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QUALITY OF SERVICE FOR CONTEXT AWARENESS IN SENSORWEBS 

 

 

Abstract  

by Lohith Anusuya Rangappa, M.S. 

Washington State University 

August 2009 

 

Chair: Behrooz A. Shirazi 

Wireless Sensor Network (WSN) is characterized by limited resources. There has and 

continues to be active research in the wireless community to manage limited resources including 

energy and bandwidth. WSNs are usually connected with a diverse range of sensors, which 

enables them to sense the surrounding environment and comprehend the current context. This 

thesis provides a unique approach that uses the ability of WSNs to be context aware in order to 

achieve a better Quality of Service (QoS).  In this work we enhance our proven QoS 

management algorithm Tiny-DWFQ (Tiny-Dynamic Weighted Fair Queuing) [55] by making it 

context aware. Tiny-DWFQ is a light weighted algorithm designed to adjust its network 

parameters dynamically at runtime. It smartly manages the real-time data flows to achieve better 

QoS.  The context aware module in this work is specific to our Optimized Autonomous In-Situ 

Sensorweb (OASIS) project, where we are building an In-Situ sensorweb to monitor the active 

volcano Mount St. Helens. Of the many interesting contexts the environment posses, we choose 

to identify volcanic tremors because of their proven importance in estimating an impending 

volcanic explosion. We implemented an in-network algorithm using the proven statistical 

method of cross-correlation to detect volcanic tremors in real-time. The context-awareness 

module is used to set data priorities, which are subsequently used in Tiny-DWFQ to provide QoS 
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to high priority data during network operations. We evaluated the performance of Tiny-DWFQ 

on an iMote2 platform.  Our results show that Tiny-DWFQ performs better in all test cases 

delivering a higher throughput and lower packet loss. We also evaluated our context aware 

module in a controlled environment to test the accuracy of our in-network processing. Evaluation 

results show that our in-network processing algorithm is highly accurate and reliable in defining 

context. This work also contributed partially to the development of Panorama, our Google Earth 

based web interface to monitor OASIS. 
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CHAPTER ONE 

INTRODUCTION 

 As the digital world continues to advance, multi-functional, low power consuming and 

cost effective sensor motes are being produced. This coupled with recent innovations in wireless 

communication systems, has enabled us develop much more sophisticated WSNs.  

 Recently, WSNs are used for deployment in many different areas of research including 

environmental monitoring [46], habitat monitoring [45], battlefield surveillance [48], health care 

applications [3][47], structure  monitoring [49], industrial monitoring [50][51] , and  pervasive 

computing applications [52] [53]. Our observations reveled that the majority of real-world 

applications are interested in comprehending the behavior of one or more physical phenomenon 

using WSN. WSN characterized by high data rates with frequent surges of data. Hence, WSNs 

experience frequent data congestion due to their intrinsic resource constraints (such as limited 

bandwidth) resulting in poor QoS. Providing end user the best possible QoS under such critical 

scenarios taking into account the dynamic nature of the network presents many challenges. 

Research communities have proposed a wide range of management algorithms [24, 71] to ensure 

the best possible QoS. 

1.1. QoS 

 

 In general, QoS (Quality of Service) is defined as a universal set of service requirements 

such as performance, availability, reliability and security of the system. In WSNs, QoS can be 

defined as a technique or method to make effective use of the available resources in real-time. Of 

the limited resources, bandwidth needs to be managed effectively in order to achieve a better 

QoS. Recently, many prioritization algorithms have been put forth for effective use of available 

bandwidth.  
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 In real-world applications such as environment monitoring [54], data of different 

significance levels are sensed by the WSN and are accordingly assigned an appropriate priority. 

This enables the use of scheduling algorithms such as Fair Queuing [57] and Weighted Fair 

Queuing [56] for effective bandwidth management through the transmission of data based on its 

priority. These QoS schemes and their variations have proven effective in traditional networks. 

However, they are not feasible to implement on off the shelf WSNs due to the intrinsic 

limitations of the sensor motes, such as computational power and memory. Hence, the 

development of a lightweight QoS management schemes for WSNs has recently been active area 

of research. Tiny-DWFQ [55] is one such lightweight QoS management algorithm that we 

developed for [54] WSNs. In this novel work we enhance Tiny-DWFQ by taking it to the next 

level and making it context aware.  We will be discussing in this in detail in chapters 3 and 4. 

1.2. Context awareness 

 

 Context is a state of the environment that can be sensed by the system. Context awareness 

is a phenomenon by which a system autonomously reacts on itself or on an entity. By enabling a 

system to be context aware it provides the system with the ability to be proactive and more 

robust.  

 In most of the real-world monitoring applications, WSNs are often equipped with a 

diverse range of sensors with which to understand one or more physical phenomenon [54]. This 

capability of WSNs can also be used to make it context aware. However, the real challenge in a 

context aware WSN is to identify the system or network parameters that can be made context 

aware in order to enhance the overall system performance. In [54] we identified a set of critical 

network parameters in order to make our lightweight QoS management algorithm Tiny-DWFQ 

context aware. We were successful in achieving this goal which allowed us to achieve a better 
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QoS. In this real-world application we classified a volcanic tremor as one context. We will be 

discussing our lightweight tremor detection algorithm in detail in chapter 4. Our new tremor 

aware Tiny-DWFQ provides the ability to add real-time data priority settings for more realistic 

QOS management as compared to our earlier work [55]. 

1.3. Motivation 

1.3.1. Optimized Autonomous Space In-Situ Sensorweb (OASIS) 

 

 OASIS [54] is a wireless volcano hazard monitoring sensorweb developed to monitor 

Mount St. Helens.  OASIS was developed by a multi-disciplinary team of Geoscientists from the 

U.S. Geological Survey (USGS) Cascade Volcano Observatory, Space scientists from Jet 

Propulsion Laboratory (JPL) and [58] computer scientists from Washington State University.  

OASIS is a dynamic and scalable sensorweb with bidirectional communication capability 

between ground and space assets, enabling efficient resource management.  OASIS consists of 

In-Situ sensors collaborating to feed high fidelity data to a control system that can make real-

time decisions.  

 Figure 1 depicts our OASIS scenario. In step 1 the in-situ sensorweb autonomously 

determines topologies node bandwidth and power allocation.  During step 2 activities arise, 

causing self-organization of the in-situ network topology and a request for re-tasking of space 

assets.  In step 3 high-resolution remote-sensing data is acquired and fed back to the control 

center.  Finally, in step 4 the in-situ sensorweb ingests remote sensing data and re-organizes 

accordingly.  The data is publicly available during all of these stages. 
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Figure 1: Optimized Autonomous In-Situ Sensorweb 

 Our sensorweb on Mount St. Helens is composed of sensor nodes connected to a diverse 

range of high precision geochemical and geophysical sensors generating high fidelity data. The 

hazardous and dynamic environment of Mount St. Helens makes the development of in-situ 

sensorwebs quite challenging as the need for real-time data is mandatory.  Hence, we developed 

our in-situ sensor network to be self-configuring, self-healing and enabled with smart resource 

management and autonomous in-network processing capabilities.  

 Figure 2 [54] provides a high level design of our in-situ sensorweb. In-situ sensorweb 

consists of sensor nodes which form logical clusters for network management and situation 

awareness.  The data flow forms a dynamic data diffusion tree rooted at gateway. Smart 

bandwidth and power management techniques are implemented and respond to environmental 

changes and mission needs. The control center manages the network and its data and interacts 

with the space asset (EO-1). The control center can be accessed and managed by the user through 

the Internet. 
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Figure 2: In-Situ Sensor Web architecture 

1.3.2. Volcanic Tremors  

 

 As per [19] volcanic tremors also know as harmonic tremors are a type of continuous, 

rhythmic ground shaking,  distinguishable from the discrete sharp jolts characteristic of 

earthquakes, caused by pressure changes due to the unsteady flow of underground magma. 

