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ABSTRACT
Wireless visual sensor network is an emerging field which has proved
useful in many applications, including industrial control and monitoring,
surveillance, environmental monitoring, personal care and the virtual world.
Traditional imaging systems used a wired link, centralized network, high
processing capabilities, unlimited storage and power source. In many
applications, the wired solution results in high installation and maintenance
costs. However, a wireless solution is the preferred choice as it offers less
maintenance, infrastructure costs and greater scalability.
The technological developments in image sensors, wireless
communication and processing platforms have paved the way for smart
camera networks usually referred to as Wireless Visual Sensor Networks
(WVSNs). WVSNs consist of a number of Visual Sensor Nodes (VSNs)
deployed over a large geographical area. The smart cameras can perform
complex vision tasks using limited resources such as batteries or alternative
energy sources, embedded platforms, a wireless link and a small memory.
Current research in WVSNs is focused on reducing the energy
consumption of the node so as to maximise the life of the VSN. To meet this
challenge, different software and hardware solutions are presented in the
literature for the implementation of VSNs.
The focus in this thesis is on the exploration of energy efficient
reconfigurable architectures for VSNs by partitioning vision tasks on software,
hardware platforms and locality. For any application, some of the vision tasks
can be performed on the sensor node after which data is sent over the wireless
link to the server where the remaining vision tasks are performed. Similarly,
at the VSN, vision tasks can be partitioned on software and the hardware
platforms.
In the thesis, all possible strategies are explored, by partitioning vision
tasks on the sensor node and on the server. The energy consumption of the
sensor node is evaluated for different strategies on software platform. It is
observed that performing some of the vision tasks on the sensor node and
sending compressed images to the server where the remaining vision tasks are
performed, will have lower energy consumption.
In order to achieve better performance and low power consumption,
Field Programmable Gate Arrays (FPGAs) are introduced for the
implementation of the sensor node. The strategies with reasonable design
times and costs are implemented on hardware-software platform. Based on
the implementation of the VSN on the FPGA together with micro-controller,
the lifetime of the VSN is predicted using the measured energy values of the
platforms for different processing strategies. The implementation results
prove our analysis that a VSN with such characteristics will result in a longer
life time.
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INTRODUCTION

The early camera based networks used for monitoring purposes include
independent cameras which send continuous data streams to the server for further
processing. This includes great deal of resources, such as a wired infrastructure,
high energy resources and large amount of storage space. Such a system is difficult
to implement for many applications where there is a limited availability of power,
limited access to those areas and it is not convenient to either modify the locations
of the nodes or to frequently recharge the batteries.
The wired solution usually results in high installation and maintenance costs.
The wired network systems would require the cable to be isolated from factors
such as the humidity, magnetic field and the vibration associated with
environment. In addition, it is necessary to have redundant wire for critical
operations in wired networks. Based on the advances made in the relevant
technologies such as image sensors, sensor networking, distributed processing,
power supplies and embedded systems, complex vision tasks can be performed
using limited power and processing platforms.
Today’s WVSNs consist of a number of smart cameras and in which an
individual camera is referred to as a node. The node consists of an image sensor,
local processor, storage facility, battery or alternative energy source, lighting and
wireless transceiver. WVSNs are unique and more challenging as compared to
other sensor networks as in WVSNs two dimensional data is processed whereas in
other sensor networks, the sensors produce scalar data. Due to the large amount of
data, WVSNs place more stringent requirements on power, bandwidth and
processing capabilities.
The energy consumption and bandwidth are critical constraints in WVSNs as
nodes are battery powered and data is sent over a limited wireless bandwidth.
Therefore it is necessary to perform local processing in order to reduce the amount
of data. Extensive processing and data collection over a significant length of time
will require a great deal of energy. Researchers are involved in minimizing the
energy consumption of the network in order to maximize the lifetime of the
WVSNs.
In order to achieve a real time performance, it is necessary for the smart
cameras to process locally on the sensor node, perform subsequent intelligent
decisions and then transmit the data over the wireless link. The focus is to have a
smart system which is power aware, which can perform the necessary on board
computations, having sufficient on board storage, and fulfil the energy
requirements of the system and transmission bandwidth. In a wireless vision
sensor network it is necessary to extract robust and reliable information and this in
turn requires robust algorithms for image processing to be developed. To obtain a
real insight, the algorithm can be firstly developed and verified at the abstract level
using a high level development platform such as MATLAB, LabVIEW, Agilent
1

VEE Pro. When all the performance parameters have been satisfied, the algorithm
can be transferred to the software and/or hardware platforms.
Smart camera networks could be easily installed for many applications which
require wireless solutions. For applications where the requirement is to install a
wireless sensor system, it is necessary to have sufficient energy, processing
capability for local processing and sufficient bandwidth for the wireless
transmission of data. The smart sensors or a network of sensors provide real-time
data acquisition and control in industrial applications. The wireless solution offers
reduced system and infrastructure costs, lower operating, easy upgrading and
greater physical mobility of the device.
WVSNs can be employed for many different applications; some of the
applications are discussed in the following.
1.1

APPLICATION OF WIRELESS VISION SENSOR NETWORKS

Generally, the applications of WVSNs are classified according to their delay
requirements. Firstly, there are applications where there is no strict restriction on
delay. The important requirement is that data should reach successfully to the
server where it is analysed. Secondly, there are applications in which a minimum
delay is required in order to provide a rapid response in relation to any event [1],
[4]. Some of the applications of WVSNs are described below.
1.1.1

Industrial control and monitoring

WVSNs can be employed for industrial applications. These networks can be
used for event detection or periodic data collection for industrial applications. In
event detection, sensors are used to detect events due to changes in machine,
process, plant security and operator actions. Similarly, periodic data collection can
be used for tracking material flows, such as particle detection in flowing liquid.
This will reduce the labour costs, human errors and prevent costly manufacturing
downtime costs. Factories can be monitored for security reasons as well as for
controlling some tasks. The robots performing different operations can be guided
by means of continuous monitoring of each task [1], [37].
1.1.2

Surveillance

Early security systems were involved in monitoring large public areas for
surveillance purposes [1], [5], [6]. The cameras were continuously monitoring the
areas and sending raw data to the central station. In such systems, power,
bandwidth and storage were not a problem. Usually cameras were supplied with
wall power supply and connected to the server through a wired link. The system
was not sufficiently intelligent to detect changes by itself. Current research focuses
on wireless smart cameras in which the traditional system is to be replaced by
smart cameras which have the ability to process data locally and to communicate
with each other and with the server through a wireless link.
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Local processing would reduce the large amount of data for transmission which
will effectively utilize the bandwidth of the system. This will reduce
communication energy consumption [7]. These surveillance systems would be able
to adapt to the environment. The distributed nature of this system would provide
more correct information as multiple cameras would assist in capturing every
angle of the object. Such systems can largely be deployed in public areas including
airports, public parks, subways, railway station, parking lots, large commercial
building and for the reading of the remote water meters. The operator would be
able to monitor the meter reading remotely [7]. In [5], a system is presented for
tracking people using multiple un-calibrated cameras.
1.1.3

Environmental monitoring

WVSNs are a smart choice for the monitoring of nature. WVSNs can be
deployed to obtain information about the water level in dams and canals. An
irrigation system can be made more efficient by monitoring each point of the fields
and this, in turn will improve the water management. Crop production can be
increased by monitoring crops against frost, weeds growing in grain fields as well
as checking soil consolidation. Glaciers can be monitored and smart cameras can
send information with regards to which point is significantly melting and based on
this, arrangements could be made to provide sufficient space in the reservoirs so
that water could be stored for future use. The WVSNs can be used to accurately
gather disaster information during an earthquake [8].
1.1.4

Personal care

WVSNs can be used in areas in which it is necessary for people to be
continuously watched in relation to their care and assistance such as in a hospital
and in an old peoples’ home [9], [10]. The smart cameras would continuously
monitor these people and would send information to the relevant authorities. This
will improve the quality of life for the elderly and disabled persons as it becomes
possible to reach them in time when an emergency occurs.
1.1.5

Virtual Reality

The wireless smart cameras can be used for watching remote areas. Wireless
smart cameras can be installed in historic locations, providing real time
information to the viewer. The user can view the site through any angle and if
required is able to zoom onto any particular object [2]. A network of cameras can
be used to provide the feeling of being in a real classroom situation when a student
sitting at home is attending a virtual lecture. There could be wireless cameras setup
in a lecture room which can offer different views of everything in the lecture room.
A student can zoom onto the lecture notes or onto the white board and can interact
with other students. The wireless smart camera network can be employed for
monitoring exams which enables an invigilator to be informed with regards to any
unusual behaviour of the participants.

3

Wireless visual sensor nodes can be implemented on different processing
platforms based on the requirements of an application. Some of the processing
platforms are discussed below.
1.2

PROCESSING PLATFORMS

Vision processing can be performed on hardware or software platforms. In
hardware solutions, Application Specific Integrated Circuits (ASICs) provide low
power and high performance solutions for dedicated applications but the design
for one application cannot be changed for use in any other application. Similarly,
the design time and time to market of such a system is high. For small volume
products, the unit cost is high but for large volume products the unit cost is low.
The hardware solutions based on FPGAs provide competitive performance but
have greater power requirements as compared to ASICs. The programmable
nature of an FPGA makes it the ideal candidate for rapid prototyping. One design
can be changed for many other applications and this will involve less time and
effort.
On the other hand, software solutions are easy to implement, design can be
verified through detailed simulations in software before implementation and
design can be easily changed to meet the specific requirements. However, software
solutions have moderate processing capabilities and high power consumption as
compared to hardware solutions.
The focus in this thesis is on an investigation relating to the processing
platforms for vision processing which have less design time and low unit costs
while still providing low power solutions. It is necessary that it has the flexibility of
design changes so that the design for one particular application can be changed for
many other applications or for future changes and involving less effort and time.
A processing platform can be classified as general purpose or application
specific from a functionality point of view. They can be classified as reconfigurable
or non-reconfigurable. At this point the discussion will be on the hardware and
software platforms which are used in this thesis work.
1.2.1
1.2.1.1

Hardware platforms
Non-Programmable hardware platforms

An application specific integrated circuit (ASIC) is customized for a specific
application and will provide the best performance and lowest power consumption
but for the hardware, design cost may be very high due to non-recurring
engineering (NRE) and manufacturing costs. Moreover, integrated circuits
designed for a specific application are able to perform only the desired functions
and cannot be altered for other functions. ASICs are different from programmable
logic devices in the sense that their precise functions and performance are analysed
before fabrication as ASICs are customized during the design and fabrication
process.
4

1.2.1.2

Programmable Hardware platforms

Programmable logic devices (PLDs) which include FPGAs (Field Programmable
Gate Arrays), are replacing traditional logic circuits by offering advantages such as
small size, low power and high reliability as to the disadvantages of custom ASICs
such as high nonrecurring engineering cost, especially in limited production
volume. In comparison to the ASIC, programmable logic devices are configured by
the user after the PLD has been fabricated.
FPGA technology varies from vendor to vendor and their classification is based
on the configuration method when power is supplied. The major FPGA
technologies mentioned in this case are the following.

1.2.1.2.1



Flash /Anitfuse/EPROM/EEPROM based FPGA.



SRAM based FPGA

Flash based FPGA

Flash based FPGAs store their configuration in logic gates. It is not necessary to
download the configuration at each power up. Flash based FPGAs use a single
floating gate transistor technology (Flash switch) used for switches or connecting
gates. The FPGA exhibits the connectivity of logic cells or routing resources based
on the charge present on the connecting gate. Flash based FPGA has an instant
power on capability because its technology is non-volatile and requires no boot up.
The flash based FPGA from ACTEL corporation [15], used in this work has small
static power consumption of 5µW currently available in the market.
1.2.1.2.2

SRAM BASED FPGA

SRAM based FPGAs are volatile and require an external storage power-on
configuration mechanism on each power-up cycle. SRAM controls the
configuration of the logic blocks. However SRAM based FPGAs require less
configuration time and can be configured an unlimited number of times. The Xilinx
Spartan 6 FPGA used in this application is a SRAM based FPGA [16].
1.2.2
1.2.2.1

Software platforms
Microcontroller

Micro-controllers are widely used as general purpose and Application Specific
Instruction-set Processors (ASIPs). They are software based and it is easy to be sure
of the correctness of the code and system performance by means of simulations in
the software. Many mature vision processing libraries are available for the
implementation and a detailed simulation can be performed to ensure the
robustness of the algorithm. Micro-controllers are generally classified as 8-bit, 16bit, and 32-bit, based on the size of their arithmetic and index registers. They
5

contain Read Only Memory (ROM), Random Access Memory (RAM), Registers,
Accumulator, Input-Output Ports (I/O), Timers, Analog to Digital Converter
(ADC), Digital to Analog Converter (DAC), Universal Asynchronous
Receiver/Transmitter (UART) or Serial Peripheral Interface (SPI).
In this case SENTIO32 [17] has been used which is a platform for wireless
sensor networks designed by the Division of Electronic Design at Mid Sweden
University. It has a high performance, low power AVR32 32bit RISC MCU running
at 60MHz for only 23.5mA. SENTIO32 has 256KB flash, 32KB SRAM, DSP
instruction set and peripheral DMA channels. It has a low sleep power
consumption of 60μA when only a 32 KHz clock is running and has additional
support in order to integrate a micro-SD card up to 16GB. It has a CC2520 RF
transceiver with 2.4 GHz IEEE 802.15.4, 150 meter line-of-sight range with onboard antenna, and 300 meter line-of-sight range with external antenna.
1.2.3

Comparison of ASICs and Programmable Devices

Application specific integrated circuits offer designers the ability to customize
circuits by integrating complex functionality and input/output on a single chip.
The advantages of ASICs are high performance, reliability and efficiency. The
drawback is that it cannot be altered after it gets out of production line. On the
other hand, the FPGAs allow the designers to correct mistakes even after the
product has been bought.

