosses only Horizontal grid line then

thisPieceVelocity = sound speed at the grid below previous grid
else if piece crosses only Vertical grid line then

thisPieceVelocity = sound speed at the grid left to previous grid
else if piece crosses Horizontal grid line and Vertical grid line then

thisPieceVelocity = sound speed at the grid south west to the previous grid
thisPieceTime= pieceLength/thisPieceVelocity

end if
totalTime=∑ thisPieceTime

end for
else if θPkSi > π/2 then

for thisPiece ∈ (piece1,..., piece(totalCrossPoints-1)) do
if piece1 then

thisPieceVelocity = probe belong grid sound speed
else if piece crosses only Horizontal grid line then

thisPieceVelocity = sound speed at the grid below previous grid
else if piece crosses only Vertical grid line then

thisPieceVelocity = sound speed at the grid right to previous grid
else if piece crosses Horizontal grid line and Vertical grid line then

thisPieceVelocity = sound speed at the grid south east to the previous grid
thisPieceTime= pieceLength/thisPieceVelocity

end if
totalTime=∑ thisPieceTime

end for
end if
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Figure S9: Wind direction variation map over the simulation area. The wind direction
and the speed variation over the area are represented assuming Markov random field
property. Simulation parameters were chosen as follows: Initial mean values for wind
direction is θw = 1200 and σwDirection = 0.1.

6.7.3 Algorithm for Source Localization with Probes

Overview of the algorithm used in simulations for source localization with probe tech-

nique is summarized in Fig. S11.

6.7.4 Performance of the Probe Technique under Different Environmental Con-
ditions

In this section we present further performance comparison between our probe technique

and the conventional sensor networks. The performance is presented under three differ-

ent Sensor/ Probe models as in Section 6.5 of this chapter.

Sensor/ Probe setup 1: At every sensor and probe position, a wind and temperature

sensors were incorporated. The sound speed estimation was done through effectively av-

eraging the point measurements with respect to each sensor as explained in Comparison

Model 1 of this chapter. (i.e. Not through probe technique).

Sensor/ Probe setup 2: At every sensor and probe position, a wind and tempera-

ture sensors were incorporated. Gaussion function and Markov random field properties
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Figure S10: Sound source localization under variable sound speeds in observation area.
Each grid consists of constant wind velocity and temperature. However, temperature and
wind velocity varies between each grid. Therefore, sound signal experiences different
sound speeds in diverse regions it is travelling in. For instance, the effective sound speed
in the path of E and S1 at grid 2 is given by CS1E2 = C(T2) + Vw2 cos ξS1E2. Similarly, the
sound propagation speed between E to Sensor S1 will be affected by temperatures T2, T4,
T5, T7 and wind velocities VW2, VW4, VW5, VW7 in between the propagation path.

utilized to model the environmental effect as explained in Comparison Model 2 of this

chapter. (i.e. Not through probe technique).

Sensor/ Probe setup 3: No temperature or wind sensors utilized in the system. The

sound speed estimation was done solely depending on probe technique as described in

Model B of this chapter.
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Figure S11: Summarized algorithm used in simulations explained in Section 6.4 of this
chapter. The above algorithm is used to estimate unknown source (Elephant) location
incorporating probe technique.
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(b) Wind speed variation
map. Vw = 20 ms−1 and
σwSpeed = 0.5
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(c) Wind direction variation
map. θw = 1200 and
σwDirection = 0.1
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(d) Performance under Sen-
sor set up as in Comparison
Model 1
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(e) Performance under Sen-
sor set up as in Comparison
Model 2
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(f) Performance under Sen-
sor/ Probe set up as in Model
B

Figure S12: Performance analysis of three different sensor/ probe models under the given
temperature and wind velocity variation. Sensor/ probe setup models are described in
Section 6.3. In this scenario temperature is kept constant over the area. Ten probes and
12 sensors are deployed as explained in Section 6.3-Model B of this chapter.
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(e) Performance under Sen-
sor set up as in Comparison
Model 2
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(f) Performance under Sen-
sor/ Probe set up as in Model
B

Figure S13: Performance analysis of three different sensor/ probe models under the given
temperature and wind velocity variation. Sensor/ probe setup models are described in
Section 6.3. In this scenario wind velocity is kept constant over the area. Ten probes and
12 sensors are deployed as explained in Section 6.3-Model B of this chapter.



82 Localization Accuracy Enhancement Technique

0
200

400
600

800
1000

1200
1400

1600
1800

2000

0

500

1000

1500

2000
22

22.5

23

23.5

24

24.5

25

X Position (m)Y Position (m)

T
em

p
er

at
u

re
 (0 C

)

(a) Temperature varia-
tion map Tmin = 22◦C,
∆TVmax = 3◦C

0
200

400
600

800
1000

1200
1400

1600
1800

2000

0

500

1000

1500

2000
3.6

3.8

4

4.2

4.4

4.6

4.8

5

X Position (m)Y Position (m)

W
in

d 
V

el
oc

ity
 (

m
s

−1
)

(b) Wind speed variation
map. Vw = 5 ms−1 and
σwSpeed = 0.1

0
200

400
600

800
1000

1200
1400

1600
1800

2000

0

500

1000

1500

2000
119.86

119.88

119.9

119.92

119.94

119.96

119.98

120

120.02

X Position (m)Y Position (m)

W
in

d
 D

ir
ec

ti
o

n
 (

0 )

(c) Wind direction variation
map. θw = 1200 and
σwDirection = 0.01

0
500

1000
1500

2000

500

1000

1500

2000
0.005

0.01

0.015

0.02

0.025

0.03

Source X Position (m)Source Y Position (m)

N
o

rm
al

iz
ed

 M
ea

n
 E

st
im

at
io

n
 E

rr
o

r 

(d) Performance under Sen-
sor set up as in Comparison
Model 1

0
500

1000
1500

2000

500

1000

1500

2000
0

0.005

0.01

0.015

0.02

0.025

Source X Position (m)Source Y Position (m)

N
o

rm
al

iz
ed

 M
ea

n
 E

st
im

at
io

n
 E

rr
o

r 

(e) Performance under Sen-
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(f) Performance under Sen-
sor/ Probe set up as in Model
B

Figure S14: Performance analysis of three different sensor/ probe models under the given
temperature and wind velocity variation. Sensor/ probe setup models are described in
Section 6.3. In this scenario performance under low variability of temperature and wind
velocity is depicted. Ten probes and 12 sensors are deployed as explained in Section
6.3-Model B of the this chapter.
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(d) Performance under Sen-
sor set up as in Comparison
Model 1
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(e) Performance under Sen-
sor set up as in Comparison
Model 2
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(f) Performance under Sen-
sor/ Probe set up as in Model
B

Figure S15: Performance analysis of three different sensor/ probe models under the given
temperature and wind velocity variation. Sensor/ probe setup models are described in
Section 6.3. In this scenario performance under highly varying of temperature and wind
velocities is depicted. Ten probes and 12 sensors are deployed as explained in Section
6.3-Model B of the this chapter.





Chapter 7

Sensor Hardware Implementation,
Data Collection and Analysis

Mitigating human-elephant conflict is a real-world challenge and it requires practical implemen-

tations. This chapter presents the implementation of hardware systems related to our approach. A

sensor network that employs a sound probe technique has been built for data collection. Initially, we

performed practical experiments by replaying recorded elephant sounds under different environmen-

tal conditions. Finally, the ideal system set up is tested in a real-forest environment to localize wild

elephants in Sri Lanka and results. The results overall show that the system is capable of providing

remarkable accuracy under distinct wind and temperature conditions.

7.1 Introduction

THE amount of implemented wireless sensor network systems is extremely low

compared to the theoretical publications presented in the area [14]. The problem

discussed in this thesis requires actions in the ground to mitigate human-elephant con-

flict. This chapter explains system hardware that we have built related to the application

and real experiments conducted in the field.

Implementing hardware system to confirm theoretical and simulation analysis is a

challenging task. First, it is necessary to identify the requirements related to the appli-

cation and limitations. Once the hardware is built, the testing needs to be performed

in a controlled environment to identify the possible constraints. Therefore, our system

hardware development and experiments were carried out keeping the above concepts in

mind.

During the initial stage of the project, we have made attempts to implement a stan-
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dalone hardware system to record and elephant calls. The Section 7.2 briefly explains

the system hardware on this attempt. In Section 7.3 we explain the sensor network hard-

ware system implemented employing the sound probe technique. Section 7.4 describes

the practical experiential set up for the tests we conducted in the open field and forest

environment. Section 7.5 outlines the experimental results and discusses them further.

7.2 Standalone Signal Recording System

During the initial stage of the project, attempts were made to implement a cheap solution

for digital elephant sound recorder system. The hardware system was primarily com-

prised of a microphone, pre-amplifier, microcontroller, power supply unit and a memory

device.

The microcontroller is the interface between input signal processing and the signal

recording memory device. It was chosen PIC16F877A as the microcontroller for this im-

plementation which was a mid-range PIC at the time of implementation. MultiMediaC-

ard (MMC) was chosen as the recording memory device. The implementation challenge

was to access the MMC card using limited random-access memory (RAM) (256 bytes) of

PIC16F877A. It was used in-built serial peripheral interface (SPI) of the PIC to read and

write signal data. The microcontroller was programmed using PICkit 2 Development

Programmer.

MMC works at max voltage of 3.6 V and PIC16F877A operates at 5.0V. Therefore, it

was required a voltage level convert to interface PIC with the memory device. A simple

resistor-based voltage divider is introduced to the interfacing pins of MMC (CS, SCK and

CLK) [127]. As a result, 4.3 V maximum output of the PIC pins appears as 2.8 V to above

three pins at the memory device. The chosen PIC also contains an inbuilt 10-bit analogue-

to-digital converter (ADC) module where we used to convert amplified analogue sound

signals to digital format before writing into the SD card. Pin RA0 of the PIC is configured

as ADC input channel where microphone pre-amplifier output was connected. 16 x 2

LCD was interfaced to the microcontroller to recognise the status of the system. Circuit

diagram for the microcontroller interfaces is shown in 7.1
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Figure 7.1: Microcontroller interface overview. RA0 PIN of the PIC is configured as ADC
input channel. RC2 – RC5 PINs are interfaced with MMC with simple resister-based
voltage converter. PortD is interfaced to 16 x 2 LCD.

It was chosen condenser microphone as the input device, and it was tested for fre-

quency response using a signal generator and oscilloscope. Through experiments, it was

confirmed that the microphone provides a linear response over the low frequencies re-

quired for the application. The pre-amplifier also needed to be performed in the low

frequencies as the elephant rumbles were having signal components in sub-sonic range.

The amplifiers were then designed and simulated using Proteus 7.7 to match the above

requirement. Circuit diagram of the amplifier is shown in 7.2.