According to [21] harmonic tremors are characterized by continuous steady release of seismic 

energy as shown part 3 in Figure 3. Harmonic tremors differ from Tectonic (part 1 in Figure 3) 

and Shallow earthquakes (part 2 in Figure 3) that are characterized by a sudden release and rapid 

decrease of seismic energy. 

 

Figure 3: Seismographic representation of earthquakes and volcanic tremors 



  

 6 

 According to Geoscientists, a combination of sustained earthquakes and volcanic tremors 

with a greater intensity are considered precursors to an impending volcanic eruption. As stated in 

[20] all of the pervious eruptions that have taken place at volcanoes in Hawaii were signaled by 

harmonic tremors. Also, [14] states that Geoscientists were successful in predicting the 1980 

eruptions of Mount St. Helens by closely following pre-eruption volcanic tremors. Hence, 

volcanic tremors are critical events of interest to geoscientist which motivated us to define 

volcanic tremor as a significant context.  

 In this novel work, we have implemented an in-network, real-time lightweight tremor 

detection algorithm for OASIS.  A volcanic tremor of certain intensity defines a seismic context, 

this serves as input to our context aware Tiny-DWFQ by setting data priorities at run-time, 

making it more realistic to achieve better QoS. In chapters 4 and 5 we will be discussing the 

details of our tremor detection algorithm. 

1.3.3. Sensorweb monitoring tool 

 Our OASIS sensor nodes collect various types of data and send it to a gateway node 

which in turn forwards the data to the control center. The control center consist a set of new 

generation of server grade computers dedicated to collect and store data for further analysis. 

Geoscientist and space scientists use a diverse range of software tools on this data set to 

comprehend the behavior of the volcano and to control the sensorweb.  One such tool which we 

developed for the monitoring of the sensorweb is OASIS-monitor. This is a stand alone 

application that has wide range of functionalities such as provide up to date information about 

the network including the network topology and network statistics (packet loss, throughput and 

data rate). It also has a command and control interface that an end user can utilize to send control 

messages to one or more sensor nodes. This tool was developed initially developed at the 
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beginning of the project and it has been used and proven reliable since then. 

 Recent studies [72, 73 and 74] have indicated that end users are interested in utilizing 

web-based applications rather than stand alone desktop applications since they are easier to 

access from any remote part of the world. This motivated us to develop a web-based application 

to monitor our sensorweb.  We developed a first of its kind web application based on Google 

Earth [33] to monitor sensor networks called Panorama.  Panorama can support all the 

functionalities of its predecessor OASIS monitor. We will be discussing it in more detail in the 

upcoming chapters.  
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CHAPTER TWO 

BACKGROUND AND RELATED RESEARCH 

2.1. QoS and Tiny-DWFQ 

 In our previous work [55] we developed a QoS aware scheduling algorithm.  It was 

necessary to develop this algorithm because of the limited resources available within our 

wireless sensor network and the large amounts of data that were being sensed.  More 

specifically, our resource constrained wireless sensors are continuously sampling high-fidelity 

data.  In our scenario, each physical node is connected to multiple sensors, for example a seismic 

sensor, an infrasonic sensor, and a lightning sensor.  From the sensors connected to each node we 

sample seven different data types, shown below in Table 1.  In a perfect situation we would be 

able to send all of the data to the basestation.  However, it is not possible to transmit all of the 

data, in real-time, to the basestation because of the limited bandwidth available.  Therefore, we 

use Tiny-DWFQ in order to achieve QoS for high priority data during network operations. 

Table 1: Types of data sampled in OASIS 

Data Type  Sampling Rate (bytes/sec) 

Seismic RSAM 4  

Seismic Event 0-200 

Seismic Inter-Event 100 

Infrasonic RSAM 4 

Infrasonic Event 0-200 

Infrasonic Inter-Event 100 

Lightning 2 

 

 The overall goal of Tiny-DFWQ is to maximize the available bandwidth resources 

according to the priorities of the data streams.  Tiny-DWFQ was designed to give a larger share 
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of the bandwidth resources to the high priority packets without starving the low priority packets. 

If there is enough bandwidth available, all of the data (both high priority and low priority) will be 

sent. However, when network congestion occurs the network will be unable to transmit all of the 

data. Using Tiny-DWFQ we allocate more space for the higher priority packets and a small share 

of the resources to the low priority packets.   

 Data priority is assigned based on the priority associated with the node, and the priority 

associated with the data itself. In OASIS we have n  node priorities in the range 07 ≤≤ n , and 

m  data priorities in the range 07 ≤≤ m . This result in a priority set of size nm ×  is used to 

assign a priority to each data packet. However, with the limitation from the TinyOS platform on 

the message header size, we were allowed to use 3 bits of memory space for assigning the 

priority. We solved this problem by defining a Dynamic Weighted Priority (DWP) range to 

which each data packet can be assigned. Equation 1 is used to define the RangeDWP  for each 

packet based on its node and data priority. 

mnRange RmRnDWP ** +=      (1) 

Where nR = Relative importance of Node priority (0-100%) and  

mR = Relative importance of Data priority (0-100%) 

 Considering the thresholds, we defined a lookup Table 2 that enabled us to define a 

priority for each data packet. A detailed description on how we derived the table can be found in 

[55].  

 The data packets assigned with a Dynamic weighted priority are enqueued in Virtual 

priority queues based on their priority. Enqueuing is done based on a water fall model, meaning 

if the higher priority queue is full, then the incoming high priority data packet is inserted into the 

lower priority queues. Detailed description on enqueuing based on DWP can be found in section 
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4.1 of [55].   

Table 2: OASIS Data packet priority look-up table 

DWP  RangeDWP  Priority Bits 

0 0 – 200 Very-low priority 000 

1 201 – 400 Low priority 001 

2 401 – 600 Medium-low priority 010 

3 601 – 800 Medium priority 011 

4 801 – 1000 Medium-high priority 100 

5 1001 – 1200 High priority 101 

6 1201 – 1400 High-urgent priority 110 

7 1401 – 1600 Urgent priority 111 

 

 Dequeuing data packets is done in an orderly distributed fashion based on the space 

available in the next level and dynamic weights associated to the priority queues. Weights are 

associated with each priority queue based on the network parameters such as congestion level, 

and the available space.  More information can be found in section 4.2 of [55]. Number of 

elements to be dequeued from each priority queue is dynamically calculated.  More high priority 

packets are dequeued while only a small number of low priority packets are dequeued each 

round. Our dequeue algorithm define in [55] tries to avoid the starvation of the low priority 

packets. 

 In this work, we will be focusing on the approach we followed to implement Tiny-

DWFQ on Wireless sensor network such as OASIS. To the best of our knowledge, our work in 

this area is the first to develop and implement a QoS management or prioritized scheduling 

algorithm on a real-world resource constrained WSN. We have overcome many hardware and 

software platform specific limitations that prohibited others from implementing algorithms as 
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complex as Tiny-DWFQ. We will be discussing this more in the remaining chapters. 

2.2. Context awareness 

Computer scientists are working towards developing software applications that make 

computers and their functionalities less mechanical and more human-like. We have been very 

successful in this journey so far. One of the major things that differentiate us from computers is 

our ability to react to any dynamic environment because of our ability to comprehend the context 

that we are currently experiencing. In other words, we are highly context aware when compare to 

computers. Our aim is to build applications that enable computers to make runtime decisions just 

as we would. In other words, our goal is to design and develop context aware applications. 