Total cost

FPGAs employ programmable gates which allow various configurations and
can be reprogrammed in the field. This provides the designer with the ability to,
determine and correct errors which may have been impossible to detect prior to its
use. The ability to program the device provides design flexibility and faster
implementation for product development and hence faster time-to-market [25]. For
low volume products, FPGA is cheaper when compared to ASIC due to less nonrecurring costs and costs of manufacturing as the total cost includes NRE in
addition to manufacturing costs shown in Figure 1-1. ASIC is suitable for
applications where a high volume of products is required and time to market is not
important. A comparison of ASIC, FPGA and microprocessors is shown in Table
1-1 [39].

Figure 1-1. Cost vs number of units
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Table 1-1.ASIC, MICROPROCESSOR and FPGA Trade-offs

Performance
ASIC
FPGA
MICRO

NREs
ASIC
FPGA
MICRO

Unit cost
FPGA
MICRO
ASIC

TTM
ASIC
FPGA
MICRO

Power
MICRO
FPGA
ASIC

ASIC
= Application specific integrated circuits
MICRO = Microprocessor
FPGA = Field programmable gate arrays
In this thesis, architectures involving VSNs on platforms which provide
flexibility of design changes will be explored so that one design can be changed for
other applications with less effort and costs. Similarly, it should provide a better
performance and low power solutions. A brief description of the problem to be
solved is given in the following section.
1.3

PROBLEM DESCRIPTION

The application area which is focus of this work is in relation to the monitoring
of an industrial machine. In industry, the majority industries use a network of
cameras in order to obtain real-time data for monitoring and control. These
networks are wired based in which data is sent over a wired link and power is
available from wall power supplies. The wired solution in an industrial application
usually results in high installation and maintenance costs. In relation to the wired
solution, the isolation of cables running near humidity, magnetic field or high
vibration is required. It is also the case that, redundant cables are sometimes
required for critical operations. The machine may also require to be relocated in
order to perform a particular operation which may prove difficult in case of wired
solutions. The manufacturers spend a significant amount of money to ensure the
functioning of machines with full capacity and zero downtime. In this situation
wireless solutions are more attractive as they offer lower system and infrastructure
costs, improve the product quality and provide simple up gradation and physical
mobility [37].
Industrial processes and machines can be monitored using a network of smart
cameras in which each node is battery powered and data is sent over a wireless
link. Since WVSNs produce two dimensional data, this places stricter requirements
on power, processing and bandwidth facilities. The large amount of data generated
by a VSN requires a great deal of energy for processing and communication. It is a
requirement to process data locally at the node in order to reduce the amount of
data. The processing at node should be performed on low power processing
platforms using a design which best utilizes the resources of the platform. In this
way the energy consumption due to processing is reduced in addition to a
reduction in communication energy as the amount of data being sent is reduced.
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In wireless sensor networks, energy consumption and bandwidth are major
constraints, as choosing wireless for networks means that it is not feasible for
wiring to be used to reach anything. In such situations sensor nodes are powered
by batteries or through alternative energy sources and data is transmitted using a
wireless link with limited bandwidth. Different approaches have been proposed in
order to minimize the energy consumption of the sensor node. The conclusion
from some of the research work is that reducing communication energy will
reduce the overall energy consumption of the system as the communication
process consumes more energy than the processing [11].
In some work, low power sensors are used to activate the high resolution
cameras [40]. In this scenario, the high resolution cameras will be sleeping for the
majority of the time as it consumes a great deal of energy compared to other
sensors but for applications which send data after a long time, the sleep energy will
dominate the total energy, so the selection of suitable platform for processing is
necessary and this factor must be investigated.
The major trend in WVSNs is either to transmit data from the sensor node
without much processing at the node [7] or process all the vision tasks at the node
and transmit only the features to the server [10]. In the former case, the
communication energy is high as the amount of data being sent is large while in
the latter case, the processing energy is increased but the communication energy is
reduced as only the final results in the form of features have to be sent.
In this thesis, new dimensions involving the reduction of energy consumption
in relation to the VSN have been explored and the contributions to this area are
mentioned below.
1.4

MAIN CONTRIBUTIONS

In this thesis, different energy efficient architectures for VSN are explored and
implemented both on software and hardware platforms. For any application, some
vision tasks can be performed at the sensor node while the others at the server. The
vision tasks at the node can be performed on software and/or on hardware
platforms. All these possibilities as well as the effect of vision processing in terms
of energy consumption and cost have been analysed at both the software and
hardware platforms. The energy contribution of different modules, communication
and processing as well as different modes, active and sleep, of the sensor node
have been analysed in order to maximize the lifetime of the sensor node.
The main contribution of this work is listed below.
I.

The architecture of VSN using software platform is proposed after
investigating different processing strategies between the sensor
node and the server. This architecture results in a longer lifetime
when the node sends compressed data to the server after
segmentation.
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1.5

II.

The architecture of VSN using hardware-software platform is
explored and implemented based on partitioning vision tasks
between software, hardware platforms and locality. The FPGA is
used for hardware implementation which has resulted in a high
performance and reduced energy consumption. However it is
necessary to use FPGA architecture with a small sleep power.

III.

The energy consumption and the cost of VSN are analysed for
different strategies on both the software and hardware-software
platforms as well as between senor node and the server. Some of the
strategies with reasonable design time and cost are implemented on
hardware-software platform in order to validate the results.

IV.

The work has been motivated by the need to extend the life time of
VSN to develop a design matrix that find the optimal combination
of hardware, software and server platforms to achieve a long
lifetime requirements.

THESIS OUTLINE

Chapter 1 provides the introduction, chapter 2 covers wireless visual sensor
networks, chapter 3 focuses on the architectures for visual sensor nodes, chapter 4
addresses a case study based on wireless monitoring of industrial machine, chapter
5 discusses visual sensor node, chapter 6 concludes the thesis summary while
chapter 7 presents a paper summary. Papers which are basis for this research work
are listed at the end.
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2

WIRELESS VISUAL SENSOR NETWORKS

Although the focus of this thesis is on exploration of architectures for the VSN,
it is also important to have knowledge of the broader perspective of the field.
Typically, VSN in WVSNs consists of a camera for acquiring images, a processor
for local image processing, battery or an alternative energy source for power, and a
transceiver for communicating the results to the server. Compared to wireless
sensor networks where temperature, pressure, humidity, velocity, and acceleration
sensors measure the scalar data, the wireless visual sensor network produces data
of a 2-dimensional nature which requires much higher processing capabilities and
bandwidth. This results in richer information which results in a higher complexity
for the data processing and analysis [2], [3]. The large amount of data generated by
such system poses serious challenges due to the limited resources in terms of
bandwidth, battery, storage and processing. Thus there is a requirement for local
processing on the node using a suitable processing platform, and sending only
relevant information over a wireless link. The in-node processing will reduce the
communication energy requirements as the data being sent will be reduced but innode processing will increase the processing energy of the node.
In order to have a real-time performance, the smart cameras must be able to
perform processing, be able to make some subsequent intelligent decisions and
provide successful transmission of the data over the wireless link. The energy
consumption and bandwidth are major constraints in WVSNs. The large amount of
data generated by a VSN requires a great deal of energy for processing and
transmission bandwidth as compared to other types of sensor networks [2]. More
on board processing reduces the energy consumption due to communication and
vice versa [7].
The research focus within the field of WVSNs has been based on two different
assumptions, involving either sending data to the server without local processing
or conducting all vision processing locally at the sensor node and transmitting only
the final results. WVSNs can be divided into three categories based on application
requirements [24].
1.

Time driven

2.

Event driven

3.

Query driven

In time driven system, the node periodically sends data to the server or to other
nodes, in an event driven system, the node forwards alerts to the server when an
event occurs and in a query driven system the node collects data only after receipt
of a query from the server. This work is based on a time driven model in which the
camera node sends data after a given duration. The VSNs used for monitoring the
particles in the oil produce large amounts of data which if continuously sent over
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the transmission link could exhaust the energy resources of the node. However, the
local processing can reduce large amounts of data and transmit it over the wireless
link after a regular interval.
2.1

CHARACTERISTIC OF WIRELESS VISUAL SENSOR NETWORKS

Visual sensor networks are unique compared to other sensor networks in many
aspects. Some of the characteristics are discussed below.
2.1.1

Energy, bandwidth and processing requirements

Energy consumption is the main factor in WVSNs as the sensor nodes are either
battery powered or by means of an alternative source of energy. Due to the large
amount of data being captured by a VSN, a significant amount of energy is
consumed by the processing and communication module.
A great concern of WVSNs is the energy consumption during wireless
communication. The transmission protocol used for a scalar sensor network could
not be employed for WVSNs, because in a scalar network it is possible to
compensate for packet loses by means of redundant data transmission as the
amount of data generated by scalar networks is small, but in a visual sensor
network it is impractical to retransmit the data as it required a great deal of energy
and bandwidth resources.
The amount of data can be reduced by processing vision tasks locally at the
sensor node and by sending only the final results in the form of features. In some
applications, it is necessary to send a complete image to the server. This might be
required because of legal bonding, record maintaining, or some other information
that could be of interest to a human operator. In this case, the data can be
compressed on the local node so that the amount of data being sent is reduced.
High compression requires greater computational time which results in greater
processing energy. Many researchers are involved in this area in an attempt to
discover an optimum solution.
In scenarios when multiple sensors are detecting some disturbance in their field
of view, the relevant sensor nodes will start computation and subsequently send
the data to the server or to the neighbour node. This will create a bottleneck in the
bandwidth. Thus there must be some intelligence in the system to remove the
redundancy while sensing data so that no two sensors send information for the
same field of view. Researchers are of the view that, typically, energy consumption
due to communication is greater as compared to that of energy consumption due
to on board processing [7]. The preferred option is preferred to have the maximum
on board computation so that the amount of data being sent over the wireless link
is reduced.
2.1.2

Data storage requirement

The image sensor produces large amounts of data. Some applications must
store the background image in the memory for subtraction and some applications
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may require storing the entire frame for further processing. Saving the entire frame
will increase the memory requirements of the processing platform.
2.1.3 Delay requirement
The WVSNs can be classified into two categories based on the delay
requirements of the applications. The visual node used for industrial control
applications transmits data after a short interval in real time. In this situation, the
visual sensor networks have a minimum delay requirement. Data processing at
the visual node and sending it over the wireless link affects the real time
performance of the sensor network. Due to the limited energy resources and
processing speed of the embedded processors, simple processing algorithms are
easy to implement [2] but with technological developments, it has now become
possible to perform complex image processing.
In some of the applications such as in the monitoring of an industrial machine
or process, the VSN sends data after a long interval and the delay requirements are
not strict.
2.1.4

Self-configuration

The wireless visual sensor networks should be able to configure automatically if
any new VSN is added, moved in the network or any of the nodes are powered
down due to the exhaustion of energy.
2.1.5

Scalability

The networks should be able to be easily adopted by distributed processing
algorithms in order to provide scalable solutions and for the network thus to be
extended to cover a large area. Such networks would offer exciting features
including scalability, self-configuration and easy deployment based on the
distributed processing of visual information.
2.2

WIRELESS VISUAL SENSOR NODE

WVSNs consist of many individual sensor nodes deployed over a large
geographical area. Each sensor node consists of an image sensor, processing
platform, memory, power supply, light source and a radio transceiver as shown in
Figure 2-1.

Figure 2-1. Architecture of wireless visual sensor node

13

The image sensor will capture its field of view while lighting will provide high
signal to noise ratio. VSNs are implemented on a variety of processing platforms
ranging from general purpose processors, digital signal processors through to
FPGAs. The processing platform with sufficient memory requirements will
perform the vision processing. Memory requirement is an important factor in a
visual sensor network as the image processing deals with large amounts of data.
After performing the operation, the node will send data to the server which could
be the final result, in the form of features or compressed data. The sensor node is
powered through a battery or through alternative energy sources.
Different types of visual sensor networks based on the combination of visual
sensors will now be discussed.
2.3

TYPE OF WIRELESS VISUAL SENSOR NETWORKS

Based on the requirements of the application, visual sensor networks can be
either a collection of similar visual sensors or a combination of different visual
sensors.
2.3.1

Homogenous Visual sensor network

A homogenous visual sensor network consists of camera nodes which are
performing similar operations. In a homogenous sensor network all the sensor
nodes have the same functionality which will thus reduce the complexity of the
network. Such a network is shown in Figure 2-2 and it can be deployed to cover a
large area for monitoring as it is simple to deploy and there is no great dependency
on the central node. All sensor nodes have some specific task to perform and after
completion, send data to the server.