The power supply was designed to be dual supply with mains AC powered for the

testing purposes and battery powered for the recording in the field. Battery charger unit

was also implemented such that the system could charge the battery unit while the device

is connected to the mains power. Completed system set-up is depicted in 7.3.

The above hardware system was only used in the initial elephant sound recording

and was abandoned from further development due to project duration time constrains.
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Figure 7.2: Circuit diagram of the signal pre-amplifier. The amplifier was designed with
Proteus 7.7 and simulated before implementation. The amplifier performs well in the
frequency range of 10− 4000 Hz range.

7.3 Central Processing Wireless Sensor Network

Following the extensive simulation analysis discussed in Chapter 6, analogous hardware

system is designed to test the performance of the proposed probe technique and system

framework.

The hardware system consisted of sensor units which contain microphones (Audio-

Technica AT897) and FM transmitters (Fmuser SDA-01A) and sound probes which in-

clude chirping devices (see Figs. 7.4 and 7.5). A separate laboratory experiment was con-

ducted to investigate the frequency response of the signal sensor microphones detection

system. It was confirmed that the system performs well in the range of approximately

10−400 Hz and can capture main signal energy components of low frequency elephant

calls as shown in [7].

The sensors listen to the sound signals and transmit them in a dedicated FM channel

to the centralized receiver in real time. Each sensor was assigned a distinctive FM chan-

nel to prevent the interference at the receiver. These channels were carefully selected

to avoid interference with the other FM transmissions such as local radio stations and

communication within police forces and emergency services. The centralized receiver

consisted of a set of FM receivers (Sony CRSW08) which are synchronized to each sensor
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(a) Inside of the standalone recorder hardware
unit

(b) Integrated 16 x 2 LCD unit displaying initial-
ization of the recorder system.

(c) Packaged hardware system unit

Figure 7.3: Completed standalone recorder hardware system. The system consists of mic
interface, power supply unit, integrated display interface and memory (MMC) interface.
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unit FM frequency. The outputs of these receivers were then streamed into a laptop com-

puter via a USB sound card hub which enabled simultaneous signal recording. Sound

signal acquisition is attained through a commercial software program named Cool Edit

Pro Version 2.0. The signals from each sensor channel was recorded into separate tracks

in the software program and subsequently saved and exported into wave files for further

analysis. The main feature of the software program that facilitated in our experiment is

that it enables synchronized data recording from separate channels. Table 7.1 provides

a cost analysis of the hardware system that utilized in this implementation. The overall

cost of the system including a cheap processor is less than $2750.

Figure 7.4: Snap of complete sensor unit deployed in the field. The microphone and the
transmitter units are mounted on a tripod and units are protected with weather shields.
Four sets of similar sensor units are deployed for the experiment. The transmitter units
were powered by 12 V DC battery.

Our ultimate goal is to utilize the system to localize and track the forest elephants

through their rumble signals. In our experiment, we decided to utilize a moving sound

source which produces elephant rumble signals such that we can maintain the anal-

ogy up to some extent. First, we included rumble signals into a sound player (Sansa R©
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Figure 7.5: Snap of Probe unit deployed in the field. The unit consists of sound chirp
generator and a controller unit which determines the timing of chirp generation. The
unit was powered by a 12 V DC battery.

ExpressTM) which consisted of a storage device and connected it to a large speaker through

an amplifier (TOATM A-50M). The speakers had frequency response of ±3 dB over the

range 16−250 Hz and nearly all the elephant calls used for the simulation had acoustic

energy within the above range. Then the system is mounted on a wheel cart so that it can

easily be moved in the field. We called this system setup as “Surrogate Elephant” (SE).

7.4 Experimental Setup

Experiments were conducted in open field and forest area using the hardware system

discussed in 7.3 to analyze and validate the elephant localization system framework.
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Table 7.1: Cost analysis of the Hardware System Utilized in the Real World Implementa-
tion

Item Brand Model Unit Price ($) No. Units Cost ($)
Acoustic
Sensor

Audio-Technica AT897 212.00 4 848.00

Long
range FM
Transmit-
ter

Fmuser SDA-01A 112.00 4 448.00

Receiver Sony CRSW08 48.00 4 192.00
Probe Custom Design Custom Design 40.00 4 160.00
Battery B.U.E 3FM-4.0 25.00 8 200.00
Recorder
Software

Cool Edit Pro V2.0 300.00 1 300.00

Processor
Unit (Lap-
top)

Toshiba SATELLITE C50D 499.00 1 900.00

Interfacing
units and
Connec-
tors

N/A N/A 100.00 1 100.00

Total 2,747.00

7.4.1 Open Field Experiment

The experiment site was a playground named Weeguluwathte at the city of Gampola

which is located in the Central Province of Sri Lanka. The experiment was performed

in three sets during different time periods of the day such that natural variation of tem-

perature and wind velocities can be taken into account. The experiment was carried out

in a sunny day and humidity was 64%. The average temperature and wind speed with

respect to north was obtained using an anemometer (Bentech GM816) during each set

and is summarized in Table 7.2.

Table 7.2: Average Wind and Temperature Measurements during the Experiment Trials

Experiment Set Average Temperature Average Wind Speed
(oC) (ms−1)

Data Set 1 27.4 6.9
Data Set 2 29.3 8.7
Data Set 3 28.1 10.1
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The sensors and the probes were deployed in the field as per the reasoning explained

in the simulations in Chapter 6. The exact locations of the probes and sensors were ac-

quired using eTrexTM GPS device and recorded. In addition, the distance between each

sensor and probe was accurately measured via Leica DISTOTM A8 Laser distance meter.

Once the probe sensor system was deployed and activated, the centralized data recorder

system was positioned in a convenient location to start the recording. Then a GPS data

recorder was attached to our Surrogate Elephant (SE) to obtain the actual path where

it was travelling. Subsequently, SE is moved at a constant speed towards the deployed

probe sensor direction whilst recording sound signals into the centralized data recording

system.

7.4.2 Real Forest Experiment

Following the open field implementation and identifying the possible challenges, such

as battery power limitations, general environmental parameter measurement constraints

and hardware mounting requirements, we proceeded to test our methodology in real

forest environment. The experimental site was a village called Swaranapaligama which

was situated in North central province, Sri Lanka. The village is located adjacent to the

border of the Wasgamuwa National Park and a branch of Amban river flows close to the

village. The primary occupation of the villages is farming and they mainly cultivate rice

and vegetables. As a result of close proximity to the forest and the continual production

of crops, wild elephants frequently enter into the village especially during the dry season.

Considering the above facts, we conducted our experiment in the end of September 2013

which is the latter period of the dry season.

A similar experimental setup as in the open field experiment described in Section

7.4.1 was employed in this implementation as well.

A set of sensors and probes were deployed at predetermined locations. The probes

were kept in the forest area to obtain a better representation of the sound characteristics

through the woodland (See Fig. 7.7). The sensors are kept close to the village bound-

ary depending on practical considerations (See Fig. 7.8). A simplified block diagram of

the hardware setup is depicted in Fig. 7.6. The probe and the sensor coordinates were
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Figure 7.6: Simplified block diagram of the system hardware implementation. Each sen-
sor consists of microphone and a FM transmitter. Vocalization data and the probe signals
acquired through each microphone is transmitted through a dedicated FM channels to
the centralized receiver. Probes are placed in the forest area to get a better representation
of the real sound speeds of the observation area.
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Figure 7.7: Snap of a Probe unit deployed in the forest implementation. The unit was
deployed in a predetermined location in the forest area to obtain a better representation
of the sound characteristics through the woodland.

recorded using eTrexTM GPS devise as in the previous experiment and those coordinates

are summarized in Table 7.3.

Table 7.3: Sensor and Probes Location Coordinates at the Real Forest Experiment

GPS coordinates
Longitude Latitude

Sensor 1 80.954352 7.863963
Sensor 2 80.953244 7.864375
Sensor 3 80.952465 7.864156
Sensor 4 80.951085 7.864182
Probe 1 80.953736 7.863446
Probe 2 80.952939 7.863341
Probe 3 80.952146 7.863349
Probe 4 80.951457 7.863455

During the background information gathering the villagers informed us that in many

occasions, elephants come closer to the village shortly after the nightfall. Therefore, we

set up equipment targeting to start the data collection during the above period. Owing to

constrains in battery life and available resources, successful data collection was done in

three consecutive days and typical weather information during the experiments is sum-

marized in Table 7.4.
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Figure 7.8: Snap of a Sensor unit deployed in the forest implementation. The unit was
deployed in a predetermined location close to the village boundary.

Table 7.4: Weather Details during the Real Forest Experiment

Experiment Trial Weather Average
Temperature
(◦C)

Average
Wind Speed
(ms−1)

Humidity
(%)

Day 1 Sunny 29.5 4.2 64
Day 2 Sunny 29.3 8.4 72
Day 3 Sunny 28.1 7.1 68

Once the experiment was conducted, in the following day we walked through the

elephant tracks to verify the presence of elephants during the previous day. The verifi-

cation process was practically impossible to conduct in real time during the experiment

due to safety issues. However, through the evidence such as fresh piles of elephant dung,

broken tree branches, signs of browsing grass and footprints embossed in the ground, we

were able to determine the presence of the elephants during the days we conducted the

experiment (see Figures. 7.9-7.10). We obtained the assistance of few villages who were
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Figure 7.9: A snap shot of recording information on a location where elephants were
present in a day that we conducted the experiment. GPS coordinates and information on
the observation were recorded manually for further reference.

experts in identifying elephant tracks and familiar with the forest area closer to the vil-

lage to accomplish the above task. We recorded the coordinates of the elephant tracks

using eTrexTM GPS device. In addition, GPS coordinates and the description of the signs

were manually recorded at the specific locations where we identified as elephants were

present. Through these field visits we identified that, out of three days we conducted the

experiment, in two days elephants have travelled through the tracks we observed.

7.5 Results and Discussions

7.5.1 Open Field Experiment Results

The results of the practical implementation of our proposed methodology in an outdoor

environment are depicted in the Figures 7.14−7.16 for three different data collection sets.

It can be identified that our proposed technique clearly improves the localization accu-

racy of the sound source under different environmental conditions. The accuracy im-

proves whilst the source is close to the probes. The reason for this is that, when probes
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Figure 7.10: Picture of footprint embossed on the ground of an elephant that visited the
area on Day 1 when we conducted the experiment. Observation locations was recorded
for further reference.

and SE are in close proximity, the probes technique represents the actual sound speeds

between source−sensor paths. Due to limited space and narrow variation of temperature

and wind velocities in the experimental area, the localizations without probe technique

correction also follow the path to a certain extent. However, this fact is invalid in a real

forest application where environmental condition variation would be much more com-

plicated.

The elephants have a behavioral characteristic of walking in the same particular paths

which they have followed throughout the generations. Therefore, it is possible to incor-

porate these path data as a prior information whilst implementing tracking algorithms.