In recent times, there has been lot of research in pervasive computing, human interaction 

and sensorweb applications to develop context aware applications.  Many context aware 

applications have been developed so far. In the healthcare domain, [3] is a context aware 

application that responds with different medications based on context of the subject’s body, just 

like a veteran nurse. [22] describes an effective context aware hospital information management 

system that enables medication distribution to be precise and proactive. In the mobile computing 

domain, Cyberguide [23] is a context aware application that helps mobile devices provide the 

user a context aware map based on his context.  There also been applications developed with 

WSNs as backbone. For example, [4] is a sensor network based context aware application for 

kinder garden management. Context aware WSNs [5, 59] provide a holistic solution for 

residential monitoring. [25, 26] propose context aware routing protocols for WSNs that enable 

changes in the energy level of the network to define a new context. 

To the best of our understanding, the majority of the context aware systems that we have 

seen use the contextual information to filter the output. For example in [3] context information is 
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used to choose a medication from the result set, and in application [23] context is used to pick a 

map from the result set.  The same idea was employed in WSNs based applications [4] and [5]. 

This approach can be represented conceptually as shown in Figure 4. 

 

Figure 4: Context Awareness as output filter 

Recently there have been researches done to enhance the network performance by 

coupling the network management modules with context awareness. Even though applications 

such as [25] [26] aim to improve the system performance using context awareness they fail to 

provide a holistic solution. To our knowledge, recently literature [7] presents their approaches to 

design a self adaptive sensor network using context information, but none of them support their 

proposed model with a real-world implementation.  

The idea of integrating context awareness within our OASIS project was defined in its 

system requirement specifications Because of the need for real-time data and context aware 

support.  We implemented our context aware scheme in order to enhance the system 

performance at the system level. The idea can be conceptually defined as shown in Figure 5.  We 

integrated our context aware system with our QoS management system at network layer in order 

to achieve better QoS. To our knowledge we were the first ones to couple context awareness 

with QoS management and implement them in a real-world application. We will be discussing 

our approach in detail in upcoming chapters.   
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Figure 5: Context Awareness to enhance QoS 

2.3. Correlation coefficient  

 

Correlation is a statistical approach to measure the degree to which two linear random 

waveforms, defined as a function of time, relate to each other. Consider two time series )(ix  and 

)(iy  where 1,......1,0 −= Ni . Correlation coefficient r , also know as the cross correlation 

coefficient or Pearson's product moment correlation at a time delay d , is defined in Equation 1. 
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Note that mx  = mean of )(ix  and my = mean of )(iy .The time lag t  between series )(ix  and 

)(iy  is define as dt =  such that ))(max()( drtr =  where 1,......1,0 −= Nd . In scientific analysis, 

the correlation coefficient is used to label the correlation between the two series as shown in 

Table 3.  

Table 3: Correlation Co-efficient Value and Degree 

Co-efficient )(dr  Correlation between )(ix  and )(iy  

0 to 0.5 Low 

0.5 to 0.9 Medium 

0.9 to 1.0 High 

 

Correlation has been used in many research areas such as signal processing, image 
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processing, pattern recognition, localization and bioinformatics.  In the signal processing 

domain, correlation is applied in designing adaptive noise filters [27] [28].  In particular, [28] 

defines a generic approach to use the correlation to estimate time delay in signal processing. 

Research work [10] illustrates the use of cross-correlation in the understanding the molecular 

behavior where molecular movement is the random function. In [11] and [12] scientists estimate 

the source of the eruption using video imagery results of the Erebus Volcano in Antarctica. [13] 

illustrates the application of cross-correlation in the area of hydro-mechanics. Cross-correlation 

has been widely used in localization algorithms and applications. The location of the desired 

object or the source of signal is deduced by calculating the time lag as seen in [8].  In this 

application, sound signals from an array of microphones are correlated in order to estimate the 

source of the signal.  Similarly [9] estimate the direction of a vehicle by cross-correlating the 

sound signals with a minimal array of micro phones.  

We have explored many more applications that use correlation method to estimate signal 

source. However, to the best of our knowledge most of these applications either use powerful 

computing devices to cross correlate the signals or they estimate the time lag by using post 

processing tools such as MATLAB [60]. In particular, we have not found any in-network cross 

correlation implementations in WSNs that can be used to estimate the volcanic tremor source.  

We will be discussing the details of our in-network implementation of correlation for tremor 

detection in the next chapter.  

2.4. Volcanic Tremor Detection 

 

Geoscientists have been successfully detecting volcanic tremors through the post analysis 

of data collected by seismometers from an area of interest [31]. At first, Geoscientists will 

identify an area of interest, often with a large diameter so that it will contain all possible tremor 
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sources. Later, a definite set of seismometers, referred by geoscientist as a seismic array, is 

deployed in the area of interest in a definite topological arrangement.  Data is collected for a 

specific duration of time which is followed by post analysis of the data in order to estimate the 

tremor source.  

In recent times, there has been research done to identify requirements such as the 

minimum or optimal size of the seismic array to be deployed on the area of interest, and the 

optimal topology in which it should be deployed. Some researches [30] [32] believe that having a 

bigger array, known as super arrays, provides a more efficient and accurate way of identifying 

the source. In research work [31] scientist follow a zero-lag cross-correlation method in order to 

identify the tremor source with a much smaller array. There also been other approaches [29] that 

differ compared to well know cross-correlation based techniques. Considering the limitations of 

the sensor nodes, we choose to implement the fundamental correlation approach in our in-

network tremor detection algorithm. OASIS in-situ sensor node will be equipped with a minimal 

seismic array of 3. 

2.5. Google Earth API 

 

The Google Earth API [33] is a java script based API that enables web developers to 

embed the true virtual 3D digital earth or globe on to their web pages. With this API, web 

developers can write the custom overlay KMLs [34] of their choice.  A KML overlay can be a 

simple line drawing or a complex 3D model. The Google Earth API is an open source tool with 

which users have the liberty to write as many overlays as necessary (they can be obtained with a 

Google Maps API license and the Google Earth API key). The rich graphical interface of the 3D 

digital globe makes the experience appear lifelike.  There are many advantages to using KML to 

develop custom user interfaces.  KMLs allow the user to import and export the specific KML of 
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interest to them onto a webpage of his choice or on to a stand alone Google Earth application for 

further analysis. 

Recently the rich real-word interface of Google Earth has allowed web developers to 

develop many useful applications based on the Google Earth API. For example, [35] provides a 

driving simulated web application where the user can use a real-word graphical interface to 

experience the route they are interested in taking. [36] provides a real-world flight simulation  in 

which the user can see the flight in which they are interested in flying on.  The 3D digital globe 

on which the flight pattern is displayed is a scaled preciously ensuring that its longitude and 

latitudes are exact. [37] is a very interesting habitat monitoring application developed by a group 

of students from the German European School in Singapore. They tagged a whale shark with 

GPS and were successful in tracking it. This application let the user view “Schroeder” the whale 

shark moving as it traveled in the Indian Ocean. Panorama is a useful Google Earth API-based 

web application that we have developed and hosted for our Mount St. Helens sensorweb 

monitoring.  
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CHAPTER THREE 

SYSTEM DESIGN AND IMPLEMENTATION 

3.1. Hardware  

We have chosen the best available hardware components to fulfill our system requirements 

including computing power, available memory, data precision and battery life. In the following 

section we will briefly discuss the hardware components and devices that comprise our OASIS 

in-situ sensor nodes that are used in our Mount St. Helens test bed.  