Figure 2-2. Homogenous Sensor Network

2.3.2

Heterogeneous visual sensor network

The heterogeneous visual sensor network shown in Figure 2-3 includes
different types of sensor nodes and each of these has different capabilities.
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Although it may provide greater functionality and consume less power in
comparison to that for a homogenous network but it will have increased
complexity. As a simple case, a heterogeneous network can be thought of as a
system in which a small inexpensive, low power sensor such as PIR (Passive
Infrared sensor), a vibration sensor or an acoustic sensor will continuously monitor
the area and when a disturbance occurs in that area, it will activate the main sensor
which could be a camera in order to capture the disturbance. This approach will
greatly reduce the power consumption of the node as the main powerful visual
sensor will be sleeping for the majority of the time. The communication cost can be
reduced by sending scalar data during the time when no disturbance is detected
and when an event is detected, the image sensor will send data. This will reduce
the energy consumption of the system and will increase the lifetime of the network
as a whole. However the complexity of such a network will be increased and it is
more challenging to deploy such a network. The choice of the correct sensor at low
level will greatly affect the reliability of the system.

Figure 2-3. Heterogeneous Sensor Network

More rigorous algorithms must be defined that exploit the presence of multiple
sensors in the network. As a heterogeneous sensor network has a higher
complexity, it is divided into multiple stages. Multitier architectures are becoming
popular solutions in relation to handling complexity in a heterogeneous sensor
network in which the nodes are organized in a number of tiers. One such
architecture is the SenEye [5], which is based on a multi-tier senor network. In this
approach they perform simple tasks by employing resource-constraint, low power
sensors while the more complex tasks are performed by high power sensors. The
energy consumption is reduced by employing an architecture in which power
hungry sensor is sleeping for the majority of the time and is activated by the low
power sensor when required. The authors claim that the architecture not only
achieved significant power reduction but the latency was close to that of the
always-on-single layer (homogenous network) system.
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2.4

PROCESSING IN THE WIRELESS VISUAL SENSOR NETWORK

Data in WVSNs can be processed either on a central computer or locally on each
node locally. In typical central processing, the image sensor sends images to the
server for processing, which is not a practical solution in WVSNs as they have
limited power, bandwidth and storage space.
The visual data collected by the cameras are processed locally and the relevant
data is sent to other nodes or to the central node for further processing.
Communicating large amounts of data over the wireless link consumes more
energy so the data must be processed locally, reducing them to objects or event
descriptions. On board processing includes low level processing which is mostly
pixel based such as filtering, background subtraction, template matching, frame
difference for motion detection or edge detection algorithms as well as high level
image processing such as feature extraction, object classification and event
detection.
The low level processing can offer the sensor node with useful information
about the surroundings. The sensor node can decide intelligently whether further
high level processing is required be performed or whether it should send the
captured data to the server [10], [12]. This requires a high level of intelligence and
is a very significant area of research. In [5] the authors perform three levels of
processing where low level sensors are activating high level sensors. This approach
consumes less energy as the low level sensors are monitoring the area for the
majority of the time.
The processing of local nodes can vary as one node may be processing vision
tasks for control purposes while another is processing in order to monitor any
event. In the former case, the response may be required in real time and it is thus
not desirable to switch off the processing of vision tasks. In such a situation the
initial processing may be performed in order to monitor any event and upon
detection, high level processing is required in order to collect the detailed
information. In the second case, events are monitored after a fixed duration of time
such as particle detection in a flowing liquid and no response is required in real
time. Thus the processing load will be different for different applications. Vision
processing for a particular application can be categorized either in centralised or
distributed form.
2.4.1

Centralized smart camera network

In traditional centralized systems, all cameras send data to a central node where
the relevant information is extracted. As each image sensor produces large
amounts of raw data, the central unit requires high processing capabilities and
power requirements. This generates a great deal of traffic which is not practical to
send over a limited wireless bandwidth facility. A great deal of energy is required
by a digital to analog converter in order to send the data over the wireless link. The
evolution of smart cameras having an on-board processing facility have achieved
much attention as these cameras can perform processing independently and send
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relevant data to the central unit over the wireless link. This greatly reduces the size
of the data. Each camera in central processing performs local processing in order to
extract the relevant information from the raw data and send this to a central node
for decision making purposes. Computation extensive tasks might be distributed
on different nodes while simple tasks and decision making may be conducted on a
central computer. This will be helpful in situations in which a real time response
and low latency is required especially in control applications. In centralized vision
systems, if the number of nodes increases, the communication and processing
requirements will also increase. Typical architecture for centralised processing is
given in Figure 2-4.

Figure 2-4 Centralized processing

2.4.2 Distributed smart camera network
The existing camera setup used for security and surveillance have no
limitations on storage and bandwidth as they transmit data over wired links to a
central node where it is retrieved for later use. This setup cannot be installed for
applications in which there is a constraint in relation to energy and storage space.
The major difference of a wireless visual network from a general vision system is
the distributed processing strategy which enables the system to deploy cameras
using a wireless network. With distributed processing, a large area could be
covered for monitoring as it is easily possible to scale the system. Distributed
processing provides greater coverage of an area and it solves the problem of view
obstruction. Based on information sharing, distributed processing can take better
decisions. In distributed processing, sensor nodes can collaborate with each other
and exchange information with each other. Individual sensor nodes could share
their resources if the task is a computationally extensive as each node has a limited
computational capability but this requires there to be a certain amount of
intelligence in the system. In future, it is expected that some of the nodes will act as
a centre for other nodes which will collect data from other sensor nodes, process it
and forward it to a server after applying some data fusion algorithms so that
redundant data is not sent. However, having multiple nodes for data fusion could
affect the data latency in the network. Thus it is necessary to explore the scenario in
which data fusion should be performed in order to have minimum latency [2]. In
situations where multiple cameras must make a decision against an event, there
has to be time synchronization so that all the camera nodes point to the same
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event. Typical architecture for distributed processing is given in Figure 2-5. Based
on the requirements of the application, any of the processing architectures can be
chosen.

Figure 2-5 Distributed processing

There are various challenges in relation to distributed processing. Some of these
are discussed below.
a)

Reliability in distributed processing

Reliability in a distributed system is crucial for applications as sometime if one
of the sensor nodes is powered down, the result would be the failure of the entire
system. The individual node could inform the other with regards to its status so if
one is powered down, the others nearby could receive information.
b) Collaboration in distributed System
If resources of one sensor node are insufficient to process the task, then the
other nodes must be informed so that they can perform some of its processing.
When a system with distributed processing is deployed, they could inform each
other so that no two nodes are performing the same task. Each visual node has to
collaborate with others in order to have information regarding their position and
orientation [13]. Collaboration among various sensor nodes becomes more
challenging when sensor nodes are required to make group decisions. In such
situations, it is necessary to have an efficient communication mechanism so that
events in multiple cameras can be correctly correlated.
c)

Calibration of sensor nodes

A great deal of research is being conducted into automatic camera calibration
[14]. The VSN calibration can be either centralized or in a distributed manner. The
former approach is based on a calibration algorithm run at a central node in order
to determine the position of each camera. This approach can create a lot of traffic
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which consumes much energy and secondly, a failure of the centralized node leads
to the failure of the entire system.
The nodes in a distributed method will calibrate themselves automatically
without the assistance of the central node. The calibration based on a distributed
method has greater reliability.
d) Data fusion to remove data redundancy
The current trends in visual sensor networks are changing from a centralized
network to a distributed processing network. Large distributed processing visual
sensor networks require efficient and scalable data fusion approaches that can infer
events and activities occurring in the visual domain of the network. The data
fusion could be performed on events with multiple views or it can be performed
across time and across feature levels. This approach has several benefits as in
distributed processing, it is necessary to check the redundancy in the data. When
information is processed by each node, checking as to whether two nodes have
similar information must be performed so that not all the same information is sent
over the wireless link. Some data fusion algorithms must be applied so that same
data is not transmitted by more than one node. In this way, the bandwidth is
efficiently utilized. This will save energy consumption due to the communication
process. Data fusion could be performed on one of the sensor nodes which will
then transfer the data to the server. There are several trade-offs in distributed
processing and there must therefore be a balance between the on-board processing,
communication cost and latency issues. To meet these challenges, spatial-temporal
data fusion algorithms must be developed.
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3

ARCHITECTURES FOR VISUAL SENSOR NODES

Wireless visual sensor networks have been designed and implemented on
micro-controllers, microprocessors and on hardware platforms. At this point the
discussion will be on the various smart camera nodes that have been developed
specifically for WVSNs.
3.1
3.1.1

VISUAL SENSOR NODE ON SOFTWARE PLATFORM
Light-weight camera

In [9] a lightweight camera sensor network approach is proposed which
operates on symbolic information rather than on images. The work of the authors
is in relation to the development of biological-inspired image sensors which are
specialized in obtaining useful information with regards to the event. This will
reduce the processing, bandwidth and power supply requirements. Additionally
the output is in the form of an address event stream which will solve the privacy
problems that cause people feel uncomfortable. Instead of sending raw data, the
node sends symbols that summarize the motion activity. The platform consists of
an iMote2 node made by Intel connected to a custom camera board. The iMote2
consists of an XScale processor (PXA271) which is dynamically scalable for low
power consumption, 32 MB external SDRAM, 32 MB flash and 32 KB of integrated
SRAM. The iMote2 also includes a 2 GHz 802.15.4 radio link from Chipcon.
Currently, personal computer (PC) is involved for some part of their work which is
both power consuming and expensive.
3.1.2

SensEye

SensEye is a multi-tier of heterogeneous wireless nodes and cameras which
aims at low power, low latency detection and low latency wakeup [5]. In this
approach low power elements are used to wakeup high power elements. Resourceconstraint, low power sensors are used to perform simple tasks while high power
sensors conduct more complex tasks. For example, during motion detection a PID
(passive infrared detector) can be used to monitor the area for the majority of the
time which consumes less energy. When an object is detected, it will trigger the
high resolution camera to capture the more detailed picture of the scene. This
approach will best utilize the energy consumption of the system as simple tasks
would consume less energy. In a single tier approach an equal amount of energy is
consumed on simple and more complex tasks.
SensEye has a three tier architecture. Tier 1, the lowest tier has a 900MHz radio
link and low power cameras such as Cyclops [18] or CMUcam. The second
SensEye tier has a stargate node equipped with web-cams. Each stargate is
equipped with an embedded 400 MHz Xscale processor that runs Linux and webcams. Each tier2 node consists of two radios. One radio 802.11 is used by the
stargate node in order to communicate with each other and another radio, the 900
MHz is used to communicate with motes in tier1. The tier 3 is composed of high
resolution pan-tilt-zoom cameras connected to an embedded PC.
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3.1.3

Stanford’s MeshEye

The Stanford’s MeshEye Sensor node [40] uses two kilopixel imagers for low
resolution images and one high resolution camera module for detailed object
snapshots. One of the kilopixel imagers constantly monitors objects entering the
field of view. When an object is detected, the second low resolution image sensor is
activated and it computes the location and size of the object based on stereo vision.
Subsequently, high resolution camera is triggered to capture a high resolution gray
or colour region of interest including only the detected object. It is claimed that
Stanford’s MeshEye Mote quantifies the reduction in energy consumption through
the usage of hybrid-resolution vision system. Energy consumption can be reduced
only when there is no object since the high resolution camera will be in sleep mode.
Energy consumption in a visual sensor network varies for different applications
and for different scenarios. The hybrid vision is computationally more efficient and
consumes less energy for smaller objects within its field of view [2]. The Hybrid
vision system would suffer from calibration as variations in optics and alignment
in image sensors would cause problem in object detection in the initial phase.
Considering the case of MeshEye, if there is any variation in the left and right
kilopixel imagers, the left camera would continuously poll for the detection of an
object and the right kilopixel imager would not have the correct template to locate
the object’s position. This will retain the left kilopixel imager in a loop unless the
right kilopixel imager establishes a positive template match.
3.1.4

CMUcam3

CMUcam3 [19] was presented by Carnegie Mellon University in 2007. It was a
low-cost, open source embedded vision platform which consists of a colour CMOS
camera, a 1 MB frame buffer and a 32 bit ARM7TDMI (NXP LPC2106 with 60
MHZ processor, 64 KiB of RAM and 128 KiB of flash) micro-controller. The camera
uses a Zigbee module for communication. The authors developed their own
optimized C library. Power consumption is low as it consumes 500mW power
when CPU, camera, and FIFO are fully active. In the idle state it consumes 25uW.
The bottleneck in the CMUcam3 is based on the limited RAM and less computation
speed, which is not sufficient for complex vision tasks.
3.1.5