We have implemented a particle filter considering prior information of the path data of

the surrogate elephant whilst incorporating probe correction in our posterior analysis.

As shown in Figures 7.14−7.16 the outcome of the implementation clearly indicates an

accuracy improvement.
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Figure 7.11: Snap of fresh pile of elephant dung on the ground in the elephant track.
This observation was made on Day 1 of the forest experiment. Observation location was
recorded for further reference.

Figure 7.12: Snap of earth marks made due to elephat bashings on the ground by an ele-
phant on Day 3 of the foreset experiment. Observation location was recorded for further
reference.

7.5.2 Real Forest Experiment Results

Figure 7.17 depicts the localization results from gathered data during the real forest ex-

periment. The analysis revealed that elephant calls were recorded during only two days

of the experiment. This is in fact verified through the observations made during the post

experimental visits through elephant tracks. The probe technique has performed effi-

ciently in this heterogeneous environment as well. Evidently, it surpasses the observation

made without considering the wind and temperature variations. Due to large observa-

tion area and variations in the environmental facts, the remarkable performance of the
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Figure 7.13: Snap of marks made on a tree by an elephnat on Day 3 of the foreset experi-
ment. Observation location was recorded for further reference.

probe technique can be clearly identified. Our technique has located elephants within

30 m to the elephant tracks whilst error in conventional methodology extends over 70

m. The evidence gathered indicates the real localization accuracy attained through our

technique. In addition, the results indicate that under the forest environmental condition,

the performance of a conventional localization system can be significantly impacted even

under a modest temperature and wind velocity variations.

Our system was able to localize elephants over 500 m margin from the village bound-

ary. This implies that, with some modifications to the hardware system such as inte-

grating additional amplifiers the system may perform well above this distance. This

fact suggests that similar system can be utilized to monitor elephants noninvasively for

behavioural aspects. In a broad sense, our system which costs around $2750 can be uti-

lized to protect a village area of around 2 km2. However, the system needs to be mod-

ified for continuous power requirement in an alerting system. The challenge of battery

power constraints can be overcome incorporating hybrid solar and battery power system.

Similar methodology use in natural disaster notification which uses Short Message Ser-
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(a) The average temperature during the experiment was 27.4 ◦C and average wind
velocity 6.9 ms−1 during the experiment. The estimated localization positions of
the Surrogate Elephant closely follow the actual path whilst the probe technique
correction was made.
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(b) Surrogate Elephant localization error estimation for Data Set 1. The error is cal-
culated deviation in Y direction from the actual path. Note that the ES is moved
towards the sensors and 1st data point represent the furthest point from the sen-
sors.

Figure 7.14: Localization of Surrogate Elephant; The analysis results from the Data Set 1
acquired from the real experiment.
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(a) The average temperature during the experiment was 29.3 ◦C and average wind
velocity 8.7 ms−1 during the experiment. The estimated localization positions of
the Surrogate Elephant closely follow the actual path whilst the probe technique
correction was made.
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(b) Surrogate Elephant localization error estimation for Data Set 2. The error is cal-
culated deviation in Y direction from the actual path. Note that the ES is moved
towards the sensors and 1st data point represent the furthest point from the sen-
sors.

Figure 7.15: Localization of Surrogate Elephant; The analysis results from the Data Set 2
acquired from the real experiment.
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(a) The average temperature during the experiment was 28.1 ◦C and average wind
velocity 10.1 ms−1 during the experiment. The estimated localization positions of
the Surrogate Elephant closely follow the actual path whilst the probe technique
correction was made.
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(b) Surrogate Elephant localization error estimation for Data Set 3. The error is cal-
culated deviation in Y direction from the actual path. Note that the ES is moved
towards the sensors and 1st data point represent the furthest point from the sen-
sors.

Figure 7.16: Localization of Surrogate Elephant; The analysis results from the Data Set 3
acquired from the real experiment.
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(a) The analysis result of the data collection from the Day 1 in real forest exper-
iment. The average temperature was 29.5◦C and average wind velocity was 4.2
ms−1 during the experiment.
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(b) The analysis result of the data collection from the Day 3 in real forest exper-
iment. The average temperature was 28.1◦C and average wind velocity was 7.1
ms−1 during the experiment.

Figure 7.17: Analysis results of the real forest experiment. Observations were associated
to different tracks in Day 1 and Day 3. The estimated elephant localization positions
closely follow the elephant tracks. Evidently, the probe technique has significantly im-
proved the localization accuracy despite the complex terrain.
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vice (SMS) alerting system [128] can be utilized for warning villagers regarding elephant

threats.

In [124], acoustic monitoring of elephants is mentioned as a valuable noninvasive

research tool. However, the predicted area of detection depends upon the atmospheric

acoustic state. This acoustic state is mainly affected by meteorological effects such as tem-

perature and wind velocity. It is necessary to have real-time knowledge of atmospheric

condition to accurately locate the calling elephant [124]. Our proposed methodology

addresses exact same problem and adjust the sound speed for atmospheric bias which

results greatly improved localization accuracy.

Mayilvaganan et al. have proposed direction of arrival estimation methodology with

partial hyperbolic circular array to localize elephants [129]. They also identified that wind

velocity and temperature variation significantly affects the localization accuracy. In fact,

their analysis shows that localization error could be more than 28 m under narrow wind

condition of 2.2 ms−1 whilst four sensors and the source is deployed in a 100 m × 100 m

small-scale area. In comparison, analysis results indicate that our methodology performs

far better than the above approach in locating elephants even under much stronger wind

conditions.

The implemented hardware system is an economical approach for actual elephant

localization system. By means of a centralized data collection system, we were able

to eliminate the clock synchronization problem which is a main concern in distributed

data collection schemes in similar applications. In addition, the inexpensive and effective

methodology of utilizing probe technique remarkably increases the localization accuracy.

The sound signal at the receiver itself models the propagation channel characteris-

tics. In our proposed technique this phenomenon is effectively utilized to estimate the

sound propagation speed which is affected by temperature and wind variations. Further,

information from sensors and probes which represent different spatial regions evidently

assists for better sound speed estimation. Besides, the remarkable advantage of this ap-

proach is that it does not need both wind and temperature sensors in the network. In

addition, we make use of the existing acoustic sensors for sensing probe signals and the

elephant calls.
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7.6 Chapter Summary

In this chapter we have presented hardware implementation on sensor network that em-

ploys a sound probe technique. We have further investigated the feasibility of enhanc-

ing the accuracy in elephant localization system by utilizing the sound generating probe

technique in practical environment. The inexpensive hardware platform implemented is

utilized to evaluate the proposed methodology in an outdoor environment under equiv-

alent elephant localization scenario. Finally, the system was deployed in a real forest en-

vironment to localize wild elephants in Sri Lanka. The outdoor experimental implemen-

tation verified the significant improvement in accuracy whilst using the probe technique,

in a surrogate elephant localization system. Further, the real forest implementation suc-

cessfully localized elephants over 500 distance. The results confirmed the success of our

methodology by enabling to localize wild elephants within 30 m accuracy to their natural

walking paths in the real forest implementation.



Chapter 8

Conclusion

8.1 Summary of Contributions

THIS thesis focused on providing an engineering solution to mitigate human-elephant

conflict by proposing a methodology to accurately localize the elephants before

they move into the village areas. The findings are important not only to ascertain the

importance of animal behavioural studies in conservation projects, but also to identify

the challenges in animal localization using acoustic sensor networks. The contributions

of this thesis are presented in Chapters 4, 5, 6 and 7. The thesis provide details evalua-

tion of useful elephant behavioural patterns in mitigating HEC, the feasibility of using

passive acoustic sensor network to localize elephants, mathematical modelling and com-

parative study of different source localization algorithms, challenges affecting elephant

localization accuracy due to environmental effects and novel methodology to improve

localization accuracy.

Chapter 2 briefly outlined the earlier researches carried out on habitat monitoring

using sensor networks. It also discussed current methodologies used in mitigating HEC

and the concerns related to these approaches in terms of effectiveness and availability of

resources.

In Chapter 3, we discussed the structure of the elephant society and the behavioural

patterns of these highly social animals. The behavioural patterns that ensue HEC and

reasons concerning the impossibility of entirely illuminating HEC are emphasized in this

chapter. The ability of elephants to adapt in a broad range of ecological conditions always

reassure that they will move into village areas for the need food requirements. However,

107



108 Conclusion

their behavioural tendency to use same corridors allows our approach to locate them

in certain known paths which then can be passed into the authorities and villages to

take preventive measures. This chapter also discusses the long-range elephant commu-

nication call pattern called “rumbles” which is the key in locating elephants in far away

distance and presented analysis of rumble signals in frequency and time domain.

Chapter 4 describes detail approach in localizing elephants using timing observation

measurements. We outlined two mathematical modeling approaches for elephant local-

ization system framework and derived elephant positioning estimators using BLUE and

MLE. The performances of the models are analysed defining a simulation framework and

resulted are illustrated in the chapter. The analysis suggested that there is no significant

advantage in increasing the number of sensors above certain number to attain successive

convergence of the algorithm for elephant location. Similar framework can be defined,

and analysis can be performed in future research to identify the required scale of the sen-

sor network with respect to the application. Finally, the chapter presents the statistical

bounds of localization error on above mathematical models using FIM and covariance

ellipses.

In Chapter 5, we investigated environmental constraints and results of SNR variations

on elephant localization accuracy. The elephant rumble calls are the signal for our pas-

sive acoustic sensor network and signal travel through the air. Sound propagation in air

is affected by various meteorological parameters such as temperature, humidity, water

vapour mole fraction and CO2 content. However, the speed of sound mainly depends on

temperature and effect of other parameters are negligible. Consequently, in this chapter

we mainly focused on the effect on temperature variations on elephant localization accu-

racy. In addition, sound signals are longitudinal waves and wind carry the medium that

sound signal travels. Therefore, we investigated the effect on changes in wind velocity on

our localization accuracy. Moreover, the sound signal intensity is inversely proportional

to distance of travel and therefore, SNR varies based on the distance. In this chapter we

further investigated the SNR dependency on the elephant localization accuracy. We de-

fined a simulation framework and performed extensive simulation analysis to examine

significance on above parameters on elephant localization system that we propose. The
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findings illustrated that SNR is an important fact that affects the localization accuracy.

The system to converge into a source position the SNR need to be above certain marginal

level. This has been given as −12 dB with respect our simulation framework discussed

in the chapter. In addition, analysis has illustrated uniform temperature variation has

insignificant impact on localization accuracy. In contrast, the variation in temperature

between source−sensor path significantly impact localization accuracy. Wind velocity

over the observation area also negatively impact on localization accuracy even the varia-

tion is uniform. For instance, a uniform wind velocity of 20 ms−1 results in about a 100 m

(20%) error at a distance of 500 m. An additional temperature variation of 4 ◦C can result

in an increase in the error to over 175 m (35%). Therefore, chapter concluded mentioning

the importance of implementing wind and temperature compensation mechanism in a

real implementation of elephant localization and similar system.