3.1.1. Sensors 

 

Geoscientists have equipped our OASIS in-situ motes with different types of sensors in order 

to collect different kinds of geophysical and geochemical data.    

3.1.1.1 Seismic sensor 

 

Seismic sensors are one of the fundamental instruments that Geoscientists use to monitor 

volcanoes. These sensors are used to measure the ground propagating elastic radiations also 

know as seismic waves from sources internal and external to the volcano. The seismic sensors 

that we are using for OASIS are low noise analog accelerometers, Model 1221J-002 [38] (from 

Silicon designs, Inc. Model 1221).  This is an integrated accelerometer for use in applications 

that require an extremely low noise and a zero to medium frequency instrument. We use the 2g 

version because it is highly recommended for seismic applications. This sensor package consists 

of a capacitive sense element and a custom integrated circuit that includes a sense amplifier and 

differential output stage.  The sensor chip used is shown in Figure 6.  In this figure you can see 

the comparison with quarter dollar. The sensor’s specifications are as show in Table 4. 
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Figure 6: Sensor Chip’s Size Comparison 

 

 

Table 4: Seismic Sensor Specifications 

Specification Value 

Input range g2±  

Frequency Response (Nominal, 3db) Hz400~0  

Sensitivity (Differential) gmV /2000  

Output noise (Differential, RMS and typical) )/(5 rootHzgµ  

Maximum Mechanical Shock (0.1 ms)  g2000  

Working Temperature 125~55 +−  C 

 

3.1.1.2 Infrasonic sensor 

 

Geoscientists use infrasonic sensor to record low frequency (<20 Hz) acoustic waves 

generated due to an explosion. In monitoring the volcanoes, these sensors are used to 

differentiate shallow and surface seismic activity and to quantify the eruptive styles [39] and 

intensities.  The infrasonic sensors used in our OASIS project are low range differential pressure 

sensors (Model 1 INCH-D-MV) [40].  They are enabled with a MEMS concentration structure to 

provide a linear output for the input pressure. Also, this unique technology reduces the output 

offset caused by temperature variations, warm-up stability, and position sensitivity. The 

infrasonic sensor specifications are shown in Table 5. 
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Table 5: Infrasonic sensor specification 

Specification Value 

Operating Range at differential pressure 0.1  OH 2  

Common mode pressure 10±  psig  

Output span mV0.10~0.9  

Offset temperature Shift (0~50C) Vµ250±  

Offset long term drift (one year) Vµ250±  

Working Temperature 85~25 +−  C 

 

3.1.1.3 Lightning sensor 

 

Geoscientists are interested in volcanic lightning because they serve as warning messages to 

explosive eruptions that are in progress. Also, previous observations such as [41] have shown 

there is a correlation between the lightening strength and the tremor amplitude and magmatic gas 

content. The lightening sensors used in OASIS are fundamental RF pulse detectors capable of 

detecting lightening strikes within a 10 km radius from the node.   

3.1.2. iMote2 

The most widely used wireless sensor network platforms are the MICAZ sensors [61], the 

MSP430 [62] family of sensors and the iMote2 [43] sensors.. MICAZ nodes have 7.37 MHz 

CPU with 4K of RAM.  The sensor nodes from the MSP430 family have 8 MHz CPU with 8K of 

RAM space. Considering the memory and computational requirements, we choose to use the 

iMote2 platform for our OASIS project because of its available resources.   

iMote2 [43] (Figure 7) sensor nodes are advanced devices developed by Intel for the 

wireless sensor network platform. The iMote2 sensor node package consists of a ChipCon 2420, 

an 802.15.4 radio, and a 2.45 GHz antenna with a low power consuming XScale PXA271 
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processor. This processor set at its lowest voltage level of 0.85V can operate between 13 MHz 

(greater than that of the MSP430 family) and104 MHz. Using dynamic voltage scaling the 

operating frequency can be scaled up to 416 MHz.   The PXA271 package contains three chips, a 

32 MB SDRAM chip, a 32MB flash chip and the processor chip.  Additionally the 256KB 

SRAM is divided equally into 4 banks. The PXA271 provides a diverse range of I/O options 

such as a camera interface, Infrared ports, I2C, I2S, three synchronous serial ports (one that can 

be dedicated to a radio), 3 high speed UARTs, GPIOs, SDIO, AC97, and a USB client and host. 

If required, to accelerate the multimedia applications you can use the PXA271’s MMX 

coprocessor. 

 

Figure 7: iMote2 Sensor 

 

3.1.3. GPS Receiver 

 

Sensed data needs to be time stamped to the highest possible accuracy due to the 

importance of geophysical events when defined as time functions. For OASIS we use UTC time 

from the GPS receiver to timestamp the sensed data. We are using U-Blox GPS receivers (Figure 

8). Each U-Blox receiver has LEA-4T [42] as its core GPS signal processing chip.  When 

synchronized with GPS and UTC time the accuracy of the time pulse is up to 50ns. Further 
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accuracy of up to 14ns can be achieved using quantization information.  For OASIS we use a U-

Blox raw GPS value to get the precise position of the sensor nodes. 

 

Figure 8: U-Blox GPS Receiver 

 

3.1.4. Data acquisition board 

 

We instrumented a Data acquisition board with a ADS8344 [68] Analog to digital converter from 

Texas instruments. ADS8344 (Figure 9) is an 8 channel, 16 bit sampling A/D converter with a 

synchronous serial interface. The data acquisition board was built in accordance to the industry 

standard guidelines as shown in Figure 10.  

 

Figure 9: ADS8344 
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Figure 10: Data Acquisition board 

3.2. Firmware 

 

In this work, we used TinyOS [44] and nesC [70] for all of our firmware developments. 

TinyOS is a widely used open source operating system designed for wireless sensor networks 

whose component based architecture makes the firmware development robust.  This robustness 

is due to the ability of the developers to choose the appropriate components depending on the 

resource constraints of their application. Different research groups have contributed to the 

TinyOS component library, which includes many standard network protocols, drivers, 

monitoring and data acquisition tools, and simulation platforms.  

3.2.1. Tiny-DWFQ 

Our goal was to implement Tiny-DWFQ as a lightweight scheduling algorithm which 

takes into consideration the resource constraints (specifically memory and computing power). It 

was challenging to implement such a sophisticated algorithm [55] on this tiny platform. Our 

solution to the memory constraints was to use shared and dynamic memory management. It 

should be noted that TinyOS does not support dynamic memory allocation because of the 

garbage collection and platform dependency issues. TinyOS architects and developers feel that 
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dynamic memory allocation is not justified because of the great importance of the system 

reliability. However, with the implementation of shared memory management using the data 

structure doubly linked lists and pointers, we were able to avoid any additional memory 

requirements needed to implement Tiny-DWFQ. 

After the packet gets assigned a priority as describe in section 2.1, it is inserted into the 

send queue from which it will be routed to the gateway node. To achieve a better QoS we make 

use of the available queue space and reduce the packet wait time based on its priority. Our QoS 

management algorithm used makes use of a specific type of send queue. If the send queue is of 

type FIFO, then the QoS algorithm the firmware follows will be FIFO, similarly is the case with 

Tiny-DWFQ and Tiny-WFQ.  

The send queue implementation used in Tiny-DWFQ and Tiny-WFQ are shown in Figure 

11.  The FIFO implementation does not have separate queues for each priority. Each internal 

queue represents the state of the data packet inside Tiny-DWFQ. The free queue has the free 

space of size data packet to be used by any incoming packet. The processing queue gets the data 

packets to be inserted based on the priority with priority queues as its internal queues. Once the 

data packet is dequeued, based on a definite dequeuing technique [55] it will be inserted into the 

pending queue. The send interface tries to send the packets in pending queue based on the FIFO 

method. If the send fails, the packet is inserted into a resend queue from which a retry is issues 

(until the retry threshold is reached).  