FireFly Mosaic

The FireFly Mosaic [10] wireless camera consists of a wireless sensor platform, a
FireFly node together with a CMUcam3 [19]. It uses a real-time distributed image
processing infrastructure with a collision free TDMA based communication
protocol. The FireFly Mosaic was able to handle multiple cameras performing local
processing. The FireFly is a low-cost, low power sensor platform that uses a NanoRK [19] real time operating system and supports an expansion board for light,
temperature and battery-voltage level sensing capabilities. However, as has
previously been discussed that the CMUcam3 has limited RAM and less
computation speed.
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3.1.6

CITRIC

In [6] the authors presented a camera for a heterogeneous sensor network
performing in-network processing which reduces the communication costs. The
system performs local on board processing after which compressed data is sent
over a wireless link. CITRIC is a platform which consists of a 1.3 megapixel
camera, 64 MB RAM, 16 MB Flash, frequency scalable CPU (upto 624 MHz) and 2.4
GHz IEEE 802.15.4 protocol for communication which makes it easy to integrate it
with existing heterogeneous networks. The authors choose general purpose
processors with embedded Linux for their prototyping as they used C/C++ and
OpenCV [21]. However, using an Intel Integrated Performance Primitives (IPP)
library will not always provide a better performance as the background subtraction
operation with IPP takes 0.21 sec while the non-IPP background subtraction they
have developed takes 0.13 sec. The IPP library is not optimized for a particular
processor.
3.1.7

WiCa

Video processing has feature of data-level parallelism which can be exploited in
order to achieve the required level of performance. The authors in [42] have
exploited data-level parallelism in building a power-efficient, fully programmable
IC called Xetal-II, a massively parallel SIMD (single instruction multiple data) with
320 processing elements. The wireless smart camera consists of one or two VGA
colour camera sensors, a SIMD processor for low level image processing, a general
purpose processor for intermediate and high level processing and a control and a
Zigbee transmitter. Dual port RAMs are used to couple both processors which are
power hungry devices.
3.1.8 DSPcam
DSPcam [22] consists of a blackfin Processor with 32MB SDRAM and 4MB
Flash, CMOS image sensor and 802.11 b/g communication module which
communicates over multiple hops to form a mesh network. An open source image
processing library called camellia [23] is ported to DSPcam. It also integrates with
Firefly which uses IEEE 802.15.4 based wireless communication. Each camera node
performs local processing to detect the event and will annotate the video stream
for the operator as the information is sent to the single point, operator observation
station in the network.
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3.2

VISUAL SENSOR NODE ON HARDWARE/SOFTWARE PLATFORM

Wireless visual sensor networks have been designed and implemented on
micro-controllers and microprocessors [5] [6][7][9][10][13][19][22] and [42].
Often, software solutions have high power requirements and moderate
processing capabilities which is quite inefficient for the early stages of vision
processing when large amounts of raw data are processed. It is also the case that
the power consumption is increased when the memory is repeatedly being
accessed for vision tasks. On the other hand, with software based solutions, it is
easy to be assured of the correctness of the code and the system performance
through simulations in the software. Moreover, there are many mature vision
processing libraries available for implementation.
Hardware solutions such as Application Specific Integrated Circuits (ASICs)
often provide the best performance and low power consumption for a dedicated
application but the design time and nonrecurring engineering (NRE) costs may be
very high. In addition, the design lacks flexibility for future changes [27]. The
design of one particular application cannot be altered for another application or for
future changes.
With the advancement in technologies, reconfigurable platforms are at
competitive levels of performance while still having the flexibly for future design
changes. Currently FPGAs consist of many cores which make them the ideal
candidate for vision processing operation. The pros and cons of FPGA technology
and its suitability for computer vision tasks are discussed in detail in [28]. The
designing of real-time embedded systems can be subject to many different kinds of
constraints such as low energy consumption, compact size, light weight, high
reliability, and low cost [36].
In [29] the authors presented a low cost, low power and reconfigurable
architecture for wireless VSNs. They used a system on a programmable chip which
includes an FPGA and Nios II micro-controller unit. An external SRAM is added to
provide the necessary memory resources for computation. For wireless
communication, a Nordic 2.4 GHz nRF24L01 transceiver is used which has a
sample interface to the Nios II MCU. The FPGA acquires the images from a CMOS
camera and performs a JPEG image compression scheme on the data while the
Nios II is used to configure the internal registers of the nRF24L01 transceiver. It
also manages the system operation performed on the FPGA.
The authors in [30] have implemented a computer vision algorithm in
hardware. They have provided a comparison of hardware and a software
implemented system using the same algorithm. They concluded that the hardware
implemented system achieved a superior performance, which is an obvious result,
but they did not discuss the hardware design time and effort, which is normally
very high compared to the software implementation.
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A visual based sensor network for health care hygiene is implemented in [31].
The system consisted of a low resolution CMOS image sensor and FPGA processor
which are integrated with a microcontroller and a Zigbee standard wireless
transceiver. The node captures and processes the images, checks whether the hand
washing procedure has been successfully undertaken and then sends the data over
the wireless link to gateway node for record storage.
In [32] an image sensor node is presented which includes SAMSUNG’s
S3C44BOX embedded processor, a memory, a CMOS image sensor, FPGA,
Chipcon’s CC1000 as RF module and power unit. The FPGA is used for the
implementation of vision tasks such as image acquisition, compression and
processing circuits but they did not provide the experimental verification
regarding the power consumption reduction in presence of an embedded
processor.
The authors in [33] have proposed a wireless video node, MicrelEye for
cooperative video processing applications. The node has a low-cost VGA CMOS
image sensor, a reconfigurable processing platform (FPGA) together with a microcontroller and SRAM. For wireless communication a bluetooth is used but for
many applications the bluetooth is not a suitable choice for communication due to
its shorter range and high power consumption.
3.3

THE AUTHOR’S RESEARCH FOCUS

Many researchers have focused on minimizing the energy consumption of a
VSN in order to prolong the lifetime of the visual sensor network [34]. Efficient on
board vision processing will reduce the energy consumption. One approach is to
perform all the vision processing at the sensor nodes and send only the final results
in the form of features. In this case the communication cost is much lower but the
computational cost is high because the sensor node is performing operations for a
longer time. This will exhaust the energy consumption of the sensor node when
complex vision processing is repeatedly performed. Power consumption is a
critical factor, as sensor nodes are battery powered or by means of an alternative
energy source. Therefore the focus of researchers is on minimizing the power
consumption in order to maximize the lifetime of the sensor node.
The research focus in this thesis is based on the exploration of energy efficient
architectures for the VSN by partitioning vision tasks between the VSN and the
server as well as between software and hardware platforms.
For any application, it is possible to perform some of the vision processing at
the sensor node, send the compressed data to the server and then perform the
remainder of the vision tasks at the server. By doing this, the processing burden of
complex vision tasks is shifted from the sensor node to the server. Similarly, it is
also possible, at the sensor node, for some of the vision tasks to be performed on
the software platform and some on hardware platform.
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In this thesis, the focus is on the exploration of reconfigurable architectures for
VSNs where all possible combinations of vision processing tasks are investigated
on the sensor node, server and on different computational platforms in order to
minimize the energy requirements so that lifetime of node is prolonged.
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4

CASE STUDY – WIRELESS MONITORING OF INDUSTRIAL MACHINE

Wireless sensor networks can be deployed in many industrial systems such as
in the bearings of motors, oil pumps, heart whirring engines and vibration sensors
on crates [37]. Similarly, one of the areas could be the failure of a warning system
for hydraulic motors in which smart cameras would continuously monitor the
machine and will notify the user of any failure.
The industries are concerned for the continuous operation of the machinery
while still possessing the ability to monitor the condition of the machine. There are
significant costs to be borne by industry in relation to the monitoring of machines
as they are required to be stopped and be checked by an expert in relation to the
quality of the output. The goal in this case is to present a battery or alternative
energy source operated vision sensor solution for the monitoring of a system
which would perform local processing with the minimum energy consumption
and which would send compressed data over a wireless link to the server.
Wireless solutions have many advantages such as minimizing the system and
infrastructure costs as well as the maintenance costs. The system would also have
greater flexibility of mobility which is particularly useful for applications in which
device under monitoring is frequently moved from its original location.
The experimental setup used for this thesis work will now be discussed.
4.1

EXPERIMENTAL SETUP

After a certain amount of time the hydraulic systems used in industry can
become worn out. The failure of hydraulic motors can be predicted by means of
detection of magnetic particles in the oil. At present time, this is monitored
manually, which means that the possibility to detect a failure is both difficult and
expensive. The machines are frequently checked by a team of experts and the
entire system has to be stopped by the engineers in order to check the oil quality
and to determine whether any of the magnetic particles have detached from the
engine. This checking process must be repeated many times until particles are
found after which the engine is replaced. Stopping the machine for inspection also
reduced the production rate in addition to the labour and time costs involved.
If the smart cameras detect particles in the fluids flowing in the hydraulic
machine and send data to the user over the wireless link, then this would be
entirely new scenario for the manufacturers of hydraulic motors. The oil quality
can be checked automatically without the need to stop the machine by installing
the smart cameras which are able to detect magnetic particles and subsequently
pass on the information regarding replacement of the machine. Thus there is no
requirement to stop the machinery which, in turn, will reduce costs and will
increase the productivity of the machine.
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The aim in this work is to present and implement an optical magnetic particle
detection system in which the main task is to develop image processing/analysis
methods that can discover particles in the oil and can also measure their sizes and
send the features’ information to the user. The achievement of low energy for a
battery powered wireless solution is a research challenge. An experimental optical
measurement setup having a hydraulic system with flowing oil, polluted with
particles is shown in Figure 4-1. Other essential parts of the setup are the image
sensor, light to provide sufficient signal to noise ratio, processing platforms,
battery and a wireless transceiver.

Figure 4-1. Measurement setup for oil particles

To measure the particles in the setup, two fine-tuned algorithms have been
developed for VSN. The two algorithms are a pixel based algorithm and an object
based algorithm. Both algorithms are first simulated in MATLAB and then
evaluated on software and hardware platforms.
Figure 4-2 shows the flow of pixel based algorithm while Figure 4-3 shows the
flow of object based method.

Figure 4-2.Flow of Pixel based method to measure particles
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Figure 4-3.Flow of Object based method to measure particles

The following is a detailed discussion of the vision tasks for detecting magnetic
particles in a flowing liquid.
4.1.1

Image capture

A CMOS active-pixel digital image sensor (MT9V032) from Miron is used in
this work for image capturing. Most cameras use CCD or CMOS image sensor but
the CMOS normally has a low power consumption, smaller area and faster
operation. The MT9V032 is designed to support the demanding interior and
exterior surveillance imaging requirements, which makes it an ideal candidate for
a wide variety of imaging applications in real-world environments. The sensor can
be operated in its default mode or it can be programmed for frame size, exposure,
gain setting, and other parameters. The default mode, outputs a wide-VGA size
image at 60 frames per second (fps) with a resolution of 752Hx480V, having a
frequency of 26.6 MHz [44].
For this particular application, the camera is programmed through an I2C
interface for a resolution of 640x400, running at a frequency of 13.5 MHz. Figure
4-4 (a) shows the signals of one frame from the CMOS camera which is used for
this work. The frame sync is high for the whole frame, the line sync is high for each
row and then low for a given duration (32 pixels). Figure 4-4 (b) shows different
frames of the camera, forming a video stream.
4.1.2

Background subtraction

In an object based method, the background is generated in real time using a
spatial filter which is an averaging filter of 21x21 masks. An averaging filter with a
mask of 21x21 used for background generation was taking 5 minutes on the
software platform, which is not realistic for the implementation of the VSN.
Instead of this approach, it was preferred to store the background image in the
flash memory. Background image is then subtracted from the current frame in
order to detect objects which could be magnetic particles or some flowing bubbles.
4.1.3

Segmentation

The process of spatial partitioning of an image into mutually exclusive
connected image regions is known as image segmentation [35]. Typical
segmentation algorithms are thresholding and clustering, boundary detection and
region growing. Thresholding has been used in this application as the objects that
need to be detected are white and the background is relatively black. All pixels
having a grey scale value less than a pre-defined threshold are assigned a zero
value and the remaining pixels in the image are assigned a value of one.
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(a)

Image x

Image x+1

Image x +2

(b)
Figure 4-4. Video processing system

The resulting image after segmentation is a binary image having value of 1 or 0
for all pixels.
4.1.4

Morphology

After segmentation, a morphological operation is performed in order to remove
one to two pixel false objects. The morphology operation used in this algorithm is
erosion followed by dilation with a mask of 3x3. During erosion and dilation, two
complete rows must be stored in line buffers so that the neighbourhood
information for the operation is available. Morphology is a spatial domain image
processing operation which requires neighbourhood processing where values of a
group of pixels in an input image are required to compute only one pixel in the
output image. This type of processing requires a processing mask or kernel which
defines the operation. Figure 4-5 (B) shows the memory architecture that provides
the necessary storage of the previous pixel values in order to facilitate the sliding
window shown in Figure 4-5 (A). The line buffers must hold the pixels in a row. In
the figure, Pij represents the pixel data at the i-th row and j-th column in the
neighbourhood. The size of each element in this buffer depends on the dynamic
range of the pixel.
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Figure 4-5. Part A) shows 3x3 neighbourhoods processing, Part B) shows its
implementation using line buffers