Following the extensive analysis on the feasibility of using acoustic sensor network

for elephant localization in Chapter 4 and Chapter 5 and the impact on wind and temper-

ature variations on positioning accuracy of such system, in Chapter 6 we propose novel

technique to improve the elephant localization accuracy. Sound generating probes are

introduced into the passive acoustic sensor network which interns act as a probe that

provide a means to estimate accurate sound speed over the observation area. In Chapter

6, the effectiveness of incorporating sound probes into the system in terms of localiza-

tion accuracy is widely analysed using simulation framework. Comparison models with

temperature and wind velocity sensors also introduced for comparative assessment of

the probe methodology. The findings suggested that the technique can limit the mean

estimation error under 0.06 throughout the interested observation area regardless the

non-uniformity of temperature and wind speed of the area. Sound signal travel through

the medium itself models the propagation channel characteristics. We introduced probes

and an algorithm to effectively utilize this phenomenon to estimate sound propagation

speed which is affected by temperature and wind variations. The remarkable aspect of

this approach is that it does not need both temperature and wind velocity sensors in the

network and we make use of the existing acoustic sensors for sensing probe signals and

the elephant calls.
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HEC is a real-world problem and it requires practical implementations to reduce the

occurrences of conflict. Chapter 7 presents the hardware systems constructed, and the

real-world implementation deployed to prove the concepts proposed in previous chap-

ters. Sensor network incorporating the sound probes was built, and experiments were

conducted under different ecological conditions in an outdoor environment using surro-

gate elephant which replicates elephant rumbles. Then the identical experiment setup is

deployed in a forest environment to localize wild elephants in Sri Lanka. The analysis re-

sults suggest that probe technique has performed efficiently in this outdoor environment

as well as heterogeneous forest environment. Our inexpensive methodology proved its

effectiveness by enabling to localize wild elephants within 30m accuracy to their natural

walking paths in the real forest implementation.

8.2 Future Research

In this thesis, we investigated the feasibility of using acoustic sensor network to localize

the elephants. The hardware system is presented for sensor network and data was col-

lected for very limited period. The extended behaviour of the sensor network has not

been studied due to project time limitations. Considering the sensitivity of the issue, if

the network is deployed as the primary source of information for alerting villages, the

extended behaviour of our system framework need to be studied and potential concerns

should be identified. This will require further research on areas such as sensor power op-

timisation and designing standalone sensors and probe units that capable of long-term

operation.

This thesis limited the consideration of implementation for a single sensor network

that operates in an observation area about 2 km2. This assumption of observation area is

made based on the signal transmission distance of the elephant rumbles and the applica-

tion requirement of identifying elephants in a location closer to the villages. In practical

consideration, this could probably be covering single village area, and each affected vil-

lage will need a separate elephant localization framework. This leads sensors to have

cross-talk effect especially at the boundaries of sensor networks. However, this could be
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eliminated by incorporating sensor scheduling algorithms and cell planning methodolo-

gies yet to be confirmed through careful investigations with respect to the application.

The sensors introduced in this research acts as listening and continues transmission

devices whilst the signal processing is conducted at the central processing unit. This ap-

proach increases sensor power consumption which interns a major concern in long-run in

terms of sensor maintenance. If the sensors made smart to transmit the signals only when

the rumble signals are identified, the sensors could run in standby mode for a longer pe-

riod while increasing the sensor life cycle. This approach requires the development of

standalone smart sensors which has signal processing capabilities. With the develop-

ment of present hardware processing units such as graphics processing units (GPU) this

should be feasible, however rigorous design research procedures need to be followed.

The thesis concerns only on identifying the presence of elephants. It has been iden-

tified that some of the elephants are more problematic than others. On the other hand,

similar to individual human voices, elephants may have distinctive spectral features in

their calls which could lead to identify individual elephants. Through extensive data

collections and by incorporating speech recognition techniques such as classification and

feature extraction or principle component analysis (PCA), this should be feasible. If the

elephants can be distinctively identified, this information can be utilised by the authorise

to make informed decisions based on prior characteristics of the individual elephant.

In addition, thesis does not consider to distinguish the number of elephants present

in the observation area. If it is assumed individual elephant calls have distinctive features

it may be possible to estimate the number of elephants moving towards the village area.

This problem is similar to the well-known “cocktail party problem” however in a much

more challenging environment. Techniques such as independent component analysis

(ICA) and blind source separation may be useful in resolving above problem.

Other future research directions would be to define algorithms for optimal placement

of probes and sensors. This will be a complex research problem considering it needs

to incorporate terrain information as well as signal transmission models and distance

constraints. The problem can be further extended by amalgamating elephant track infor-

mation into the system and assessing the optimal placement of both sensors and probes,
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knowing the elephant tracks.



Appendix A

Propagation Constraints in Elephant
Localization Using an Acoustic Sensor

Network

A.1 Introduction

The content of the thesis has been partially published in an international conference and

a journal. Appendix A presents the published material in international conference:

Chinthaka M. Dissanayake, K. Ramamohanarao, M. N. Halgamuge, B. Moran, and

P. Farrell “Propagation Constraints in Elephant Localization Using an Acoustic Sensor

Network” , IEEE 6th International Conference on Information and Automation for Sus-

tainability (ICIAfS’12), pp 101-105, Beijing, China, 27-29 September 2012
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Abstract—In this paper we discuss elephant localization frame-
work using acoustic sensor network. We further analyze the
effect of various meteorological parameters in elephant vocal-
ization propagation and their consequential effects on elephant
positioning accuracy. In addition, we present the effect of signal-
to-noise ratio (SNR) on detection of vocalization signal which con-
sequently affects the localization accuracy. Extensive simulation
results reviled that the uniform distribution of the temperature
throughout the localization area does not defect the localization
accuracy. Our results show that temperature variations between
sensors and wind velocity and direction have significant effect
on positioning accuracy of the system. Regardless of this, it is
revealed that the localization accuracy decreases enormously once
the SNR level fall under certain marginal level.

I. INTRODUCTION

Elephants and human were built with a long tradition of
interdependence up until contemporary times. However, today
human-elephant conflict (HEC) has become one of the most
significant socio-ecological problems in some parts of the
world. The conflict primarily is a consequence of frequent
attacks from crop riding elephants on the rural agricultural
communities. The consequences of HEC made loss of human
lives or permanent disability, damage to the properties and cul-
tivation while making negative attitude towards the elephants
[1]. Subsequently, elephant deaths resulted from retaliatory
killing by people has become ever increasing number during
past few years, making Asian elephants (Elephas maximus)
categorised as Endangered in the International Union for
Conservation of Nature (IUCN) Red List [2].
Traditionally, several approaches have been taken to miti-

gate HEC such as lighting fires and fire crackers and using
electric fencing systems. Recently, technological progression
leads to use radio and Global Positioning Systems (GPS)
collars to detect the presence of elephants [3]. However,
these techniques suffer from various drawbacks including non-
availability of resources and operational difficulties. Therefore,
interest has been growing in detecting elephant through their
low frequency elephant calls called rumbles [4]. Previous
experiments carried out have shown that these elephant calls
travel over a range of at least two kilometres [5]. In this
work, we focus on utilizing acoustic senor network to detect
and localize elephants through rumble signals. Consequently,

we quantitatively analyze the effects of various environmental
parameters on the positioning accuracy of the system.
The remainder of the paper is organized as follows. In

section II we discuss about the sound propagation in air as
the basis for understanding the environmental effects. Section
III we analyze the localization algorithm that utilized in our
framework. In Section IV we explain the simulation setup and
Section V outlines numerical results and discuss it, further.
Section VI concludes the paper.

II. SOUND PROPAGATION IN AIR

The accuracy of elephant localization and detection signifi-
cantly depends on the characteristics of sound propagation in
the air. The sound propagates through the air as longitudinal
waves and the propagation is affected by the properties of
the medium. For instance, the variations in the metrological
parameters such as temperature, wind, relative humidity ect.
results in the sound propagation variations in terms of intensity
and speed. In this paper we basically focus on temperature and
wind effects on the speed of sound.

A. Sound Propagation Model
Elephant vocalization generation can be assumed as a point

acoustic source and if the medium of air is assumed to
be homogeneous, the sound propagation is considered to be
spherical. Therefore, the sound intensity in certain direction
is inversely proportional to the expanding surface area of
the sphere. The sound pressure level (SPL) at distance r
is given by SPL = SWLpoint − 10log(4πr2) dB where
SWLpoint represent the sound pressure level measured at
one meter from the source. The model can be simplified
to SPL = SWLpoint − 20log(r) − 11 dB which is often
referred as the standard inverse square law for point source
sound propagation [6]. In summary, relative sound intensity is
reduced by 6 dB per doubling of distance. Depletion in sound
intensity reduces the SNR levels at the sensors. Consequently,
signals of interest which concealed in the background noise
become difficult to detect.

B. Temperature Effect
The speed of sound in air changes with respect to variations

in several phenomena such as temperature, water vapour mole
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fraction, pressure and CO2 content in the air. Cramer [7] has
proposed a closed form equation for the relationship between
speed of sound and the above environmental factors. However,
the speed of sound mainly depends on temperature and effects
of other variables are insignificant. Therefore, the speed of
sound in air can be expressed in terms of temperature as
CSoundT

= CSound0

√
(1 + T

273.15 ) where CSound0 = 331.45

ms−1 is sound speed at 00C [8]. In general, per degree Celsius
rise in temperature, the speed of sound increases by 0.61
ms−1.

C. Wind Effect
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Fig. 1. Wind effect on sound speed in the direction of propagation. Effective
component of V2 along the elephant−sensor direction should be incorporated.

Sound propagation medium of air itself is in a motion due
to the wind. The sound propagating through the air will be
transported by the moving air mass. Therefore, when the sound
propagates towards the direction of the wind, the sound speed
will decrease. On the otherhand, if the sound propagates along
wind direction, the speed of sound will increase. In a situation,
wind makes an angle with the sound path it is necessary to take
the vector component along the sound path. In our application,
sound path is the elephant−sensor path and Fig. 1 depicts a
situation where wind flows in an angle of β(= |θ2− θ1|) with
respect to sound path. Let V1 be the speed of sound without
wind effect, and V2 be the wind speed. Then, the resultant
sound speed V in the direction of source−sensor is given by

V = V1 + V2cos(β).

In the follwoing section we present the localization algorithm
utilized in our framework.