If we implemented the send queue with out using doubly linked list or pointers we would 

assign a definite physical memory location to all of the status queues (free, processing, pending 

and resend).  At any instance any these queues can contain all of the packets that the send queue 

can hold (that is size of send queue). As we have mentioned TinyOS does not support dynamic 
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memory allocation, this requires static allocation of the send queue space to its internal status 

queues, and to its priority queues in the case of Tiny-DWFQ and Tiny-WFQ. For example a send 

queue of size 40 and of type Tiny-DWFQ supporting 8 levels of priority will internally use a 

physical memory space of size 480 * size of the data packet (4 * 40 + 8 * 40 = 480). In general, 

for a send queue of size M and with N   priority levels, the Tiny-DWFQ implementation 

internally requires a static allocation of ))((*)**4( DataPacketsizeofMNM + . This is not 

acceptable considering the magnitude of our requirements. 

 

Figure 11:  Send Queue 
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We employ shared memory management using doubly linked list and pointers which 

allows us to implement our Tiny-DWFQ algorithm using just the physical space equal to the size 

of send queue.  This is highly acceptable when compared to the overhead used without shared 

memory management. We use pointers to keep track of the flow of the data packet between the 

internal queues and the priority queue as shown in Figure 12. This programming approach 

enabled us to implement a lightweight algorithm. We used best programming practices to reduce 

the computing overhead due to pointer arithmetic with the shared memory management.  

 

 

Figure 12: Send Queue with Shared Memory Management 

 

As an enhancement to the earlier work [55], we added an interface for a context aware 

module to dynamically adjust the QoS management parameters (i.e., assign real-time priorities to 
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the node and the data based on the current context of the environment.  We will be discussing 

this in detail in the next section. For example if there are volcanic tremors reported from region 

A, our point of action will be to increase the priority of the nodes in that proximity, and also to 

increase the priority of the seismic data. This flow of data control can be conceptually seen in 

Figure 13. 

 

 

Figure 13: Context Aware QoS Management 

3.2.2. Context awareness 

Our TinyOS component based architecture of the OASIS firmware is shown in Figure 14 
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component provides the interfaces SensorMem and DataMgmt. SensorMem provides an 

interface to allocate memory based on the type of data sensed, and the DataMgmt interface 

provides an interface to packetize the sensed data based on its type. Smart sensing controls the 

sampling rate based on the end user requirements. The network management component 

provides interfaces to monitor the network. These interfaces are used to modify the exposed 

system properties such as sampling rate, node priority, and data priority at runtime. Data 

prioritization modules provides the interface to assign priorities to the sensed data based on the 

Tiny-DWFQ QoS management scheme we will be discussing more about it in the next section of 

this chapter.  
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Figure 14: OASIS Component-based architecture 

 

The current version of our context awareness component provides an interface to define 

two contexts namely volcanic tremors and intense earthquakes. An interface to measure the 
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management and smart sensing is shown in Figure 15. 

 

 

Figure 15: Tremor Aware QoS Management System 
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distance from the master station as shown in Figure 16.  Note that ‘A’ is the master station and 

‘B’ and ‘C’ are secondary stations.   

 

Figure 16: Tremor detection 
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The time lag t  between the master station and any of the secondary stations is define as 

dt =  such that ))(max()( drtr =  where approxdd ,......1,0= . Table 3 is used to determine the 

degree of correlation. If the degree of correlation is low or medium, the time lag value is ignored. 

If the there is a high degree of correlation the time lag is used to estimate the direction of tremor 

source.  

Consider the scenario in Figure 16 and assume that the degree of correlation is high. We 

can estimate the direction of the tremor source. Let abt  be the time lag between station A and B 

and act  be the time lag between station A and C. Let X  be the distance between A and B, and Y  

be the distance between A and C. Using the time lag and distance we define Xta ab /= , and 

Ytb ac /= . From the fundamental geometric principals we know that the tangent with reference 

to station A is defined as baA /)tan( =  and the arctangent function is defined as 

Aba =)/arctan( . Hence, using the arctan function we can get the value of A . Using this we can 

state that the tremor source is at the angle 0180+A  with reference to master station A. 

Once we know the direction of the source, a context of volcanic tremor is defined and the 

appropriate action item is chosen to act on our QoS management algorithm. The most common 

action item will be to increase the priority of data from nodes in close proximity to the tremor’s 

source. This allows the QoS management to be enhanced based on the context.  

3.3. Panorama 

Panorama provides a web interface to monitor the OASIS network. The system design is as 
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shown in Figure 17. A serial forwarder is a java based tool that tunnels the data from the gateway 

node onto a TCP socket. OASIS monitor is a stand alone application implemented in Java to 

comprehend and convert sensed data to human a readable form. OASIS monitor provides many 

interfaces to manage the network. Sensor analyzer is one such interface that parses the sensed 

data of interest to a human readable form. Our Panorama module accesses this interface in order 

to read the sensed data and generate an accurate network topology KML and network statistics 

XML.   

 

 

Figure 17: Panorama system design 

 Network topology KML is updated at regular intervals. Extract of sensor node place mark tag 

from topology KML is as show in Figure 18. It provides required information to overlay the 

sensor nodes on the 3D digital globe based on location in terms of longitude and latitude. Google 

Earth API plug-in retrieves the most recent KML for the 3D digital globe from the Google earth 

server.  
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Figure 18: Sensor node place mark tag inside topology KML 

 

Figure 19: Network status XML extract for node 10 

 

 Network status XML is used to display the current network statistics such as through put, 

Data rate, packet loss per priority, and Energy consumed. Extract of node tag from the network 

<Placemark> 

      <name>10</name> 

      <styleUrl>#baseStyle</styleUrl> 

      <description> 

<![CDATA[<font face="trebuchet ms"> 

<table width="200" border="0"> 

<tr> 

<td><u><b>Activity at Node 10</b></u></td> 

</tr> 

<tr> 

<td>Message Count:  2900 msgs </td> 

</tr> 

<tr> 

<td>Data Rate:  9 pkts/sec </td> 

</tr> 

<tr> 

<td>Packet Loss:  20 pkts </td> 

</tr> 

<tr> 

<td>Packet Duplicated:  1 pkt </td> 

</tr> 

<tr> 

<td>Energy Consumed:  1.2 V</td> 

</tr> 

</font> 

</table> 

</description> 

      <Point> 

        <coordinates>-122.1923311,46.21919500,10</coordinates> 

      </Point> 

</Placemark> 

<?xml version="1.0" encoding="UTF-8"?> 

<panorama> 

  <Node name="10"> 

    <moteID>10</moteID> 

    <numMsgs>2900 msgs</numMsgs> 

    <dataRate>9 pkts/sec </dataRate> 

    <pktLoss>20 pkts </pktLoss> 

    <pktsDuplicated>1 pkts</pktsDuplicated> 

    <energyConsumed>1.2 V</energyConsumed> 

    <latitude>46.21919500</latitude> 

    <longitude>-122.1923311</longitude> 

    <elevation>10</elevation> 

    <color>lightBlue</color> 

  </Node> 

</panorama> 
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stats XML is as show in Figure 19. The XML is dynamically updated with the network status. 

We are also working on integrating the command and control module, where Geoscientists will 

able to send control messages to sensor node of interest using panorama. 