4.1.5

Bubble Remover

In the object based method, bubbles as well as particles are treated as objects at
the initial stage and the bubbles are removed after the classification stage. Bubbles
can be removed by comparing the area and location of objects in the current frame
with the area and location of objects from the previous frame. Objects whose area
and location are not same will be treated as bubbles and hence removed. The
challenge associated with this method is that, sometimes, due to changes in the
illumination, the area of the object could be decreased or increased in consecutive
frames and that magnetic particles might be treated as bubbles. This challenge has
been dealt with by introducing a flexibility of one to three pixel variations in the
area and location of objects in consecutive frames.
In the pixel based method, bubbles are removed after morphology. Bubbles can
be identified as moving objects, so if an object changes its location in two
consecutive frames, this confirms that it is a bubble. The corresponding pixels in
two consecutive frames are compared to check the binary values, if the values are
not same, zeros are placed at these pixel locations to remove the bubbles. For
bubble removing in the pixel based method, the entire previous frame must be
stored with binary data so that current frame data is compared with the stored
frame.
4.1.6

Labelling and Features Extraction

During labelling, pixels belonging to the same image component are assigned a
unique label. A search is conducted of the entire binary pixel array for white pixels,
ignoring the black pixels as black pixels represent the background. The separate
connected regions of pixels having value of 1 are assigned a unique label. Each
connected region will have a different label. In the hardware implementation,
architecture has been used which performs real time component labelling [43].
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(a) Original Image

(b) Background

(c) a subtracted from b

(d) Binary image

(e) Morphology

(f) Labelling and
classification

Figure 4-6.Image at each Algorithm step

At feature extraction, an image component is described in terms of region
features such as area, mean grey value or position. This feature information can
then be used for the classification of image components. Figure 4-6 shows the
images after each vision operation on the software platform. The current frame is
subtracted from the background image shown in Figure 4-6 (c) and then
segmentation is performed on this as shown in Figure 4-6 (d) followed by
morphology to remove 1 to 2 pixel objects shown by (e). In (f) objects are labelled.
After labelling areas and centre of gravity of objects are calculated.
The challenges encountered during the development of object based vision
processing method are now discussed.
4.1.7 Challenges
One of the challenges associated with vision processing for this specific
application is, that sometimes due to changes in the illumination, the area and
location of the objects could be decreased or increased in consecutive frames
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shown in Figure 4-7 and that magnetic particles might be treated as bubbles. The
particle in Figure 4-7 (a) has changed its area and location in b, c, and d due to
illumination or due to noise. The noise can be termed as overlapping bubbles over
an object. This challenge is handled by introducing a flexibility of one to three pixel
variations in the area and location of objects in consecutive frames. Sometimes,
lights from the environment will affect the results. In frame2, of Figure 4-8
illumination from the outside environment is visible (in the circle) when the
experiments were being conducted. This may affect the visibility of the particles if
it falls directly onto the particles.

(a)

(b)

(c)

(d)

Figure 4-7. Changes in area and location of particle

Similarly, lighting effect has changed the visibility of the objects in Figure 4-9. A
good lighting source which has a constant effect is necessary in order to achieve a
high signal to noise ratio. One of the other challenges involves the removal of the
bubbles from the setup but this will only occurs once and if a few bubbles remain,
they will be removed using the algorithm. Frame1 in Figure 4-10 shows bubbles in
the oil flowing in the machine which if not removed, will make particle detection
difficult. The image after the removal of the bubbles is shown in Frame2 of Figure
4-10.
Image compression is an important vision task in this system as sending
compressed data over the wireless link will reduce the energy consumption of the
visual node. A brief description of image compression is now provided.
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Frame2

Frame1

Figure 4-8. Frames showing illumination problem

Frame1

Frame2

Figure 4-9. Frames with different illumination

Frame1

Frame2

Figure 4-10. Frames showing bubbles
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4.1.8

Image Compression

Sending large amount of data over a wireless link consume a great deal of
energy so it is necessary to investigate methods that reduce the amount of data.
Amount of data can be reduced by sending compressed data over the wireless link
or sending only features. This will reduce the energy consumption by the
communication module. Compression algorithms are divided into two categories
lossless and lossy. Lossless compression is used for compressing data which when
retrieved will be an exact copy of the original data and there is no data loss. It is
normally used when binary data such as technical drawing, comics, medical
images and other important documents must be compressed so that they are
exactly reproduced. On the other hand, lossy compression is used for an
application where an approximated image is acceptable such as a natural image. In
this thesis, TIFF group4 compression is used which is a lossless compression
scheme. TIFF “Tagged Image File Format" is a flexible file format which holds the
image in a single file and supports various compression algorithms. TIFF can hold
lossy compressed image such as a JPEG and lossless group4 compression schemes.
Some of compression schemes which TIFF can support are mentioned below.


LZW (Lempel-Ziv-Welch), popular for color and grayscale images



JPEG



ZIP



PackBits



CCITT group4, group3-2D and group3-1D and Huffman run length
encoding. (for black and white)

Since the data available after segmentation is in a binary form, the TIFF group4
compression scheme is selected. The group4 compression also provides better
compression ratios compared to other schemes. In this case, The TIFF group4
compression could be performed after segmentation, morphology or bubble
remover.
The TIFF group4 coding scheme uses a two-dimensional line-by-line coding
method in which the position of each changing picture element rather than
alternating white and black runs in each scan line is considered. In this way
vertical features in the source image can be used to achieve better compression
ratios. The position of each changing picture element on the current coding line is
coded with respect to the position of a corresponding reference picture element
situated on either the coding line or the reference line which is immediately above
the coding line. The changing picture element is when the colour (black and white)
of the pixel element is different to that of the other previous element along the
same scan line. After the coding line has been coded, it becomes the reference line
for the next coding line [36]. In Figure 4-11 each pixel position is described as,
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a0 : Reference or starting pixel on the coding line.



a1 : First changing pixel to the right of a0 on the coding line.



a2 : The next changing pixel to the right of a1 on the coding line.



b1 : First changing pixel to the right of a0 on the reference line and
opposite colour of a0.



b2 : the next changing pixel to the right of b1 on the reference line.

Figure 4-11.Changing picture elements

There are three modes to encode the data using group4 compression schemes.


Pass mode



Vertical mode



Horizontal mode

The pass mode is depicted in Figure 4-12 and is identified when b2 lies on the
left of the a1, the vertical mode is represented in Figure 4-13 and is identified when
b1 occurs within a three pixel position to a1 on either side, while the horizontal
mode is recognized when the pixel position of a1 and b1 have a distance greater
than three, shown in Figure 4-14. The coding procedure is discussed in detail in
[36].
In this design, the three line buffers are used to implement the TIFF group4
compression scheme. Two line buffers are used to store the reference line and
coding line and the third line buffer is used for saving the current row data. When
data is saved, the saved line becomes the coding line and the previous coding line
becomes the reference line while the previous reference line becomes the saving
line for the coming row and is overwritten with new pixel data. Using TIFF group4
compression, data is reduced to a few hundred bytes which reduced the amount of
data being sent over the wireless link. Sending small amount of data over the
wireless link will result in reduced communication energy.
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The basic of TIFF image format is now discussed. When compressed data is
received on the receiving side, the related header fields are added so that the file
can be opened in the imaging software. By adding header information, the image
file can be opened in any image software without the necessity for a decoding part.
In a TIFF image, the first eight bytes shown in Figure 4-15 are header information.

Figure 4-12.Pass mode

Figure 4-13.Vertical mode

Figure 4-14.Horizontal mode

In these eight bytes, the first two bytes provide information as to whether it is
Little Endian or Big Endian. Any good image reading software would handle both
cases. The next two bytes are 002A. After this, the four bytes of the header are the
offset from the start of the file to the first image file directory (IFD). OE in Figure
4-15 shows that the first IFD will start after byte fourteen. After fourteenth byte,
the first two bytes provide the information that there are six (0x00 0x06) IFD
entries. The IFD is the image file directory where each IFD entry consists of twelve
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bytes. Each IFD is terminated by a four byte offset to the next IFD or the actual
values. The first IFD is represented by 0100 (Yellow colour) in which the first two
bytes (0x01 0x00) identify the TAG type such as the image width. The next two
bytes are the field type (Byte, ASCII, Short int, Long int). The following four bytes
indicate the number of values and the last 4 bytes are the actual values or the offset
to where the values are stored. In this case 0x00 0x05 0x00 0x00 shows that the
image width is 5.
Here are the necessary IFD directories required for the TIFF image
0100  Image Width
0101  Image Length
0102  Bits per Pixel (8)
0103  Compression Method (4 for fax4, 1 uncompressed)
0106  photometric interpretation (1 for black, 0 for white, 2 for RGB)
0111  Strip offset

4D 4D 00 2A 00 00 00 0E 82 5E 38 00
80 08 00 06 01 00 00 03 00 00 00 01
00 05 00 00 01 01 00 03 00 00 00 01
00 05 00 00 01 02 00 03 00 00 00 01
00 01 00 00 01 03 00 03 00 00 00 01
00 04 00 00 01 06 00 03 00 00 00 01
00 01 00 00 01 11 00 04 00 00 00 01
00 00 00 08 00 00 00 00
(b)

(a)
Figure 4-15. TIFF image format

Figure 4-15 (b) is the resultant image of the code shown in Figure 4-15 (a) with a
resolution of 5x5. The image is zoomed in order to provide clear visibility. Without
compression its size is 1.19KB and after compressing with group4 compression
scheme, the size is reduced to 92 bytes.
The final result or compressed data is transmitted to the server over a wireless
link so a brief discussion of communication module is given here.
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4.1.9

Communication

There are many wireless standards that provide flexible wireless
communication such as RFID (Radio-frequency identification), Bluetooth,
Bluetooth ULP (Ultra low power, known as Wibree), Zigbee, IrDA (Infrared Data
Association) and high-speed communication technologies based on Ultra Wide
Band (UWB) radio. RFID, Bluetooth and UWB are suitable for applications with
short-range requirements, typically within a range of less than 10 meters. For
industrial and infrastructure applications, the radio range could be up to a
hundred meters. The power consumption is also a critical factor in such
applications as sensors are battery powered. In such applications, radio
technologies are usually based on IEEE 802.15.4 standards and Zigbee protocol
[41].
In this work, a CC2520 RF transceiver is selected which is embedded in the
SENTIO32, a wireless sensor platform developed at Mid Sweden University. The
CC2520 RF transceiver is typically controlled by a micro-controller connected to
the SPI. The CC2520 provides hardware support for frame handling, data buffering
and burst transmission and has a 128 byte transmit data FIFO. The CC2520 RF
transceiver is compliant with the IEEE 802.15.4 standard and it aims to provide low
power and low rate networking solutions for applications such as industrial
control and monitoring [38].
The IEEE 802.15.4 is a low rate wireless personal area network standard.
ZigBee, is an alliance of 25 companies joined by an IEEE 802.15.4 committee in
order to provide low cost and low power wireless connectivity. ZigBee, which is
the commercial name of IEEE 802.15.4, is useful for equipment which requires a
longer battery life but it has a reduced data transfer rate. IEEE 802.15.4 compliant
devices are expected to transmit data within a radius of 10-75 meters and operate
in the unlicensed radio frequency worldwide (2.4 GHz global, 915 MHz America
and 868 MHz in Europe). The European 868 MHz band provides a data transfer
rate of 20 kbps, the American 915 MHz band gives 40kbps while the industrial and
scientific (ISM) 2.4 GHz band produces a data rate of 250kbps due to a higher
modulation scheme.