III. LOCALIZATION ALGORITHM

Once an elephant (source) generates a vocalization, the
sound signal propagates through the air following the model
discussed in Section II. The sensors at the vicinity of the
source receive the attenuated and noise corrupted signal. In
our analysis, we assume that all the sensors in our deployment
receive the elephant vocalization generated at our interested
observation area. Then, we obtain the time difference of
arrival (TDOA) information by performing pair−wise cross-
correlations between observation signals at each sensor pair.
Let the time of arrival measurements at sensor i to be ti

where i = 0, 1, · · · , N − 1. The infrasonic acoustic sensors
are deployed at pre−determined coordinates (xi, yi). It is
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Fig. 2. N number of sensors are deployed at the vicinity of the expected
elephant location. Here, the distance difference between source and the pth
and qth sensor is defined as gpq .

necessary to locate the source position (xs, ys). The arrival
time measurements can be modelled by

ti = T0 +
Ri

ci
+ wi i = 0, 1, · · · , N − 1 (1)

where T0 is the signal emitted time by the source, Ri is
the range difference between source and the ith sensor, ci
is the sound propagation speed and wi is the uncorrelated
measurement noise with zero mean and σ2 variance. It should
be noted that the speed of sound between source and each
sensor could vary due to the ecological effects discussed in
Section II. The distance from source to ith sensor Ri is given
by

Ri =
√
(xs − xi)2 + (ys − yi)2. (2)

The signal emitted time T0 in (1) is unknown. Therefore, now
we incorporate TDOA measurements to the model. Let the
TDOA measurement between pth and qth sensor denoted by
Δtpq which is given by

Δtpq = tp − tq + wpq (3)

where p = 0, 1, · · · , N − 2 and q = p+ 1, p+ 2, · · · , N − 1.
The equation (3) can be written in terms of (2) by

Δtpq =
Rp

cp
− Rq

cq
+ wpq (4)

which can be explicitly characterized by the non linear model

Y = h(x) +w (5)

where

Y =

⎡
⎢⎢⎢⎣

Δt01
Δt02
...

ΔtN−2,N−1

⎤
⎥⎥⎥⎦

h(x) =

⎡
⎢⎢⎢⎢⎣

R0

c0
− R1

c1
R0

c0
− R2

c2
...

RN−2

cN−2
− RN−1

cN−1

⎤
⎥⎥⎥⎥⎦

2

A.2 Published manuscript 115



w =

⎡
⎢⎢⎢⎣

w01

w02

...
wN−2,N−1

⎤
⎥⎥⎥⎦ .

Solving non linear equation in (5) can be approached with
diverse techniques [9] [10]. We appreciate the problem in a
geometrical approach as depicted in Fig. 2. Lets assume that
the wpq = 0 and the cp = cq = c for ∀(p, q) = 0, 1, · · · , N−1.
Here, Δtpq corresponds to the distance difference between
source and the pair of sensors p and q. Let

hpq = c×Δtpq (6)

and

gpq = Rp −Rq (7)

where both (6), (7) represent the distance differences. How-
ever, gpq consists of the unknown source location. Therefore,
the source location can be determined by solving the function
defined by

f(xs, ys) = argmin
xs,ys

∑

p,q

(hpq − gpq)
2
. (8)

However, the location estimation found by (8) does not con-
sider the measurement errors and the sound propagation veloc-
ity variances discussed previously. Therefore, by introducing
those constraints externally to the localization routine, we can
attain the effect of those parameters. The next section of the
paper presents the simulaions of the estimation accuracy that
affected by different constraints.

IV. SIMULATION FRAMEWORK

The simulation is involved in two major steps. Former
part of the simulation is carried out to implement elephant
vocalization signal detection at the sensors. This routine also
provides the time delay information between each pair of
sensors. In this section, the SNR effects on signal detection
and acquiring time delay information are also considered.
The latter part of the simulation estimate the source position
utilizing the time delay information provided by the previos
section. The wind and temperature effect on source position
estimation is considered in this section.
A. Vocalization Detection
In real world scenario, once an elephant made a rumble

signal, each sensor in the vicinity of the source location hear
time delayed and noise corrupted versions of the original
signal. This is simulated by shifting and zero padding the
original rumble vocalization data file by relevent time delays
for each sensor. Then, the noise corruption is incorporated by
adding white Gaussian noise to time shifted signal. Now at
the receiver, if the signal is cross−correlated with signature
rumble vocalization signal, it is possible to find the peak
cross−correlation coefficient at number of samples which
represent the original time delay information. We perform
multiple cross−correlations between each pair of sensors’ ob-
servation signals to find the time delay information represented
by Δtpq in (6).

B. Sensor placement and Source localization

In this part of the simulation several real world aspects are
taken into the consideration. We chose 2000 m × 2000 m
square as our analysis area which represent the woodland. We
assume that coordinate axis y = 0 as our village boundary.
Countermeasure can be taken only if the elephants are local-
ized at least before they enter into the 500 m margin from
the village boundary. Therefore, we choose interested source
observation area as the rectangle bounded by coordinates
{(0, 500), (0, 2000), (2000, 500), (2000, 2000)}.
Sensors might need occasional maintenance for instance,

to replace the batteries, to sensor health checks etc. Practi-
cally people could not frequently move into deep forest area
which is not pleasing in terms of risk and the cost of visit.
Therefore, the sensors need to be placed close to the village
boundary. We decide that the sensors should be placed within
200 m distance from the village boundary. Consequently, the
sensor deployment area is a rectangle bounded by coordi-
nates {(0, 0), (0, 200), (2000, 0), (2000, 200)}. However, sen-
sors need to be placed optimally so that they avoid the redun-
dancy and provide maximum accuracy. We, considered several
options, such as placing sensors randomly, homogeneously, in
a line and in a curvature. In the line deployment, we selected
centre line of the chosen sensor deployment strip (y = 100
m) and we deployed sensors in equidistance separations. In
curvature deployment, proper arc is found as follows. First,
we drew a circle centred at (1000, 2000) and radius 2000
m. Then we select the arc which is laid inside the sensor
placement strip. Then the sensors are placed such that they are
separated each other by equal arc distances. In our simulations
we used four sensors which have identical capabilities. It is
identified, by means of several simulation experiments that
the curvature sensor placement outperforms other methods
in source localization. Therefore, it is chosen as the sensor
placement criteria for the results presented in this work.
The effect of each constraint discussed in Section II is

attained by placing the source at different positions in the
interested observation area and calculating the estimation error.
Initially, the rectangular observation area is divided into 100
m × 100 m small girds. Then, the source is placed 100 times
randomly inside the small grid and the source position is
estimated according to the algorithm discussed in Section III.
However, each of position estimation obtained here is affected
by different parameters such as wind, temperature and SNR
and thus they are erroneous. We compute the error for each
random source position by calculating the Euclidean distance
between actual and the estimated source locations. Then the
mean estimation error is calculated for the above 100 source
placements. The computed mean error is considered as the
average inaccuracy in positioning when the source is located at
the area represented by that particular grid. The above process
is repeated for each grid in the observation area. The effects
of different meteorological parameters and SNR are presented
in the subsequent section.
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Fig. 3. The source localization error variation at different source positions
within the observation area. Four sensors are deployed in curvature with equal
arc length separations as discussed in Section IV-B. The T = 22 0C uniform
throughout the area. V2 = 0 ms−1, θ2 = 2700, SNR= 10 dB
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Fig. 4. The source localization error variation at different source positions
within the observation area. Four sensors are deployed in curvature with equal
arc length separations as discussed in Section IV-B. The T = 30 0C uniform
throughout the area. V2 = 0 ms−1, θ2 = 2700, SNR= 10 dB

V. RESULTS AND DISCUSSIONS

The simulation setup discussed in the Section IV is obtained
using Matlab 7.9.0 (R2009b) development environment for
the analysis. The effect of individual parameter is analyzed
via simulations while keeping the other parameters constant.
Figures 3−5 show the temperature effects on the source posi-
tioning. Initially, it is assumed that the temperature is uniform
throughout the area. Results for the instances of temperature
220C and 300C are depicted in Figs. 3, 4, respectively. The
maximum mean estimation errors in these incidents are less
than one meter throughout the observation grid. Therefore,
the increase in the temperature equally, does not affect the
source positioning accuracy significantly. Then, we varied the
temperatures at each node such that TS1 = 250C, TS2 = 230C,
TS3 = 220C, TS4 = 240C, and execute the simulation again.
Figure 5 shows that in this scenario the positioning error
increases, drastically.
The wind has very significant effect on localization accuracy

as depicted in Fig. 6. Rise in the wind velocity increases error
in positioning especially towards the boundaries of x axis. In
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Fig. 5. The source localization error variation at different source positions
within the observation area. The sensors are deployed in curvature with equal
arc length separations as discussed in Section IV-B. The Temperature varies
between each sensor path. TS1 = 25 0C, TS2 = 23 0C, TS3 = 22
TS4 = 24 0C. V2 = 0 ms−1, θ2 = 2700, SNR= 10 dB
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Fig. 6. The source localization error variation at different source positions
within the observation area for wind velocities V2 = 5 ms−1, V2 = 10
ms−1, V2 = 15 ms−1, V2 = 20 ms−1. Four sensors are deployed in
curvature with equal arc length separations as discussed in Section IV-B.
The T = 22 0C uniform throughout the area. θ2 = 2700, SNR = 10 dB.

lower wind velocities, perhaps the error margin of ± 20 m
at 500 m might not exceed; however, inaccuracy at higher
velocities cannot be tolerated. Faster wind velocities toward
the sensors, will increase the sound velocity while decreasing
the time-of-flight (TOF) of signal from source to the sensor.
The TOF is higher when the source is far away from the
sensors. Therefore, the error in time delays increase with the
distance resulting higher positioning errors at far away source
locations from the sensors.
The SNR has much more considerable effect on the source

localization accuracy in our algorithm. Figure 7 depicts the
distribution of mean estimation error throughout our obser-
vation grid, while the SNR is set to −15 dB. Note that
in our analysis we add the noise from uniform distribution,
assuming noise is equivalent even for far away distances from
the sensors. However, this assumption does not follow the
actual scenario. Accoding to the discussion in Section II-A the
sound intensity depletes with the distance, resulting lower SNR
levels at the sensors when source is far away. Therefore, it can
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Fig. 7. The source localization error variation at different source positions
within the observation area. Four sensors are deployed in curvature with equal
arc length separations as discussed in Section IV-B. The T = 22 0C uniform
throughout the area. V2 = 0 ms−1, θ2 = 2700, SNR = -15 dB.

be expected higher SNR levels while the elephants are closer
to the sensors. The SNR level has substantial effect when the
source is placed in the XY corners of the observation area.
This results from inaccurate time delay information provided
by correlation routine, at lower SNR levels. The inaccuracy is
significant once sensors are spatially in closer to source. These
erroneous time delays subsequently cause the minimization
algorithm to estimate enormously inaccurate source positions
as depicted in Fig. 7. The effect was further analyzed by
increasing the SNR level in steps. The inaccuracy disappeared
at the SNR level of −12 dB. We identified this as the marginal
SNR level that is necessary for the system to provide proper
localization estimation in this simulation setup.