 The web interface of Panorama is as shown in Figure 20 to Figure 24.  In Figure 20 we can 

see the Google earth 3D globe just like desktop version of Google earth. Figure 21 and Figure 22 

display the area of interest of in this project Mt. St. Helen. We the panorama gets loaded for the 

first time the default zoom point is set as Mt.  St. Helen crater, one can use our tool just like 

Google earth desktop to view different parts of the world. Figure 23 shows the OASIS network 

topology overlay on top of Mt. St. Helen, with a data pane displaying the current status of the 

network such as Data rate, packet loss and Voltage level. Figure 24 shows the use of Google 

earth Placemark feature to display the current status of the sensor node.  

 

Figure 20: Google Earth 3D globe 
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Figure 21: Mt. St. Helen as seen in Panorama - South 

 

Figure 22: Mt. St. Helen as seen in Panorama - West 
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Figure 23: OASIS - Network Topology and Status 

 

Figure 24: OASIS - Network node status as place mark 
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CHAPTER FOUR 

EXPERIMENT AND ANALYSIS 

4.1. Context awareness 

We tested our in-network tremor detection algorithm on a custom laboratory testbed 

where we added control over the seismic signals to be processed. In the future we plan to test our 

algorithm on a real-world network due to be deployed in August 2009 on Mount St. Helens.  

4.1.1. Laboratory testbed 

 

Input into our tremor detection algorithm is random seismic signals from seismic sensor 

deployed at known distances. Considering the cost and government policies to generate natural 

tremors using explosives or heavy hammers, we decided to control the input seismic signals.  

We used prerecorded seismic signals as sample data that can be modified as necessary in 

order to generate appropriate analog signals. As we defined in Section 3.1.1.a the seismic sensor 

senses the activity to send an appropriate analog signal to the data acquisition board. Hence, our 

testbed provides for complete transparency for our in-network processing. We used seismic 

samples collected from the USGS’s repository of real-world seismic events.  These were 

collected from volcanoes from different geographic locations. We used the DAC board 

USB3101-FS [65] from measurement computing to convert the digital seismic values into the 

appropriate analog seismic signals.  

USB3101-FS [66] as shown in Figure 25 is a 4-channel 100 kS/s simultaneously updating 

analog output device that can generate samples up to a frequency of 100 kHz.  
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Figure 25: USB 3101-FS 

Measurement computing supports their devices with a Universal Class Library [67]. 

Using this, the developers can write their own custom applications in programming languages 

such as C, C++, VB or VB.net and C #.   

 

Figure 26: Digital to Analog seismic signal converter 
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 Considering our requirements, we wrote a VB application based on one of the examples from 

Measurement computing.  The Digital Analog seismic signal generator provides a simple 

interface as show in Figure 26.  The End user can use this interface to set the input seismic data 

stored as a text file for the desired channel and sampling rate.  

 We used the OASIS senor node kit as shown in Figure 27 and Figure 28 which consists of an 

iMote2 sensor, a Data acquisition board, and a GPS Receiver as show in Figure 29. Additionally 

it also contains the firmware running the in-network tremor detection algorithm and Tiny-

DWFQ. There will not be any changes in the hardware system design when using our testbed kit 

and the hardware used for the real-world deployment. Hence, results of from our campus testbed 

are highly reliable.  

 

 

Figure 27: OASIS Sensor Node Kit 
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Figure 28: OASIS Sensor Node Kit - Input Sockets 

 

Figure 29: OASIS Sensor Node components 

Our complete experimental setup, consisting of two imote2 sensor nodes, a gateway 
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node, a well equipped OASIS sensor node kit, a USB 3100-FS DAC board, and a Laptop acting 

as the Control center are shown in Figure 30. 

 

Figure 30: Laboratory testbed 

 

 The testbed system flow is as shown in Figure 30 . The seismic data of interest is taken from 

the USGS repository. Later a definite time delay is added onto this data to be used as seismic 

input. Our in-network tremor detection algorithm is configured to report messages of type 

Tremor detection after each correlation. This message will have the master and secondary 

seismic sensors compared the calculated time delay, and the correlation coefficient. In the 

laboratory testbed, we disabled the correlation degree filter as our aim was to test the accuracy of 

the reported time delay when compared to the expected time delay. We used the Export Oasis 

tool as the interfaces to read data from OASIS and log the data into the OASIS database. With 

this experimental setup we were able to find the accuracy of the time delay reported by the 

tremor detection algorithm. 
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Figure 31: Testbed to Evaluate the Accuracy of In-network Tremor Detection Algorithm 

4.1.2.Laboratory test results 

These test results were logged by the OASIS Sensor node kit shown in Figure 30. The 

firmware was configured such that,  all the input channels were sensing the data at a rate of 

50Hz. Tremor detection algorithm was configured to run after collecting 500 samples from each 

of channels. The approxd  in the case is 50 meaning that the approximate time lag between stations 

is less than or equal to a second. Digital data with desired delay was used to generate a 

corresponding Analog output on USB-3101 FS connected to OASIS sensor kit as show in Figure 

30.  

The most important parameter that defined the reliability of the context awareness 

module is the accuracy of time delay calculated between the Master and reference station signals 

using correlation. Hence, to measure the accuracy of the time delay reported we ran following 
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experiments. In the following discussion we will be using the term station and channel to mean 

the seismic stations used in correlation feeding data to one of the input channels.  

4.1.2.1. Test case 1 – True Auto correlation 

As explained in section 2.3, correlation is done on two time series and our 

implementation follows the same principle. This test case is designed to test the reliability of in-

network processing accuracy ignoring the noise or the kind of input device sending the data. 

Hence, we tuned our firmware parameter to test for true auto correlation where Master station 

and the Reference station one used the same output sample collected for correlation as shown in 

Figure 32. Algorithm implementation proved to be flawless as shown in Figure 34, where all the 

reported results showed 100% correlation with no time lag.  

We also wanted to test the auto correlation by inputting identical seismic value on Master 

station and Reference station. Hence, in this run we connected Reference station 2 to same 

Analog output channel as Master. The test result as shown in Figure 36 proves auto correlation, 

but fails to achieve true auto correlation due to intrinsic noise. The input seismic data used is as 

shown in Figure 33. The initial results of correlation are as shown in Figure 35 where we can see 

off the phase time lags due to noise. We handle this exception by filtering the result set following 

a much more stringent correlation protocol. For this testbed the rules on Conditional correlation 

protocol are 

1. Consider time lags that are reported with correlation degree great than 90% only  

2. Select Top three coefficients from the result set of step 1 

3. Consider time lags reported with correlation coefficients of the result set from step 2. 

4. Time lag that has been reported the most is considered as time lag between the time 

series. 
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5. In case if the number reports match two or more time lags the latest is preferred and 

reported as time lag between the time series. 