Figure 4-16. IEEE 802.15.4 packet structure
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Both IEEE 802.15.4 and Zigbee are working to specify the entire protocol stack.
IEEE 802.15.4 focuses on the specification of the lower layers of protocol such as a
physical and data link layer while the Zigbee alliance is focusing on the upper
layers (network to application layer) of the protocol stack. The packet structure of
802.15.4 is shown in Figure 4-16. The physical (PHY) packet fields has a preamble
of 32 bits for synchronization, the start of a packet delimiter of eight bits to signify
the end of pre-amble , PHY header of eight bits to specify the length of the
Physical layer Service Data Unit (PSDU) while the PSDU ( ≤ 127 bytes ) represents
the PHY layer payload.
Based on the case study, the aim in this case was to present a battery or
alternative energy powered VSN for the magnetic particle detection system. The
sensor node would perform local processing with the minimum energy
consumption and will send compressed data over the wireless link or the final
results in the form of features.
At this stage, the algorithms for particle detection on the software and
hardware platforms are mature. The next step involved discovering architectures
for VSNs based on the optimum point of processing between the sensor node and
the server. In addition to this, the partitioning of the vision tasks on the software
and hardware platform is also analysed. The sensor node with these characteristic
is then implemented on the reconfigurable platform with small sleep power
consumption in combination with micro-controller.
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5

STUDY OF ARCHITECTURES FOR VISUAL SENSOR NODE

The research focus within the field of WVSNs has been based on two different
assumptions, involving either the sending of data to the server without local
processing or conducting all the processing locally at the sensor node and
transmitting only the final results. Sending data without local processing implies
that more data is sent which will result in the higher communication energy.
Similarly, performing all vision processing tasks on the sensor node and sending
only the final results implies that a large amount of processing energy is required.
Different software and hardware solutions are proposed for the implementation
of the VSN. Some of the related work is discussed in chapter 3. The focus in this
work was in determining a balance between the communication and computation
energies of the sensor node so that the energy consumption of the node is reduced
as this has a significant influence on the lifetime of the node.
For any vision application, some of the vision tasks can be performed at the
sensor node, data can be sent to the server over the wireless link and then the
remaining can be performed at the server. By performing less vision tasks on the
sensor node, the energy consumption of the processing module will be small but
the communication module will consume a great deal of energy, as at this stage, a
large amount of data is communicated. This scenario is shown in Figure 5-1. To
reduce the data, either some image processing operations may be required to
extract the relevant information or to perform some compression schemes. By
performing more vision tasks at the VSN so that data is reduced for
communication, the energy consumption due to the communication will be
reduced but the processing energy will be increased. Thus there is trade-off and
the focus in this case is in determining an optimal point of processing in this
situation as shown in Figure 5-1.

Figure 5-1.Relation between communication and processing energy

VSN is first developed on software platform. On software platform, different
solutions, based on partitioning tasks between the sensor node and the server, are
explored to minimize the energy consumption of the node. The effect of image
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contents on the execution time is analysed. Moreover, life time of the sensor node
is predicted for different processing strategies.
After software solution, hardware-software solution is explored for the same
problem. It is observed that introduction of hardware improve the results. In order
to validate the results, the VSN is then implemented on the hardware-software
platform and analysis is performed on the measured energy values.
Here different architectures of sensor node are presented based on partitioning
tasks between the sensor node and the server as well as partitioning tasks on the
hardware and software platforms.
5.1

ARCHITECTURE ON SOFTWARE PLATFORM

Sensor node is first implemented on software platform namely the SENTIO32
which is 32 bit micro-controller and which has been discussed in detail in chapter
1. The vision tasks analysed on the software platform are image capture,
background subtraction, segmentation, morphology, labelling, feature extraction
and TIFF group4 compression.
The image contents may affect the execution time of each vision task which in
turn affects the energy consumption. Some of the vision tasks are complicated;
require more processing time and energy but it depends on the input stimuli also.
Here in this work, firstly the effect of contents of the image on execution time is
analysed for each vision task on the software platform. After this, other parameters
of VSN are explored. As discussed, execution time has an effect on the energy
consumption of each vision task so detail discussion is given below.
5.1.1

Execution time of vision tasks

The execution time of each algorithmic step is calculated to investigate the effect
of the contents of the image such as the number of objects in the image, image size
and object size on the execution time. The execution time of all vision tasks
discussed in section 4.1 have been calculated on the SENTIO32.
In order to perform the vision processing on the SENTIO32 platform, the input
images are accessed from a flash card which provides sufficient storage the facility
to store images for this application. The execution time on the SENTIO32 platform
is calculated by sending a high signal on one of the output pins at the initiation of
vision processing task and this is then made low at the completion of the task.
During this operation, a time stamp was recorded using a logic analyser. The effect
of the execution time for the individual vision tasks with the images when the
object sizes, image size or number of objects are changed is now shown.
a) Changing object size
The effect of changing the object size on the execution time will firstly be
analysed. The object sizes are increased at a fixed ratio and then its effect are
analysed. In Figure 5-2 (a), the object size is 3x10 while in (b) the size of the objects
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is increased to 48x80. The effect of this change is analysed on the execution time. It
can be observed in Figure 5-3 that it is only for the labelling operation that the
execution time is increased from 0.539 sec to 1.627 sec, almost a 66 percent increase.
For the remainder of the vision tasks, the increase in execution time is less than 3
percent.

(a)

(b)

Figure 5-2. Increasing object size

Figure 5-3. Effect of changing object size

b) Changing the image size
Now the effect of changing the size of image is investigated. In this case, the
object sizes are identical but the dimensions are changed from 250x800 to 290x800
as shown in Figure 5-4. The change in the execution time for vision operations,
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with the increasing size of the image is minimal as shown in Figure 5-5. It is
concluded that increasing the image size does not affect the processing time.

(a)

(b)
Figure 5-4. Increasing image size

Figure 5-5.Effect of changing image size

c)

Changing the number of objects

Next, the effect of increasing the contents of the image is investigated. In Figure
5-6, objects are increased from 10 to 59. From Figure 5-7, it can be seen that the
execution time increases for labelling, calculating area and location when the
number of objects is increasing. In labelling, the execution time increases from
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0.912 sec to 3.690 sec while for calculating the area and location the execution time
increases from 1.698 sec to 10.658 sec.
As increasing the number of objects affect the processing time this will be
accounted for in images with less than 10 objects and 20 bubbles for further
investigation. The ratio has been fixed as the monitoring of the machine is for
failure detection and where, if two or more particles are detected in a flowing
liquid, it means that the machine reach to its life limit and must be replaced. For
this reason the oil in the machine is polluted with less than ten particles.

(a)

(b)

Figure 5-6. Increasing number of objects

Figure 5-7.Effect of changing number of objects

After analysis of the effect of changing image size, object size and number of
objects on the execution, the implementation of a VSN on the software platform
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shown in Figure 5-8 will now be discussed. The software platform includes a
processing platform, a camera, a power source, a light source and a radio
transceiver. For processing platform SENTIO32 is used which is discussed in
chapter 1 and for communicating the results over wireless link, a CC2520 RF
transceiver with 2.4 GHz IEEE 802.15.4 is used. The other important component is
an LED based light source in order to achieve a high signal to noise ratio. The
vision tasks and the test system are discussed in detail in chapter 4.

Figure 5-8. Components of Software platform

For this application, there are many possibilities for the implementation of the
VSN. One possibility is that we perform all vision tasks at the sensor node and
send only the final results to the server. Another possibility could be that vision
tasks are performed at the sensor node and data is sent to the server where the
remaining vision tasks are performed.
Figure 5-9 shows the different possible combinations for the processing
strategies between the sensor node and the server, which is represented by a
dashed line going to the radio box. The sensor node may perform some of the
vision tasks and then the radio transceiver will send the data to the server for
further processing. Each of the processing strategy is shown in Table 5-1 where the
vision tasks performed on the sensor node and server are listed.

The strategy when all the vision tasks are performed at the sensor node and
only features are sent over the wireless link to the server is represented by
FEATURES in Table 5-1. Similarly, when the vision tasks such as image capture,
background subtraction, segmentation and TIFF group4 compression are
performed at the sensor node and compressed data is sent over the wireless link to
the server is represented by COMPRESS_AF_SEG in Table 5-1.
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Figure 5-9.Different possible processing strategies

Table 5-1. Different processing strategies on software platform
Processing strategies

Tasks on VSN

FEATURES
COMPRESS_AF_SEG

All vision tasks on node
Image Capture, Subtraction,
Segmentation,
TIFF compression
Image Capture, Subtraction,
Segmentation, Morphology,
TIFF compression
Image Capture, Subtraction,
Segmentation, Morphology,
Bubble remover,
TIFF compression
Image Capture, Subtraction,
Segmentation

COMPRESS_AF_MORPH

COMPRESS_AF_BUB

BINARY_AF_SEG

Data sent over
wireless link
Features
Compressed
binary data

Tasks on server

Compressed
binary data

N.A
Morphology,
Bubble
remover, Labelling and
feature extraction
Bubble remover, Labelling
and classification

Compressed
binary data

Labelling
extraction

Binary data

Morphology,
Bubble
remover, Labelling and
feature extraction
Bubble remover, Labelling
and feature extraction

and

feature

BINARY_AF_MORPH

Image Capture, Subtraction,
Segmentation, Morphology

Binary data

BINARY_AF_BUB_REM

Image Capture, Subtraction,
Segmentation, Morphology,
Bubble remover

Binary data

Labelling
extraction

RAW_IMG_COMPRESS

Image Capture,
TIFF compression
Image Capture,

Compress
image data
Raw data

Remaining vision tasks on
server
Remaining vision tasks on
server

RAW_IMG

and

feature

After investigating possible strategies at the VSN, an analysis of the energy
consumption and lifetime of the node with each strategy will now be conducted.
5.1.2

Energy consumption of sensor node for different strategies

The energy consumption of the individual components in the sensor node is
shown in Table 5-2. It may be noted that the energy values of the light and camera
are different from the values mentioned in the paper1 as for the experimentation in
paper1, a uEye camera [45] is used. In this thesis a CMOS camera is used which is
low powered and which provides faster operations as discussed in section 4.1.1.
The power consumption of the camera is 160 mW and its processing time is 33.3
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ms for a frame rate of 30 fps, so its energy consumption for processing one image is
5.33 mJ. The time of the external light is the exposure time for one frame of the
camera. The values of the light source and camera are same for all strategies.
Table 5-2. Energy consumption of individual component
Component
Light
Camera

I [mA]
V [v]
17.5
3.3
160 mW

T [ms]
1.4
33.3

E [mJ]
0.08
5.33

Energy values of the VSN for each strategy are calculated in Table 5-3 and Table
5-4. Energy values of the sensor node includes energy consumption
The time spent on sending data from a sensor node to the server over the
wireless link is calculated using formula (5.1) where X is the number of bytes being
sent. The overhead involved due to header information for each packet is 19 bytes,
the processing time of one byte is given by 0.000032 sec while 0.000192 sec is the
settling time of the radio transceiver [17].
(5.1)

T_IEEE  ( X  19)  0.000032  0.000192 (sec)

Table 5-3 shows a comparison of the energy consumption on SENTIO32 for
different processing strategies. The energy consumption of the communication
module for each strategy when data is sent to server from the sensor node is shown
in Table 5-4.
Table 5-3. Energy of SENTIO32 for different processing strategies
Processing stages
FEATURES
COMPRESS_AF_SEG
COMPRESS_AF_MORPH
COMPRESS_AF_BUB
BINARY_AF_SEG
BINARY_AF_MORPH
BINARY_AF_BUB_REM
RAW_IMG_COMPRESS
RAW_IMG

Bytes sent
114
1218
1282
458
32000
32000
32000
250000
256000

T_SENTIO32(ms)
7180.6
962.50
3286.4
3488.9
617.43
2944.5
3147.0
7180.6
962.50

E_SENTIO32 (mJ)
556.8
74.64
254.8
270.5
47.88
228.3
244.0
1180
0.854

Table 5-4. Energy of IEEE 802.15.4 for different strategies
Processing stages
FEATURES
COMPRESS_AF_SEG
COMPRESS_AF_MORPH
COMPRESS_AF_BUB
BINARY_AF_SEG
BINARY_AF_MORPH
BINARY_AF_BUB_REM
RAW_IMG_COMPRESS
RAW_IMG

Bytes sent
114
1218
1282
458
32000
32000
32000
250000
256000
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T_IEEE (ms)
4.448
39.77
41.82
15.45
1024
1024
1024
8000
8192

E_IEEE(mJ)
0.587
5.250
5.520
2.040
135.2
135.2
135.2
1056
1081

It can be noted that processing the raw image on SENTIO32 has a small
processing energy shown in Table 5-3 but sending a raw image over the wireless
link results in a higher communication energy as shown in Table 5-4. Similarly, if
all the vision tasks are performed at the sensor node and only features are sent, the
processing energy is higher as shown in Table 5-3 and the communication energy
is lower as few bytes are required to be sent as shown in Table 5-4.
However, when vision tasks such as image capture, background subtraction,
segmentation and TIFF group4 compression are processed on the sensor node
represented
by COMPRESS_AF_SEG, the energy values due to processing and communication
are in good proportion. Thus the architecture proposed for the sensor node where
it performs these vision tasks and sends the compressed data to the server is
shown in Figure 5-10.
SENTIO32
AVR32
Image capture
image sensor

CC2520
Background subtraction
transciever
Segmentation

Lighting
TIFF group4 Compression

Power source

Figure 5-10. Architecture on software platform

Figure 5-11 shows the absolute energy consumption of each module for the
different processing strategies on the sensor node using the software platform
while Figure 5-12 shows the relative energy consumption. E_SENTIO_PROC
represents the energy consumption when the SENTIO32 is performing the vision
tasks and the E_SENTIO_COM shows the energy consumption when the platform
is sending data over the wireless link. The energy consumption of the
communication module is represented by E_IEEE 802.15.4. By viewing all the
strategies shown in Figure 5-11, it is visible that when the vision tasks such as
image capture, background subtraction, segmentation and TIFF group4
compression depicted by (COMPRESS_AF_SEG) are performed at the sensor node
and then the compressed data is sent to the server over the wireless link, the result
will be a reduced energy consumption compared to other strategies. The remaining
vision tasks such as morphology, bubble remover, labelling and feature extraction
are performed on the server.
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Figure 5-11. Absolute Energy consumption for each partition strategy