VI. CONCLUSION

In this paper we have analyzed major propagation con-
straints that could affect the elephant localization framework.
Our results show that the impact of the temperature for
the accuracy of source localization is insignificant if the
temperature is uniform over the considered area. In contrast,
the temperature variation between each source−sensor path
significantly affects the source positioning error. Therefore, in
real implementation integrating temperature measurements to
the system will vastly improve the localization accuracy. In
addition to this, our results show the influence of the real time
wind velocity data in to the sensor network. The SNR levels
at the sensors also play major role in localization error. The
system provides enormously inaccurate position estimations
once the SNR level drops under certain marginal level. More
precisely, this level is −12 dB with respect ur simulation
framework discussed in this paper. Therefore, in actual im-
plementation, incorporating signal processing techniques for
noise reduction will increase the overall performance of the
system.

ACKNOWLEDGMENT

This work was supported by the Institute for a Broadband-
Enabled Society (IBES) and the Melbourne Sustainable Soci-

ety Institute (MSSI), The University of Melbourne, Parkville,
VIC 3010, Australia.

REFERENCES

[1] R. Bandara, C. Tisdell, “Comparison of rural and urban attitudes to
the conservation of Asian elephants in Sri Lanka: Empirical evidence”,
Biological Conservation, 110 (3) , pp. 327-342, 2003.

[2] IUCN Red List of Threatened Species, IUCN, Gland, Switzerland, 2007.
[3] “Tracking elephants with GPS collar”, Centre for Conservation and Re-

search,www.ccrsl.org/CCR/Programs/ElephantTracking/TrackingGPS.htm
[4] J. V. Wijayakulasooriya, “Automatic Recognition of Elephant Infrasound

Calls Using Formant Analysis and Hidden Markov Model”, 6th Inter-
national Conference on Industrial and Information Systems, Sri Lanka,
Aug. 2011.

[5] W. R. Langbauer, K. B. Payne, R. A. Charif, L. Rapaport, F. Osborn,
“African elephants respond to distant playbacks of low-frequency con-
specific calls”, J. Exp. Biol. 157: 35-46, 1991.

[6] B. Truax, Handbook for Acoustic Ecology, World Soundscape Project,
Simon Fraser University, and ARC Publications ARC Publications,
Second edition, 1999.

[7] O. Cramer, “The variation of the specific heat ratio and the speed of
sound in air with temperature, pressure, humidity, and CO2 concentra-
tion”, Journal of the Acoustical Society of America, vol. 93, pp. 2510-
2516, 1993.

[8] Y. S. Huang, Y. P. Huang, K. N. Huang, and M. S. Young “An accurate
air temperature measurement system based on an envelope pulsed
ultrasonic time-of-flight technique”, Rev. Sci. Instrum. 78, 115102, 2007.

[9] S. M. Kay, Fundamentals of Statistical Signal Processing:Estimation
Theory. Englewood Cliffs, NJ: Prentice-Hall, vol. I, 1993.

[10] N. Patwari, A. O. Hero , M. Perkins, N. S. Correal, “Relative Location
Estimation in Wireless Sensor Networks”, IEEE transactions on signal
processing, vol. 51, No. 8, Aug 2003.

5

118Propagation Constraints in Elephant Localization Using an Acoustic Sensor Network



Appendix B

Improving Accuracy of Elephant
Localization using Sound Probes

B.1 Introduction

The content of the thesis has been partially published in an international conference and

a journal. Appendix B presents the published material in international journal:

Chinthaka M. Dissanayake, K. Ramamohanarao, M. N. Halgamuge, and B. Moran,

“Improving Accuracy of Elephant Localization using Sound Probes”, Applied Acoustics,

Volume 129, pp 92–103, 2018

119



Improving accuracy of elephant localization using sound probes

Chinthaka M. Dissanayake a,⇑, Ramamohanarao Kotagiri b, Malka N. Halgamuge c, Bill Moran d

aDepartment of Infrastructure Engineering, The University of Melbourne, VIC 3010, Australia
bDepartment of Computer Science and Software Engineering, The University of Melbourne, VIC 3010, Australia
cDepartment of Electrical and Electronic Engineering, The University of Melbourne, VIC 3010, Australia
d School of Electrical and Computer Engineering, RMIT University, VIC 3000, Australia

a r t i c l e i n f o

Article history:
Received 5 June 2017
Accepted 11 July 2017

Keywords:
TDOA estimation
Elephant localization
Sound speed estimation
Vocalization detection

a b s t r a c t

Localization of elephants in the vicinity of villages is an important issue in mitigating human-elephant
conflict. This paper proposes an inexpensive, effective and non-invasive framework that employs a
sound probe technique with an acoustic sensor network to localize elephants. Incorporation of probes
in our sensor network eliminates the requirement to explicitly measure temperature and wind veloc-
ity for accurate determination of sound velocity. A sensor network has been built and experiments
performed by replaying recorded elephant sounds under three different environmental conditions.
The results overall show that the system is capable of providing remarkable accuracy under distinct
wind and temperature conditions. An identical experimental set up was used to localize wild ele-
phants in Sri Lanka. Our approach enabled localization of wild elephants at a distance of over
500 m from the sensors to within 30 m, providing adequate time for the villages to take appropriate
safety measures.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Changes in social and ecological conditions precipitated by
human needs are resulting in serious depletions in certain animal
populations. Human-elephant conflict (HEC) is one such problem
resulting in deaths of members of both species. Humans are clear-
ing large areas of land for food production, increasing pressure on
traditional elephant habitats. This results in migration of elephants
to villages to fulfil their food requirements and ensuing HEC. In Sri
Lanka, HEC has is causing more than 60 human deaths and over
200 killings of elephants, annually [1].

Various strategies have been implemented to mitigate HEC.
These include implementing electric fencing systems and using
satellite imaging and radio and Global Positioning Systems (GPS)
collars to detect the presence of elephants [2].

Electrified wire fences are used to restrain elephants into the
forest areas. This is an expensive option due to high installation
and maintenance cost. In practice, the long-term success with
anti-elephant fences has often fallen well below expectation. This
is basically because of deficiencies in meeting the considerable
demands of meticulous routine maintenance. In addition, wild ele-
phants have low resistance to these barriers as they have learned

to demolish the fences using tree branches and thereby enter into
the protected areas [3].

Tagging elephants with radio and GPS collars for understanding
the behavioural aspects is presently conducted in many parts of
the world. However, this methodology is impractical for real-
time monitoring of wild elephants due to the battery power limi-
tations in collar systems and the cost of GPS data retrieval. In addi-
tion, capturing elephants and fitting GPS collars to these animals is
a complex and dangerous procedure which risks lives of both ele-
phants and personals involved. Therefore, it is in practice even
impossible to collar elephants which are deemed problematic.

With the advancements in technology, satellite imaging is also
proposed as a methodology for tracking wildlife [4]. However,
thick vegetation and environmental factors hinder this sophisti-
cated and expensive technology for real-time monitoring of wild
elephants.

Recently, interest has grown in the detection of elephants
through their low-frequency calls, commonly referred to as ‘‘rum-
bles” [5]. This technique is a safe, practical and non-intrusive
methodology to detect these highly social animals that use rum-
bles for long distance communication. Once the elephants are
detected at a sufficient distance from the village boundaries coun-
termeasures such as the use of firecrackers, broadcasting of noise
through loudspeakers, and warnings to the local population can
be deployed.

http://dx.doi.org/10.1016/j.apacoust.2017.07.007
0003-682X/� 2017 Elsevier Ltd. All rights reserved.
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However, the variations in environmental conditions seri-
ously affect the performance of such systems [6,7]. This is
due to the sound speed dependency on several environmental
phenomena such as temperature, water vapour mole fraction,
atmospheric pressure and CO2 content in the air. Cramer [8]
has proposed a closed form equation for the relationship
between speed of sound and the above environmental factors
through a laboratory experiment. However, the speed of sound
mainly depends on temperature and effects of other variables
are insignificant. The speed of sound in air can be expressed

in terms of temperature as CSoundT ¼ CSound0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ T

273:15

� �q
where

CSound0 ¼ 331:45 ms�1 is sound speed at 0 �C [9]. In addition,
wind causes to movement of the propagation medium which
effectively alters the propagation sound speed between sound
source and the receivers [10].

In [6] the possibility of using an acoustic sensor network to
detect and localize elephants has been extensively analysed. Wind
and temperature variations are identified as the main cause for the
deterioration of the performance of the above approach [6,7]. For
instance, a uniform wind velocity of 20 ms�1 results in about a
100 m (20%) error at a distance of 500 m. An additional tempera-
ture variation of 4 �C can result in an increase in the error to over
175 m (35%) [6].

In this paper we propose a technique to correct the errors aris-
ing from variations in sound speeds due to environmental effects.
We propose a system to implement the algorithms that have been
developed and describe the results of experiments, under three dif-
ferent environmental profiles, using a sensor network system that
we designed. Then, we implement our system in a village area in
Sri Lanka and test it for the real application of wild elephant mon-
itoring. Our contribution is to present an effective solution that sig-
nificantly improves localization accuracy over a conventional
acoustic sensor network, and which does not require explicit wind
and temperature sensors to compensate for the environmental
effects on sound speed.

The remainder of the paper is organized as follows. In
Section 2 we summarize the localization algorithm that will be
utilized in our proposed system. In Section 3 the technique used
to correct the speed of sound to mitigate temperature and wind
velocity effects is described in detail. In Section 4 we describe
the corresponding experimental setup for tests we conducted
in open field and forest environment. Section 5 outlines the
experimental results and discusses them further. Section 6 con-
cludes the paper.

2. Localization algorithm

We consider an acoustic sensor network with N sensors that lis-
ten to elephant vocalizations. In consideration of the long propaga-
tion range of infrasonic rumble signals [11], it is assumed that all
sensors receive an attenuated and noise corrupted replica of a call
generated by an elephant (source). Let the time of arrival measure-
ments at sensor Si be ti where i ¼ 0;1; � � � ;N � 1. The infrasonic
acoustic sensors are deployed at predetermined coordinates
ðxi; yiÞ. It is necessary to locate the source position ðxs; ysÞ. The arri-
val time measurements at sensor Si can be modeled by
ti ¼ T0 þ Ri=ci þ �i where T0 is the signal emitted time by the
source, Ri is the distance between source and the ith sensor, ci is
the sound propagation speed and �i is the normally distributed
measurement noise with zero mean and r2 variance. It should be
noted that the ci between the source and each sensor could vary
because of environmental effects such as wind and the tempera-
ture. The distance from source to ith sensor Ri is given by

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxs � xiÞ2 þ ðys � yiÞ2

q
. The time T0 of signal emission is

unknown, and so it is appropriate to perform a time-difference-
of-arrival (TDOA) estimation. TDOA information is obtained by per-
forming pair-wise cross-correlations between the observation
sound signals at each sensor pair. TDOA measurement between
the pth and qth sensors denoted by Dtpq is given by
Dtpq ¼ tp � tq þ �pq ¼ Rp=cp � Rq=cq þ �pq, where p ¼ 0;1; . . . ;N � 2
and q ¼ pþ 1; pþ 2; . . . ;N � 1, �pq ¼ �p � �q (see Fig. 1).