Hence by applying condition correlation on result set defined in Figure 35 we arrive at Figure 36.  
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Figure 32: TC1: Master Station = Reference Station 1:  Delay = 0ms 
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Figure 33: TC1: Reference Station 2: Delay = 0ms 
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Figure 34: Correlation (Master, Master) - Correlation coefficient Vs Time lag 

 



  

 45 

-40

-20

0

20

40

60

80

100

120

0 100 200 300 400 500 600 700

Time interval

C
o
e
ff

ic
ie

n
t 

/ 
T

im
e
 l
a
g

Correlation coefficient timelag

 

Figure 35: TC1: Correlation (Master, Ref Stat 2) - Correlation Coefficient Vs Time lag  
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Figure 36: TC1: Correlation (Master, Ref Stat 2) – Conditional correlation-coeff Vs Time lag 

4.1.2.2.Test case 2 – Auto correlation (Identical input with delay) 

In this test case, we feed in same seismic signals as shown in Figure 37, Figure 38 and 

Figure 39 for all the three stations. The algorithm delivers the expected result of auto correlation 

as shown in Figure 41 and Figure 43. 
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Figure 37: TC2: Master Station - Delay = 0ms 
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Figure 38: TC2: Reference Station 1 - Delay = 0ms 
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Figure 39: TC2: Reference Station 2 - Delay = 0ms 
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Figure 40: TC2: Correlation (Master, Ref Stat 1) - Correlation Coefficient Vs Time lag 
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Figure 41: TC2: Correlation (Master, Ref Stat 1) - Conditional Correlation-Coeff Vs Time lag 
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Figure 42: TC2: Correlation (Master, Ref Stat 2) - Correlation Coefficient Vs Time lag 
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Figure 43: TC2: Correlation (Master, Ref Stat 2) – Conditional correlation-coeff Vs Time lag 

4.1.2.3.Test case 3 – Correlation (Identical input on ref stations) 

In this test case, we feed in seismic signal with no delay on Master station channel as 

shown in Figure 44 and the seismic signal delayed by 10 samples (0.2 ms) as shown in Figure 45 

and Figure 46 is fed to the reference station. The algorithm proved its reliability by reporting 

equal time delay shown in Figure 48 and Figure 50.  
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Figure 44: TC3: Master Station - 0ms delay 
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Figure 45: TC3: Ref Station 1 - 10ms delay 
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Figure 46: TC3: Ref Station 2 - 10ms delay 

0

20

40

60

80

100

0 100 200 300 400 500 600 700

Time interval

C
o
e
ff

ic
ie

n
t 

(%
) 

/ 
T

im
e
 l
a
g

Correlation coefficient Time lag

 

Figure 47: TC3: Correlation (Master, Ref Stat 1) - Correlation Coefficient Vs Time lag 



  

 49 

0

20

40

60

80

100

0 100 200 300 400 500 600

Time interval

C
o
e
ff

ic
ie

n
t 

(%
) 

/ 
T

im
e
 l
a
g

Correlation coefficient Time lag

 

Figure 48: TC3: Correlation (Master, Ref Stat 1) - Conditional Correlation-Coeff Vs Time lag 
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Figure 49: TC3: Correlation (Master, Ref Stat 2) - Correlation Coefficient Vs Time lag 
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Figure 50: TC3: Correlation (Master, Ref Stat 2) – Conditional correlation-coeff Vs Time lag 
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4.1.2.4. Test case 4 – Correlation (Differential input on ref stations) 

In this test case, we feed in seismic signal with no delay on Master station channel as 

shown in Figure 51, and the seismic signal delayed by 5 samples (0.1 ms) as shown in Figure 52 

is fed on to reference station 1, and seismic signal delayed by 20 samples (0.1 ms) as shown in 

Figure 53 is fed to the reference station 2. The algorithm proved its reliability by reporting equal 

time delay shown in Figure 55 and Figure 57. 
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Figure 51: TC4: Master Station - Delay = 0ms 
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Figure 52: TC4: Reference Station 1 – Delay = 5 samples (0.1 ms) 
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Figure 53: TC4: Reference Station 2 – Delay = 20 samples (0.4 ms) 
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Figure 54: Correlation (Master, Ref Stat 1) - Correlation Coefficient Vs Time lag 
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Figure 55: TC4: Correlation (Master, Ref Stat 1) - Conditional Correlation-Coeff Vs Time lag 
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Figure 56: TC4: Correlation (Master, Ref Station 2) – Correlation coefficient Vs Time lag 
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Figure 57: TC4: Correlation (Master, Ref Stat 2) – Conditional Correlation-coeff Vs Time lag 

4.1.2.5.Test case 5 – Correlation (Differential input on all stations) 

In this test case, we feed in seismic signal from different source with high degree of 

dissimilarity. Input to Master station as shown in Figure 58, and the seismic signal input to 

reference station 1 is shown in Figure 59, and seismic signal to the reference station 2 is as 

shown in Figure 60.  The input delay is not calculated as the signals have very low or no 

correlation. The algorithm proved its reliability as there were no tremor messages with strong 

correlation coefficient percentage were reported as shown in Figure 61 and Figure 62. This 

proves the algorithm does not raise false alarms.  
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Figure 58: TC5: Input to Master station 
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Figure 59: TC5: Input to Reference station 1 
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Figure 60: TC5: Input to Reference station 2 
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Figure 61: TC5: Correlation (Master, Ref Station 1) – Correlation coefficient Vs Time lag 
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Figure 62: TC5: Correlation (Master, Ref Station 2) – Correlation coefficient Vs Time lag 
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4.1.3.Real-world testbed 

 We have deployed a sensorweb of five nodes on Mt. Saint Helens and the network has 

proved to be very reliable. This sensor network will soon be expanded to 15 nodes. Considering 

the cost involved in equipping the sensor nodes with extra sensors, we will be having one sensor 

node equipped with extra seismic sensors to detect volcanic tremors in real time. We look 

forward to see how the tremor aware sensor node performs, and we plan to publish those results 

in an upcoming paper. 

4.2. Tiny-DWFQ 

 We ran series of tests to evaluate our Tiny-DWFQ algorithm. Considering the resource 

constraints and cost involved in testing the algorithm in a real-world testbed we decided to 

simulate the data. Although, the data was simulated we had the firmware with the Tiny-DWFQ 

algorithm on the testbed motes proving that the evaluation results are highly reliable. 

Implementing the algorithm on real WSNs makes the evaluation challenging compared to a 

network simulation such as TOSSIM [69] due to limited resources or interfaces to create 

operation logs without overhead. However, we designed the evaluation testbed such that the 

firmware was configured not to overload the network with network statistics messages such as 

packet loss, or throughput. The approach has been described in detail below. 

 We considered two metrics packet loss and throughput for evaluating of our algorithm. We 

measured both packet loss and throughput for each priority level.  We implemented two more 

algorithms Tiny-WFQ (WFQ algorithm implemented for TinyOS platform) and Tiny-

FIFO/FIFO (FIFO algorithm implemented for TinyOS platform) to compare their performance 

with that of Tiny-DWFQ. To have a fair comparison, except the operational logic, the algorithms 
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had similar resource constraints such as queue size, and input data rate.  

4.2.1.Network Scenario 

 

 The testbed used for our evaluation was setup in our laboratory. It consisted of 10 iMote2 

sensor nodes with a step down radio range in order to realize a realistic scenario in limited space. 

With the radio range set to a minimal level, the nodes were forced to choose a dynamic multihop 

path to access the gateway node, where the probability of data congestion is high at the multihop 

nodes. The gateway node was connected to a laptop computer acting as the control center.  

 As per the current system design, OASIS in-situ sensor nodes were equipped with a 

minimum of three sensors as described in Section 3.1.1. The raw data from these sensors will be 

processed to form seven different types of data namely, seismic Real-Time Seismic-Amplitude 

Measurement (RSAM), seismic triggered event data, seismic inter-event data (continuous), 

infrasonic RSAM data, infrasonic triggered event data, infrasonic inter-event data (continuous), 

and lightning data. Considering the cost involved in having 30 high precision sensors, we 

emulated the data conforming to the standards of data from real-world volcanic activities. The 

priorities associated with the data and the corresponding sampling rates used in the testbed are as 

shown in Table 6[55].  