Figure 5-12.Relative energy consumption for each partition strategy

The energy consumption for this strategy is small as the communication and
processing energies are in a good proportion. In this strategy, communication
energy (E_SENTIO_COM+ E_IEEE 802.15.4) is small in comparison to the
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processing energy (E_SENTIO_PROC) depicted in Figure 5-12 where the
communication energy is a combination of the energy consumption of the platform
when sending data (E_SENTIO_COM) and the energy consumption of the
transceiver (E_IEEE 802.15.4). Communication energy is reduced by sending
compressed data over the wireless link.
The strategy when the vision tasks such as image capture and TIFF group4
compression, depicted by RAW_IMG_COMPRESS in Figure 5-11 are performed on
the sensor node has greater energy consumption. In this strategy, compressed data
is sent over the wireless link and then remaining vision tasks are performed at the
server. In this strategy, the communication as well as the processing energy is high.
The communication energy is high as there is large amount of data sent, even after
compression. Similarly, the processing energy is high as compressing raw data
requires a great deal of processing which increases the energy consumption.
Sending raw data implies that more data is sent over the wireless link which will
contribute to the higher communication energy shown in Table 5-4. Similarly,
sending binary data over the wireless link results in greater communication energy
consumption shown in Figure 5-11 and Figure 5-12.
When all the vision tasks of this application such as image capture, background
subtraction, segmentation, morphology, bubble remover, labelling and feature
extraction are performed at the sensor node and only features are sent, this has a
small communication energy as only a few bytes of data are sent over the wireless
link but the on-board processing energy consumption. After evaluating the energy
consumption of different processing strategies, the energy consumption of
different modules of the sensor node are analysed for the strategy when
compressed data after segmentation is sent over the wireless link. The effect of
sleep energy is also investigated.
5.1.3 Energy contribution by sensor modules
A wireless visual sensor network is operated using batteries or alternative
energy sources and data is transmitted over a wireless link. The aim of the research
is therefore to make low power operated sensor nodes that will last longer using
available small batteries. If the sensor node is processing data for a certain amount
of time and then it is switched to sleep mode, it will consume less energy.
For high frame rate applications, when processing is performed after a short
duration, the active mode consumes a great deal of energy. For low frame rate
applications where processing is performed after a long time interval, the energy
consumption can be reduced to a certain level, as the sensor node can be switched
to sleep mode which will increase the lifetime of the node.
For this application the sensor node is in active mode during each sample
period and then it goes to sleep mode as shown in Figure 5-13. During activation
time, the power consumption is higher for a given amount of time which is crucial
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for battery powered systems as in these systems, a constant load is required in
order to maximize the lifetime of the sensor node.
The energy consumption of each module of the VSN is shown in Figure 5-14 for
the strategy when vision tasks such as image capture, background subtraction,
segmentation and TIFF group4 compression are performed on the sensor node.
Here E_sleep is the sleep energy of the platform, E_SENTIO_COM is the energy
when the software platform is running for the communication and E_IEE 802.15.4
is the energy consumption of the transceiver while the processing energy of the
platform is depicted by E_SENTIO_PROC.

Figure 5-13. Sample period

Figure 5-14. Energy consumption of node of the node, sending compressed images after
segmentation
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The processing and communication modules have major contributions in the
energy consumption until the sample period of 15 minutes. After 15 minutes the
sleep energy starts to dominate and for a sample period of 480 minutes, the sleep
energy is completely dominant.
This implied that lifetime of the node after a certain period will not increase by
retaining the node in a sleep mode as the sleep energy also contributes to the total
energy consumption of the sensor node. This behaviour can be observed in Figure
5-15 where the curves remain constant after a certain time.
5.1.4

Lifetime of sensor node with software platform

The lifetime of the VSN using the software platform is predicted based on the
energy consumption for different processing strategies using 4 AA batteries, with
each battery having 9360 joule energy. Different sample periods have been
considered for predicting the lifetime of the node. In each of the sample period, the
node is active for 8 seconds for this application and then switched to sleep mode
for the remainder of the time. The lifetime is calculated using formula 5.2.
Life_time 

total_energy  execution_time
energy_consumed  sleep_energy

(5.2)

Figure 5-15 shows the lifetime of each partition strategy when processing is
performed at different sample periods. When the sample period is increasing, the
life of the sensor node for each strategy is also increasing as the energy
consumption for both the active and sleep modes is small.

Figure 5-15. Life time of different partition strategies at different periods
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The lifetime of the node is smaller when the vision tasks are performed at a
high sample rate as the energy consumption is high. It may be noted that after
certain duration the curves remain constant as at this point the sleep energy starts
to dominate.
When data is sampled after every 15 minutes, the lifetime of the sensor node for
the strategy in which the node is sending raw images (RAW_IMG) or compressed
raw images (RAW_IMG_COMPRESS), the sensor node would last for less than a
year with 4 AA ideal batteries with constant performance. The lifetime in these two
cases is small, although the sensor node is performing few vision tasks and sends
the data to the server for further processing. The reason is that, sending raw data
or compressed raw data over the wireless link contributes to greater energy
consumption so it is necessary to perform some of the vision tasks on the sensor
node in order to reduce the amount of data.
The strategy in which the node is performing image tasks such as image
capture, background subtraction, segmentation, TIFF group4 compression and
sending compressed data over the wireless link after every 15 minutes shows that
the lifetime is approximately 4 years as shown in Figure 5-15. The life time for this
strategy is greater than all other processing strategies as energy consumption by
processing module and communication module is small.
The conclusion drawn at this stage is that vision tasks such as image capture,
background subtraction, segmentation and TIFF group4 compression are
performed on the sensor node and compressed data is sent to the server over
wireless link, the energy consumption of the node will be small. The life time of
such sensor will be greater compared to other sensor nodes implemented on the
software platform for the same problem.
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5.2

ARCHITECTURE ON HARDWARE-SOFTWARE PLATFORM

Based on the discussion in section 5.1 it is concluded that, if vision tasks such as
image capture, background subtraction, segmentation and TIFF group4
compressed are performed on the sensor node and then compressed data is sent to
the server over the wireless link, the result will be a longer lifetime for the sensor
node. The reason for this is that, at this stage the energy consumption due to the
processing and the communication are in such a proportion that it will result in
reduced energy consumption. Performing the same vision tasks on the hardware
platform would further improve the results.
As discussed previously in section 3.2 the FPGAs provide low power solutions
and the design of one particular application can be changed for many other
applications with less effort and costs. This provided the motivation to develop a
visual sensor system on the reconfigurable platform such as FPGAs. A suitable
FPGA architecture is very important as the leakage current in an FPGA
significantly affects the results.
For analysis purpose, a Xilinx Spartan 6 Low Power FPGA is used for power
calculations as Xilinx has a mature power measuring tool called the XPower
Analyser, which can be used for the power analysis of post-implement place and
routed designs. It supports entries from a user constraint file (PCF) so as to provide
an accurate definition of the operating clock frequencies as well as the stimulus
data (VCD) generated from the HDL simulators to determine the power of a device
and the individual net power utilization [16]. For analysis purposes, the sleep
power consumption of the ACTEL Low-Power Flash FPGA is considered as it has
a sleep power consumption of 5µW which is the lowest available in the market in
relation to the current FPGA technology. This argument has been proved in section
5.3 when the system is implemented on a hardware reconfigurable platform.
All the vision tasks for this application will now be evaluated i.e. image
capturing, background subtraction, segmentation, morphology, bubble remover,
labelling, features extraction and TIFF group4 compression both on hardware and
on software platforms. Partitioning vision tasks in hardware and software
platforms has a significant effect on the system costs and performance. Different
vision processing possibilities have also been explored in relation to the
performing some of the vision tasks on the sensor node and the remaining vision
tasks at the server. Based on the analysis of task partitioning between
software/hardware and locality, one of the processing strategies with reasonable
cost and design time has been selected for hardware implementation.
The vision tasks which are used for analysis on the hardware and software
modules are shown in Figure 5-16, where each of the vision tasks is represented by
a respective label which will be used to annotate the tasks later in this section. The
vision tasks are image capturing (A), background subtraction (B), segmentation
(C), morphology(D), bubble remover (E), labelling (F), classification (G), and TIFF
group4 compression (H).
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Figure 5-16.Algorithm flow of different possible processing strategies

The symbolized letters are used in Table 5-5, Table 5-6 and Table 5-7 for
visualizing all the possible hardware/software partitioning at the VSN as well as
processing between the local node and the server. In Figure 5-16, dashed lines
represent different possible processing strategies. For example at point II, after
segmentation, data can be compressed and sent over the wireless link to server or
after segmentation, it can be sent directly without compression to server. At server,
remaining vision tasks can be performed. Similarly, one possible strategy could be
that vision tasks starting from image capture to segmentation are performed on the
software platform and then from morphology to feature extraction, on the
hardware platform. After this features are sent to the server. All such possible
strategies are listed in Table 5-7.
5.2.1

Energy consumption on hardware-software platforms

In order to calculate the energy consumption of the processing strategies, it is
necessary to calculate the execution time of each strategy on the software and
hardware platforms. The execution times of all the vision processing strategies for
this application such as i.e. ABC or ABCDEFG are calculated both on the software
(micro-controller) and hardware-software (micro-controller+FPGA) platforms
shown in Table 5-5 and Table 5-6 where ABC shows vision tasks such as image
capture, pre-processing and segmentation are performed on the sensor node and
ABCDEFG shown all vision tasks are performed on the sensor node.
The FPGAs used in this work are ACTEL AGL600V5 and Xilinx Spartan6 low
power FPGA. It must be noted that whenever vision processing is performed on
the hardware platform, communication is still handled on the software platform.
For capturing images, a CMOS camera with a resolution of 640x400 and with an
operating frequency of 13.5 MHz is used. The camera specification and signals it
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generates are discussed in section 4.1.1. It must be noted that the horizontal line
sync is low for 32 pixels after each row and each vision task has a latency of Lt
Clock cycle, so the execution time of each strategy on the hardware platform for a
frequency (f) of 13.5 MHz is calculated using formula 5.3 below.
T  ( 400  (640  3 2 )  Lt )/ f

(5.3)

The power consumption of the camera is 160 mW and its processing time is 33.3
ms for a frame rate of 30 fps, so its energy consumption for processing one image is
5.3 mJ. The time spent on communicating the results to the server is calculated
using equation 5.1. The energy consumption of the external flash light used for
achieving a sufficiently high signal to noise ratio is 0.085mJ, which is included in
the energy calculation of the embedded platform for each strategy. The power
consumption of the IEEE 802.15.4 is 132mW while that of the SENTIO32 is
77.55mW when operating (performing some vision processing operation or
communicating the results to the server).
The total energy spent on sending data over the wireless link is the combination
of the individual energy consumptions of the IEEE 802.15.4 and the software
(SENTIO32) platforms because both are running when data is communicated to
the server. Time spent and energy consumed by each strategy running on the
SENTIO32 is mentioned in Table 5-5. The energy consumption of the vision
processing strategies on the software platform are shown in Table 5-5 where ABC
represents the energy consumption of the strategy for the vision tasks such as
image capture, pre-processing and segmentation for software solution.