Let the measured TDOA ranges be

m ¼ ½m2;1 m3;1 � � � mn;1�T ¼ dþ �

where

dðhÞ ¼ ½r2;1 r3;1 � � � rn;1�
and rp;q ¼ Rp � Rq. The probability density function [12] ofm given h
is

f ðm=hÞ ¼ 2p�n=2ðdetQ Þ�1=2 expf�J=2g
where

J ¼ ½m� rðhÞ�TQ�1½m� rðhÞ�:
The Maximum Likelihood Estimate (MLE) is the hðxs; ysÞ that

minimizes J. This can be reduced to minimizing the non-linear
least square problem [13] of

f ðxs; ysÞ ¼ arg min
xs ;ys

X
p;q

hpq � gpq

� �2
: ð1Þ

where hpq ¼ c � Dtpq and gpq ¼ Rp � Rq.
The solution to (1) gives the unknown source location. How-

ever, to locate the source accurately the above system needs
the correct sound propagation speeds between the source and
each sensor, which is affected by wind and temperature varia-
tions. Our approach to estimate sound speed with mitigated tem-
perature and wind velocity effects is presented in the next
section.

3. Average sound speed estimation methodology

Our goal is to estimate the approximate speed of sound that sig-
nals propagate with respect to each sensor. In order to build a solu-
tion that attains the above sound speeds in a real world
environmental scenario we first develop a model assuming uni-
form environmental conditions. Then the model is extended to real
world comparable, non uniform and totally unknown environmen-
tal conditions.

To locate the elephants accurately, acoustic sensors and
some specific sound (chirp) signal generators are deployed at
predetermined location coordinates. These sound generators
are referred to as ‘‘probes” in the remainder of the paper. The
chirp signal generation time schedule is predefined and known
to both devices. Therefore, by listening to the signal, each sen-
sor can determine the time of flight (TOF) from probes to the
sensor. Then, the approximate speed of sound between the
source and the sensors is estimated in two different models
as presented below.

Model A: The temperature over the area is assumed to be uniform
but unknown. The wind speed and the direction over the area are
assumed to be uniform but unknown.

Here we estimate the wind information and the uniform tem-
perature over the area completely depending on the probe tech-
nique without incorporating additional sensors. Consider that the
ith sensor (Si) receives the signal from the probes Pl, Pm, Pn as
depicted in Model A in the Fig. 2. The temperature affected speed
of sound between Si and Pz is VPzSi ðTÞ where z ¼ l;m;n, and, so
the measured speed of sound VPzSi between Si and Pz is given by
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VPzSi ¼ VðTÞ þ Vw cosðhw � hPzSi Þ. Thus, by resolving the system of
equations for each probe z and sensor Si, it is possible to estimate
the approximate speed of sound in the area by evaluating three
unknowns (wind speed Vw, wind direction hw, and temperature
affected speed of sound VðTÞ). Now the wind direction can be
derived as

hw ¼ tan�1 A sinðbÞ � B sinðaÞ
A cosðbÞ � B cosðaÞ

� �
ð2Þ

where

A ¼ VPlSi � VPmSi

� �
sin ðhPnSi � hPlSi Þ=2

� �
;

B ¼ VPlSi � VPnSi

� �
sin ðhPmSi � hPlSi Þ=2

� �
;

a ¼ hPmSi þ hPlSi
� �

=2, and b ¼ hPnSi þ hPlSi
� �

=2. The wind speed Vw is
now

Vw ¼ VPlSi � VPmSi

cosðhw � hPlSi Þ � cosðhw � hPmSi Þ
: ð3Þ

By using (2) and (3) we obtain the temperature affected speed of
sound VðTÞ from
VðTÞ ¼ VPlSi � Vw cosðhw � hPlSi Þ: ð4Þ

The temperature and the wind effects compensated sound velocity
can then be determined.

Model B: The temperature over the area is non-uniform and
unknown. The wind speed and the direction over the area are also
non-uniform and unknown.

Under the condition where wind and temperature are non-
uniform and information is unavailable, it is difficult to produce
closed form equations to correct the actual sound propagation
speed, because not enough information is available. In this case
real world spatial properties of the temperature and wind varia-
tions were incorporated. The assumption of slow spatial variation
of temperature permits temperatures in adjacent regions to be
considered as correlated random variables. We model this varia-
tion, therefore, as a two-dimensional Gaussian function. The tem-
perature at particular location coordinates ðx; yÞ is given by

f ðx; yÞ ¼ Tmin þ DTVmax exp � ðx�xoÞ2
2r2

x
þ ðy�yoÞ2

2r2
y

� �� �
, where Tmin is the

minimum temperature, DTVmax is the maximum temperature vari-
ation, ðxo; yoÞ is the centre coordinates of the interested area, rx;ry

are the x and y spreads of the temperature blob over the area. In
addition, the wind flow is assumed to be a Markov Random Field
(MRF). The wind vector at a particular position is determined by
values drawn from a normal distribution NðVwAdj;r2

wÞ where

Fig. 1. N number of sensors are deployed at the vicinity of the expected elephant location. The distance difference between source and the pth and qth sensor is defined as gpq.

Fig. 2. The ith sensor (Si) receiving the signal from the probes Pl; Pm; Pn. The wind flows with speed of Vw with an angle of hw with respect to the horizontal axis. The
temperature affected speed of sound between Pz is VPzSi ðTÞ where z ¼ l;m;n.
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VwAdj is the wind vector in adjacent locations. Now, the probe tech-
nique is incorporated to evaluate the approximated actual sound
propagation by dividing the interested area into effective isother-
mal spatial regions. Validity of the above approximation depends
upon selection of the spatial region. The smallest region to
uniquely estimate the environmental parameters is chosen as the
isothermal region. This region is the area depicted as Model A in
Fig. 2. The set of equations derived in the Model A can be used to
estimate the average sound speed correction within the effective
isothermal areas. Sound signals to distinct sensors will experience
different speeds of propagation as affected by wind and tempera-
ture variations. By efficiently averaging them considering the spa-
tial proximity, approximation to the effective sound speed can be
obtained.

4. Experimental setup

4.1. Open field experiment

The hardware system consisted of sensor units which contain
microphones (Audio-Technica AT897) and FM transmitters (Fmu-
ser SDA-01A) and sound probes which include chirping devices
(see Figs. 3 and 4). Separate laboratory experiment was conducted
to investigate the frequency response of the signal sensor micro-
phones detection system. It was confirmed that system performs
well in the range of approximately 10–400 Hz and can capture
main signal energy components of low frequency elephant calls
as shown in [5].

The sensors listen to the sound signals and transmit them in
a dedicated FM channel to the centralized receiver in real time.
Each sensor was assigned a distinctive FM channel to prevent
the interference at the receiver. These channels were carefully
selected to avoid interference with the other FM transmissions
such as local radio stations and communication within police

forces and emergency services. The centralized receiver consisted
of a set of FM receivers (Sony CRSW08) which are synchronized
to each sensor unit FM frequency. The outputs of these receivers
were then streamed into a laptop computer via a USB sound
card hub which enabled simultaneous signal recording. Sound
signal acquisition is attained through a commercial software pro-
gram named Cool Edit pro Version 2.0. The signals from each
sensor channel was recorded into separate tracks in the software
program and subsequently saved and exported into wave files
for further analysis. The main feature of the software program
that facilitated in our experiment is that it enables synchronized
data recording from separate channels. Table 1 provides a cost
analysis of the hardware system that utilized in this implemen-
tation. The overall cost of the system including a cheap proces-
sor is less than $2750.

Our ultimate goal is to utilize the system to localize and track
the forest elephants through their rumble signals. In our experi-
ment, we decided to utilize a moving sound source which produces
elephant rumble signals such that we can maintain the analogy up
to some extent. First, we included rumble signals into a sound
player (Sansa� ExpressTM) which consisted of a storage device and
connected it to a large speaker through an amplifier (TOATM A-
50 M). The speakers had frequency response of �3dB over the
range 16–250 Hz and nearly all the elephant calls used for the sim-
ulation had acoustic energy within the above range. Then the sys-
tem is mounted on a wheel cart so that it can easily be moved in
the field. We called this system setup as ‘‘Surrogate Elephant”
(SE) (see Fig. 5).

The experiment site was a playground named Weeguluwathte
at the city of Gampola which is located in the Central Province of
Sri Lanka. The experiment was performed in three sets during dif-

Fig. 3. Snap of complete sensor unit deployed in the field. The microphone and the
transmitter units are mounted on a tripod and units are protected with weather
shields. Four sets of similar sensor units are deployed for the experiment. The
transmitter units were powered by 12 V DC battery.

Fig. 4. Snap of Probe unit deployed in the field. The unit consists of sound chirp
generator and a controller unit which determines the timing of chirp generation.
The unit was powered by a 12 V DC battery.
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ferent time periods of the day such that natural variation of tem-
perature and wind velocities can be taken into account. The exper-
iment was carried out in a sunny day and humidity was 64%. The
average temperature and wind speed with respect to north was
obtained using an anemometer (Bentech GM816) during each set
and is summarized in Table 2.

The sensors and the probes were deployed in the field as per
the reasoning explained in the simulations. The exact locations
of the probes and sensors were acquired using eTrexTM GPS device
and recorded. In addition, the distance between each sensor and
probe was accurately measured via Leica DISTOTM A8 Laser dis-
tance meter. Once the probe sensor system was deployed and

activated, the centralized data recorder system was positioned
in a convenient location to start the recording. Then a GPS data
recorder was attached to our Surrogate Elephant (SE) to obtain
the actual path where it was travelling. Subsequently, SE is
moved at a constant speed towards the deployed probe sensor
direction whilst recording sound signals into the centralized data
recording system.

4.2. Real forest experiment

Following the open field implementation and identifying
the possible challenges, we proceeded to test our methodology
in real forest environment. The experimental site was a vil-
lage called Swaranapaligama which was situated in North cen-
tral province, Sri Lanka. The village is located adjacent to the
border of the Wasgamuwa National Park and a branch of
Amban River flows close to the village. The primary occupa-
tion of the villages is farming and they mainly cultivate rice
and vegetables. As a result of close proximity to the forest
and the continual production of crops, wild elephants fre-
quently enter into the village especially during the dry season.
Considering the above facts, we conducted our experiment in
the end of September 2013 which is the latter period of the
dry season.