Table 6: Data rates and priorities 

 

Data Type  Sampling Rate (bytes/sec) Priority 

Seismic RSAM 4  6 

Seismic Event 0-200 4 

Seismic Inter-Event 100 2 

Infrasonic RSAM 4 5 

Infrasonic Event 0-200 3 

Infrasonic Inter-Event 100 1 
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Lightning 2 5 

 

 These priorities and sampling rates are based on the expertise of geoscientist and the 

standards followed in volcano monitoring. For example consider the data of priority 3 and 4 

which are sampled at 0-200 bytes per second. The minimum sampling rate is 0 bps which means 

that the data is sensed only if there is an event of interest. If there is an activity of interest the 

data acquisition module can be configured to sense at a maximum of 200 bps. 

4.2.2.Packet Loss 

 

 With the testbed defined in Section 4.2.1, we evaluated the packet loss for each individual 

priority level for each of the three algorithms. In order to compute packet loss ( iPL ), for each 

individual priority level i , we measured the total number of packets generated at each node for 

each priority level, kx  where k is the node id. Later, we measured the total number of packets 

received by the control center for each priority level, y. Hence, we were able to compute the 

packet loss for each priority level by computing one minus the sum of each of the number of 

packets generated at each node divided by the number of packets received at the control center 

for each priority level. The total packet loss for each priority level is displayed below in Equation 

3 [55]. 
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 We ran 10 experiments for duration of 20 minutes and took the average of these 10 runs. We 

did compute the average as the input data set used were not necessarily identical for the all the 

runs. The results are shown in Figure 63 to Figure 68 . 
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Figure 63: Priority 1 Packet Loss 

 

Figure 64: Priority 2 Packet Loss 

 

Figure 65: Priority 3 Packet Loss 
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Figure 66: Priority 4 Packet Loss 

 

Figure 67: Priority 5 Packet Loss 

 

 

Figure 68: Priority 6 Packet Loss 

 



  

 59 

It is evident from Figure 63 to Figure 68 that Tiny-DWFQ outperforms both Tiny-WFQ 

and FIFO algorithms with low packet loss. Also, is interesting to see that the simple FIFO 

algorithm outperforms the much more complex Tiny-WFQ in most cases (such as for low 

priority data (Figure 67 and Figure 68) or for the data with higher sampling rates Figure 65 and 

Figure 66). It should be noted that for the data with high sampling rate and the mid range 

priorities (priorities 3 and 4 in Figure 65  and Figure 66) Tiny-DWFQ shows the best relative 

improvement. This proves that Tiny-DWFQ will still outperform the other two algorithms even 

with a relative increase in the sampling rate. It is also evident from Figure 68 that Tiny-DWFQ 

ensures a high level QoS for high priority data. 

4.2.3.Throughput 

 

With the testbed defined in Section 4.2.1, we evaluated the total throughput for each 

individual priority level for each of the three algorithms. The total throughput ( iTP ) for each 

priority level i  is defined as the number of packets, kp , which traverse from the source to the 

destination per unit of time, u .This is shown below in Equation 4 [55].  
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As discussed in the previous section, the number of packets generated for runs varied 

slightly. Thus, in order to accurately evaluate the throughput we took the throughput, iTP , and 

divide it by the total number of packets generated ig  for priority level i  per each run. The 

throughput percentage, iTPP , is shown below in Equation 5 [55]. 

    100*/ iii gTPTPP =        (5) 

We followed the same convention as with the packet loss evaluations. We ran 10 
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experiments for duration of 20 minutes and took the average of those 10 runs. The results are 

shown in Figure 69 to Figure 74. 

 

Figure 69: Priority 1 Throughput 

 

 

Figure 70: Priority 2 Throughput 
 

 

Figure 71: Priority 3 Throughput 
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Figure 72: Priority 4 Throughput 

 

       

Figure 73: Priority 5 Throughput 

 

          

Figure 74: Priority 6 Throughput 
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It is evident from Figure 69 to Figure 74 that Tiny-DWFQ outperforms both Tiny-WFQ 

and FIFO in terms of improving the network throughput. Similar to the previous results, the 

FIFO algorithm performs better than Tiny-WFQ for high frequency data (Figure 71 and Figure 

72) and low priority data (Figure 73 and Figure 74). We can see Tiny-DWFQ’s best relative 

improvements are for the data with high sampling rates and mid range priorities (priorities 3 and 

4 in Figure 71 and Figure 72). As seen in Figure 74, Tiny-DWFQ achieved a throughput 

percentage between 85.07% and 88.18% while Tiny-WFQ only achieved a throughput 

percentage between 78.63% and 82.59% and the FIFO queue’s throughput percentage was 

between 81.75% and 84.32%. This proves that Tiny-DWFQ provides better QoS for high priority 

data. 

After analysis of the evaluation results, we believe the improvement in Tiny-DWFQ’s 

performance is twofold. Primarily, the enqueuing algorithm utilizes the entire queue space for 

high priority packets in the midst of data congestion. Secondly, the dequeuing algorithm is more 

dynamic as it compares the current network congestion and the available space before initiating 

dequeuing guarantees that high priority data is dequeued if there is space available.  
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CHAPTER FIVE 

CONCLUSION AND FUTURE WORK 

In this work, we successfully implemented and tested our QoS management algorithm 

Tiny-DWFQ in a resource constraint environment and made it more realistic and reliable by 

coupling with Context awareness. Our results from real world test bed with high data rate have 

shown that Tiny-DWFQ provides better throughput and low packet loss compared to legacy 

algorithms such as FIFO and WFQ.  In Context awareness part of the work, we were able to 

define the context of interest i.e. volcanic tremor with a greater accuracy using our tremor 

detection algorithm. Our controlled test bed results have shown the in-network tremor detection 

as highly reliable in calculating the time lag to estimate tremor location. With context aware QoS 

management, Geoscientists was able to see high percentage of data from OASIS at the control 

center. To provide better visualization of this high fidelity data Panorama web interface is used. 

This web application proved to be very reliable due to ease of access coupled with rich graphical 

user interface. Each of these areas can be further extended for future improvements as discussed 

below. 

5.1. Context awareness 

 

 As we have seen the current system defines two contexts namely, volcanic tremors and 

high intensity earthquakes. In future, we will be working towards identifying more scenarios of 

interest in defining a context or combination of contexts. We will be continuing to research the 

available algorithms of interest to Geoscientists and studying their feasibility considering the in-

network processing overload and memory constraints of WSNs. Also, as the semiconductor 

industries advance, sensor devices with greater computational power and resources will be 

available. Considering this, we plan to implement a light weight version using different 
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techniques that geoscientist have been using in post analysis of seed data as in-network 

processing algorithms.  

 In this work we used a seismic array of size three for defining the context volcanic 

tremor. Geoscientists are interested in increasing the array size to increase the predication 

precision. If required, we will be modifying our firmware to support this need. Due to hazardous 

environmental conditions on Mount St. Helens and the time constraints we were not able to have 

the updated firmware and seismic arrays for tremor detection on the existing sensorweb on 

Mount St. Helens. We plan to have it by the end of this summer (2009). 

5.2. Panorama 

 

 From our interactions with end users we have found that they believe Panorama is an 

outstanding application because of its ease of use, accessibility and rich 3D graphical interface. 

However, there were some concerns about the shelf time of the 3D image repository that the 

Google server refers. Geoscientists were interested to use the 3D digital globe to study the 

surface deformations. We are working on developing a framework that can overlay updated 

images of Mount St. Helens’ surface area from organizations such as CVO and USGS on top of 

Google Earth 3D digital globe.  

 Due to time constraints we were not able to port the command and control center features 

of OASIS monitor onto Panorama. It is currently a work in progress and we plan to have it ready 

by end of 2009. We also plan to integrate other web tools used by geoscientist in post analysis of 

sensed data with Panorama in order to provide a holistic web application for sensorweb 

monitoring.   
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