A similar experimental setup as in the open field experiment
described in Section 4.1 was employed in this implementation
as well. A set of sensors and probes were deployed at predeter-
mined locations. The probes were kept in the forest area to obtain
a better representation of the sound characteristics through the
woodland. The sensors are kept close to the village boundary
depending on practical considerations. A simplified block diagram
of the hardware setup is depicted in Fig. 6. The probe and the
sensor coordinates were recorded using eTrexTM GPS devise as in
the previous experiment and those coordinates are summarized
in Table 3.

During the background information gathering the villagers
informed us that in many occasions, elephants come closer to the
village shortly after the nightfall. Therefore, we set up equipment
targeting to start the data collection during the above period.
Owing to constrains in battery life and available resources, suc-
cessful data collection was done in three consecutive days and typ-
ical weather information during the experiments is summarized in
Table 4.

Once the experiment was conducted, in the following day
we walked through the elephant tracks to verify the presence
of elephants during the previous day. The verification process
was practically impossible to conduct in real time during the
experiment due to safety issues. However, through the evidence
such as fresh piles of elephant dung, broken tree branches,
signs of browsing grass and foot prints embossed in the ground,
we were able to determine the presence of the elephants dur-
ing the days we conducted the experiment (see Figs. 7 and 8).

Table 2
Average wind and temperature measurements during the experiment trials.

Experiment set Average temperature (�C) Average wind speed (ms�1)

Data Set 1 27.4 6.9
Data Set 2 29.3 8.7
Data Set 3 28.1 10.1

Fig. 5. Picture of the surrogate elephant which is being moved by one of the
assistants. The unit consists of sound player connected to a speaker through an
amplifier. The system was designed to play previously recorded elephant rumble
signals during the experiment.

Table 1
Cost analysis of the hardware system utilized in the real world implementation.

Item Brand Model Unit price No. units Cost

Acoustic sensor Audio-Technica AT897 $212.00 4 $848.00
Long range FM Transmitter Fmuser SDA-01A $112.00 4 $448.00

Receiver Sony CRSW08 $48.00 4 $192.00
Probe Custom design Custom design $40.00 4 $160.00
Battery B.U.E 3FM-4.0 $25.00 8 $200.00

Recorder software Cool Edit Pro V2.0 $300.00 1 $300.00
Processor unit (Laptop) Toshiba SATELLITE C50D $499.00 1 $900.00

Interfacing units and connectors N/A N/A $100.00 1 $100.00

Total $2747.00
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We obtained the assistance of few villages who were experts in
identifying elephant tracks and familiar with the forest area clo-
ser to the village to accomplish the above task. We recorded
the coordinates of the elephant tracks using eTrexTM GPS device.
In addition, GPS coordinates and the description of the signs
were manually recorded at the specific locations where we
identified as elephants were present. Through these field visits
we identified that, out of three days we conducted the experi-
ment, in two days elephants have travelled through the tracks
we observed.

5. Results and discussions

5.1. Open field experiment results

The results of the practical implementation of our proposed
methodology in an outdoor environment are depicted in the
Figs. 9–11 for three different data collection sets. It can be identi-
fied that our proposed technique clearly improves the localization
accuracy of the sound source under different environmental condi-
tions. The accuracy improves whilst the source is close to the
probes. The reason for this is that, when probes and SE are in close
proximity, the probes technique represents the actual sound
speeds between source–sensor paths. Due to limited space and
narrow variation of temperature and wind velocities in the exper-
imental area, the localizations without probe technique correction
also follow the path to a certain extent. However, this fact is invalid
in a real forest application where environmental condition varia-
tion would be much more complicated.

The elephants have a behavioral characteristic of walking in the
same particular paths which they have followed throughout the
generations. Therefore, it is possible to incorporate these path data
as a prior information whilst implementing tracking algorithms.
We have implemented a particle filter considering prior informa-
tion of the path data of the surrogate elephant whilst incorporating
probe correction in our posterior analysis. As shown in Figs. 9–11

Fig. 6. Simplified block diagram of the system hardware implementation. Each sensor consists of microphone and a FM transmitter. Vocalization data and the probe signals
acquired through each microphone is transmitted through a dedicated FM channels to the centralized receiver. Probes are placed in the forest area to get a better
representation of the real sound speeds of the observation area.

Table 3
Sensor and probes location coordinates at the real forest experiment.

GPS coordinates

Longitude Latitude

Sensor 1 80.954352 7.863963
Sensor 2 80.953244 7.864375
Sensor 3 80.952465 7.864156
Sensor 4 80.951085 7.864182
Probe 1 80.953736 7.863446
Probe 2 80.952939 7.863341
Probe 3 80.952146 7.863349
Probe 4 80.951457 7.863455

Table 4
Weather details during the real forest experiment.

Experiment trial Weather Average temperature (�C) Average wind speed (ms�1) Humidity (%)

Day 1 Sunny 29.5 4.2 64
Day 2 Sunny 29.3 8.4 72
Day 3 Sunny 28.1 7.1 68

C.M. Dissanayake et al. / Applied Acoustics 129 (2018) 92–103 97

B.2 Published manuscript 125



the outcome of the implementation clearly indicates an accuracy
improvement.

5.2. Real forest experiment results

Fig. 12 depicts the localization results from gathered data dur-
ing the real forest experiment. The analysis revealed that elephant
calls were recorded during only two days of the experiment. This is
in fact verified through the observations made during the post

experimental visits through elephant tracks. The probe technique
has performed efficiently in this heterogeneous environment as
well. Evidently, it surpasses the observation made without consid-
ering the wind and temperature variations. Due to large observa-
tion area and variations in the environmental facts, the
remarkable performance of the probe technique can be clearly
identified. Our technique has located elephants within 30 m to
the elephant tracks whilst error in conventional methodology
extends over 70 m. The evidence gathered indicates the real local-
ization accuracy attained through our technique. In addition, the
results indicate that under the forest environmental condition,
the performance of a conventional localization system can be sig-
nificantly impacted even under a modest temperature and wind
velocity variations.

Our system was able to localize elephants over 500 m margin
from the village boundary. This implies that, with some modifica-
tions to the hardware system such as integrating additional ampli-
fiers the system may perform well above this distance. This fact
suggests that similar system can be utilized to monitor elephants
noninvasively for behavioural aspects. In a broad sense, our system
which costs around $2750 can be utilized to protect a village area
of around 2 km2. However, the system needs to be modified for
continuous power requirement in an alerting system. The chal-
lenge of battery power constrains can be overcome incorporating
hybrid solar and battery power system. Similar methodology use
in natural disaster notification which uses Short Message Service
(SMS) alerting system [14] can be utilized for warning villagers
regarding elephant threats.

In [7], acoustic monitoring of elephants is mentioned as a
valuable noninvasive research tool. However, the predicted area
of detection depends upon the atmospheric acoustic state. This
acoustic state is mainly affected by meteorological effects such
as temperature and wind velocity. It is necessary to have
real-time knowledge of atmospheric condition to accurately
locate the calling elephant [7]. Our proposed methodology
addresses exact same problem and adjust the sound speed for
atmospheric bias which results greatly improved localization
accuracy.

Mayilvaganan et al. have proposed direction of arrival estima-
tion methodology with partial hyperbolic circular array to localize
elephants [15]. They also identified that wind velocity and temper-
ature variation significantly affects the localization accuracy. In
fact, their analysis shows that localization error could be more than
28 m under narrow wind condition of 2.2 ms�1 whilst four sensors
and the source is deployed in a 100 m � 100 m small-scale area. In
comparison, analysis results indicate that our methodology per-
forms far better than the above approach in locating elephants
even under much stronger wind conditions.

The implemented hardware system is an economical approach
for actual elephant localization system. By means of a centralized
data collection system, we were able to eliminate the clock syn-
chronization problem which is a main concern in distributed data
collection schemes in similar applications. In addition, the inex-
pensive and effective methodology of utilizing probe technique
remarkably increases the localization accuracy.

The sound signal at the receiver itself models the propagation
channel characteristics. In our proposed technique this phe-
nomenon is effectively utilized to estimate the sound propaga-
tion speed which is affected by temperature and wind
variations. Further, information from sensors and probes which
represent different spatial regions evidently assists for better
sound speed estimation. Besides, the remarkable advantage of
this approach is that it does not need both wind and tempera-
ture sensors in the network. In addition, we make use of the
existing acoustic sensors for sensing probe signals and the ele-
phant calls.

Fig. 7. A snap shot of recording information on a location where elephants were
present in a day that we conducted the experiment. GPS coordinates and
information on the observation were recorded manually for further reference.

Fig. 8. Picture of foot print embossed in the ground of an elephant that visited the
area in the day which we conducted the experiment. Similar observations were
made on fresh pile of elephant dung, broken tree branches, and signs of browsing
grass and the observation locations were recorded for further reference.

98 C.M. Dissanayake et al. / Applied Acoustics 129 (2018) 92–103

126 Improving Accuracy of Elephant Localization using Sound Probes



0 20 40 60 80 100 120 140
0

20

40

60

80

100

120

140

10

 9

 8

 7

 6

 5
 4

 3
 2

 1

X Direction (m)

Y 
D

ire
ct

io
n 

(m
)

True path
Estimated postions without Probes
Estimated postions with Probes
Estimated postions with Particle
Filter and Porbes
Sensor locations
Probe locations

1 2 3 4 5 6 7 8 9 10
2

2.5

3

3.5

4

4.5

5

5.5

Data Point

D
ev

ia
tio

n 
fr

om
 A

ct
ua

l P
at

h
in

 Y
 D

ire
ct

io
n 

(m
)

Deviation without Probes
Deviation with Probes

Fig. 9. Localization of Surrogate Elephant; the analysis results from the Data Set 1 acquired from the real experiment.
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Fig. 10. Localization of Surrogate Elephant; the analysis results from the Data Set 2 acquired from the real experiment.
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Fig. 11. Localization of Surrogate Elephant; the analysis results from the Data Set 3 acquired from the real experiment.
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6. Conclusion

In this paper we have investigated the feasibility of enhancing
the accuracy in elephant localization system by utilizing a sound
generating probe technique. An inexpensive hardware platform is
implemented to evaluate the proposed methodology in an outdoor

environment under equivalent elephant localization scenario.
Finally, the system was deployed in a real forest environment to
localize wild elephants in Sri Lanka. The outdoor experimental
implementation verified the significant improvement in accuracy
whilst using the probe technique, in a surrogate elephant localiza-
tion system. Further, the real forest implementation successfully
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Fig. 12. Analysis results of the real forest experiment. Observations were associated to different tracks in Day 1 and Day 3. The estimated elephant localization positions
closely follow the elephant tracks. Evidently, the probe technique has significantly improved the localization accuracy despite the complex terrain.
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localized elephants over 500 distance. Moreover, our methodology
enabled to localize wild elephants within 30 m accuracy to their
natural walking paths in the real forest implementation.
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