Table 5-5. Energy consumption of Individual strategy on software platform
Individual strategies
ABC
ABCH
ABCD
ABCDH
ABCDE
ABCDEH
ABCDEFG

Time(ms)
584.60
929.68
2911.6
3256.7
3114.1
3459.2
5724.9

Energy(mJ)
45.34
72.10
225.8
252.5
241.5
268.2
443.9

Table 5-6. Energy and area of each strategy on hardware platform
Individual strategies
ABC
ABCH
ABCD
ABCDH
ABCDE
ABCDEH
ABCDEFG

Time (ms)
0.01991
0.01996
0.01996
0.01996
0.01996
0.02001
0.01996
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Energy(mJ)
0.064
0.070
0.064
0.064
0.069
0.084
0.069

Logic cells
705
1190
1388
1873
1406
1891
2279

Time spent for performing vision tasks on the hardware reconfigurable
platform is calculated using formula 5.4, and is used to determine the energy
consumption of the individual modules mentioned in Table 5-6 using a Spartan6
low power FPGA for a Device XC6SLX9L. An input stimulus of 640x400
dimensions from the machine setup has been given.
The strategies implemented using the hardware platform are shown in Table
5-6 where ABC in Table 5-6 shows the energy consumption of the same vision
tasks when implemented on the hardware platform. The cost of each individual
strategy in terms of logic cells is also shown in Table 5-6.
5.2.2

Partitioning tasks between software, hardware and Locality

Here the goal is to find a combination of hardware and software modules at the
VSN with minimum energy consumption in order to maximize the lifetime of the
VSN. It is also of interest to discover an optimal point of processing between the
sensor node and the server as some of the vision tasks can be performed at a local
node while the remaining image processing can be performed at the server.
All possible scenarios of hardware/software partitioning, as well as
partitioning the local and server processing are analysed and mentioned in Table
5-7, and some are discussed in detail. Strategies with a (*) such as strategy1,
strategy9 and strategy10 generate large amounts of data (256000 bytes) so they are
not feasible for implementation. All other strategies are feasible for implementation
as they require relatively small data buffers before sending data to the server.
Firstly, different possible strategies between the local node and server are
analysed on the software platform. Strategy2 to strategy8 shown in Table 5-7 are
implemented on the software platform. In most of the strategies, some of the vision
processing tasks are performed at the local node while the remaining vision tasks
are performed at the server. Strategy2 shows that after capturing, vision tasks such
as background subtraction, segmentation and radio communication (BCP) are
performed at a sensor node using the software platform while the remaining vision
tasks such as morphology, bubble remover, labelling and classification (DEFG) are
performed at a server.
By looking at all the strategies implemented on the software platform from
starategy2 to strategy8 shown in Table 5-7, Figure 5-17and Figure 5-18, it can be
observed that strategy3 has the minimum energy consumption. In section 5.1, this
strategy gives better results as compared to other strategies. The reason for this is
that, the proportion of the energy consumption due to the processing and
communication is such that this results in the minimum energy consumption
visible in Figure 5-17 and Figure 5-18. It can be noted that for the software solution,
when binary data (32000 bytes) is sent from the sensor node over the wireless link
to the server depicted by strategy2, strategy4 and strategy6 in Figure 5-17 and
Figure 5-18, the energy consumption is higher due to the higher communication
costs.
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Strategy

Table 5-7. Different measure of hardware/software partitioning strategies
Sensor node Tasks

1*
2
3
4
5
6
7
8
9*
10*
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

A
A
A
A
A
A
A
A
A
AB
ABC
ABCH
ABCD
ABCDH
ABCDE
ABCDEH
ABCDEFG
AB
ABC
AB
ABC
ABCD
AB
ABC
ABCD
ABCDE
AB
AB
AB
AB
ABC
ABC
ABC
ABCD
ABCD
ABCDE

Hardware Software
BP
BCP
BCHP
BCDP
BCDHP
BCDEP
BCDEHP
BCDEFG
P
P
P
P
P
P
P
P
P
CHP
HP
CDHP
DHP
HP
CDEHP
DEHP
EHP
HP
CP
CDP
CDEP
CDEFGP
DP
DEP
DEFGP
EP
EFGP
FGP

Server
Tasks

E(mJ)
Node

logic FPGA
cells brams

Bytes
sent

CDEFG
DEFG
DEFG
EFG
EFG
FG
FG
NA
BCDEFG
CDEFG
DEFG
DEFG
EFG
EFG
FG
FG
N.A
DEFG
DEFG
EFG
EFG
EFG
FG
FG
FG
FG
DEFG
EFG
FG
N.A
EFG
FG
N.A
FG
N.A
N.A

1748.03
263.42
83.77
443.89
264.67
459.59
274.85
448.24
1722.24
1722.28
220.23
10.21
220.23
9.03
220.23
8.06
6.42
54.42
40.58
238.92
221.47
41.01
249.10
231.65
51.18
35.50
237.68
418.14
433.85
422.49
400.69
416.40
405.04
235.93
224.58
208.88

329
329
329
329
329
329
329
329
329
702
705
1190
1388
1873
1406
1891
2279
702
705
702
705
1388
702
705
1388
1406
702
702
702
702
705
705
705
1388
1388
1406

256000
32000
1218
32000
1282
32000
458
114
256000
256000
32000
680
32000
500
32000
356
114
1218
1218
1282
1282
1282
458
458
458
458
32000
32000
32000
114
32000
32000
114
32000
114
114
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N.A
N.A
N.A
N.A
N.A
N.A
N.A
N.A
N.A
N.A
N.A
3
4
7
5
8
12
N.A
N.A
N.A
N.A
4
N.A
N.A
4
5
N.A
N.A
N.A
N.A
N.A
N.A
N.A
4
4
5

Figure 5-17.Absolute energy consumption of each strategy on software platform

Figure 5-18. Relative energy consumption of each strategy on software platform

60

Figure 5-19. Absolute energy consumption of each strategy on hardware/software platform

Figure 5-20.Relative energy consumption of each strategy on hardware/software platform
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Strategy3, strategy5 and strategy7 in Figure 5-17 and Figure 5-18 show that
when compressed binary data is sent over the wireless link from the sensor node,
communication energy(E_SOFTWARE_COM+E_IEE 802.15.4) is lower but, in
relative terms, the on-board processing energy (E_SOFTWARE_PROC) increases as
TIFF group4 compression is based on complex vision tasks. Similarly when all the
vision tasks are performed at the local node and only features are sent then the on
board processing energy increases while the communication energy is decreased as
depicted by strategy8.
After software evaluation, an evaluation of the implementation of the VSN on
the hardware-software platforms is conducted. All possible strategies when vision
tasks are implemented on the hardware-software platform are listed from
Strategy11 to strategy36 in Table 5-7. Strategy11 to strategy17 on the hardwaresoftware platform are same as for strategy2 to strategy8 on the software platform
as the same vision tasks are performed on the sensor node. In all cases,
communication is performed on the software platform. Figure 5-19 and Figure 5-20
show the energy consumption for different partition strategies on the hardware
platform in absolute and relative graphs respectively. The energy consumption of
the vision processing (E_HARDWARE_PROC) is small in all cases compared to
that for the software implemented vision processing shown in Figure 5-17 and
Figure 5-18 denoted by E_ SOFTWARE_PROC. Figure 5-17 and Figure 5-19 show
that the energy consumption due to processing can be reduced by selecting a
suitable platform. Figure 5-18 and Figure 5-20 clearly signify this fact that in the
hardware implementation, the energy consumption due to processing is less as
compared to that for the software platform and it is only the communication
energy that has to be addressed.
Communication energy can be reduced by sending compressed data and by
selecting a suitable platform which handles communication efficiently. By looking
at all strategies listed from strategy1 to strategy36 in Table 5-7, it can be observed
that the energy consumption is at a minimum for strategy17 where all the vision
tasks for this application such as background subtraction, segmentation,
morphology, bubble remover, labelling and classification (BCDEFG) are
implemented on the VSN using the hardware platform and then final results,
which are only features, are transmitted (P, Radio) over wireless link using
software platform. However, the costs for this strategy are quite high as 2279 logic
cells and 12 block rams are required and the design time is also quite high for this
strategy as it involves complex vision processing tasks. It must be noted here that
the energy consumption of the embedded platform for strategies 12, 14, 16 and 17
is quite low. The reason for this is that, the vision tasks at the sensor node are
performed on hardware platform and the software platform is running for a very
short time in order to send compressed data or features in case of strategy17.
The amount of data that is required to be communicated for each strategy is
shown in Table 5-7 (Bytes sent) and it is different for different strategies because
the TIFF group4 compression produces varying compressed data based on the
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input image. TIFF group4 compression provides the best compression ratio as it
encodes only changes in the image and is discussed in detail in section 4.1.8.
In strategies 16 and 17, the previous frame has to be stored in order to remove
the bubbles in the current frame. Storing a binary frame (640x400) requires 256k
bits of memory which may be quite large for some development boards.
Depending on the requirement and budget of an application, any of the 36
strategies could be implemented. All 36 strategies have their own pros and cons.
Strategy14 has been chosen for implementation in section 5.3 as it can be
implemented on ACTEL IGLOO Low-Power Flash FPGAs (AGL600) which has the
lowest sleep power consumption currently available on the market. In strategy14,
vision processing tasks such as background subtraction, segmentation,
morphology and TIFF group4 compression (BCDH) are performed on the
hardware platform and communication is performed on the software platform.
Compressed data is sent to the server where remaining vision tasks such as bubble
remover, labelling and classification (EFG) are performed.
5.2.3

Energy contribution by sensor modules

In order to determine the contribution of the energy consumption by a different
module on the software implemented sensor node, strategy5 has been chosen for
analysis as this strategy has vision tasks which are the same as those for strategy14
which was selected for the hardware implementation. The energy consumption of
each module for the VSN is shown in Figure 5-21 where E_SLEEP_SOFTWARE is
the sleep energy of the platform, E_SOFTWARE_COM is the energy when the
software platform is running for communication, and E_IEE 802.15.4 is the energy
consumption of the transceiver while the processing energy is depicted by E_
SOFTWARE_PROC. The processing energy of the platform has its main
contribution in energy utilization until a sample period of 15 minutes. The
communication energy is less when compared to the computational energy as
compressed data is sent in this strategy. This means that by sending compressed
data from the node implemented on the software platform, the energy
consumption due to communication is reduced and it is the processing energy
which needs to be dealt with. Processing energy can be reduced by selecting a
platform which has the low energy consumption such as for the hardware
platform. After a sample period of 15 minutes the sleep energy of the platform
starts to dominate and after a sample period of 480 minutes, the sleep energy is
completely dominant.
The energy consumption for the different modules on the hardware
implemented node is shown for strategy14 in Figure 5-22 which is same as
strategy5 on the software solution shown in Figure 5-21. For the hardware
implementation, the energy consumption due to processing shown by
E_HARDWARE_PROC is reduced and the space is now covered by the
communication energy. In the figure, the sleep energy for the hardware
implemented node starts to dominate quickly as compared to that for the software
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implemented system, as for hardware implemented node, a software platform is
required for the time when communication is performed. It also contributes to the
sleep energy consumption.

Figure 5-21.Energy consumption of each module on software implemented sensor
node for strategy5

Figure 5-22. Energy consumption of each module on hardware/software
implemented sensor node for strategy14
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5.2.4

Life time of the sensor node on hardware-software platform

It is mentioned previously that energy consumption is reduced by the
introduction of FPGA for the implementation of the sensor node. The lifetime of
the VSN is predicted using 4 AA batteries over a different sample period as shown
in Figure 5-23. The lifetime of the sensor node for strategy17 is greater compared to
all other strategies over different sample periods but the design time and cost of
this strategy is high. Strategy14 has been selected for implementation of sensor
node on ACTEL reconfigurable platform. This strategy results in a life time of 5.1
years with a sample period of 5 minutes while the strategy with same vision tasks
on software platform (strategy5) results in a lifetime of 1.09 years.
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Figure 5-23. Life time of sensor node on software, hardware-software platform
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5.3

IMPLEMENTATION OF VISUAL SENSOR NODE

It is concluded in section 5.2 that introducing an FPGA for vision processing
will improve the results. In section 5.2, different processing strategies are evaluated
on the software and hardware-software platforms. Each strategy has its own pros
and cons. Based on the requirement of the application, any of the strategies can be
selected for the implementation of the VSN. It is concluded that strategy14 is the
choice of implementation for this application on a hardware reconfigurable
platform as it maximally fit on the target platform. Strategy16 could also be a
possible candidate but in this case, the whole binary frame is required for storage
in order to remove the bubbles from the image so this strategy is not
implementable on this platform.
5.3.1

Target architecture

The target architecture for strategy14 is presented in Figure 5-24 which includes
ACTEL FPGA and SENTIO32 micro-controller. The image capture, background
subtraction, segmentation, morphology and TIFF group4 compression are
performed on the ACTEL FPGA discussed in section 1.2. It has a small sleep power
consumption and allows the user to quickly enter and exit Flash Freeze mode. This
is performed almost instantaneously (within 1 µs) and the device retains its
configuration and data in its registers and RAM. Unlike the SRAM based FPGAs,
the device does not need to reload the configuration and design state from external
memory components, instead it retains all the necessary information to resume
operations immediately [15].
Communication is handled on the SENTIO32 platform discussed in section 1.2.
SENTIO32 has a CC2520 RF transceiver with a 2.4 GHz IEEE 802.15.4. The board to
board communication between the ACTEL and SENTIO32 is handled through a
RS232 with a baud rate of 115200.
For capturing images, a Micron Imaging MT9V032 is used to capture the field
of view. The camera is programmed through an I2C interface for a resolution of
640x400 and is running at a frequency of 13.5 MHz.
The server is performing vision tasks such as bubble remover, labelling and
features extraction.
In order to validate the previous results shown in Table 5-7, all possible
strategies for this application that fit on the hardware, software platforms (ACTEL,
SENTIO32) shown in Table 5-8 have been implemented. It must be noted that
symbols (A-G) in Table 5-8 represent vision tasks shown in Figure 5-16.
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Figure 5-24. Target architecture

Table 5-8.Different strategies implemented on actel AGL600V5
Strategies
1
2
3
4
5
6
7
8
9
10
11
12
13

Sensor Node Tasks
Hardware
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABCH
ABCD
ABCD
ABCD
ABCD
ABCDH

Software
HP
DHP
DEHP
P
DP
DEP
DEFGP
P
EHP
P
EP
EFGP
P

Server
Tasks

Energy (mJ) Bytes sent
Node

DEFG
EFG
FG
DEFG
EFG
FG
N.A
DEFG
FG
EFG
FG
N.A
EFG

40.6
221
231
220
400
416
405
10.6
51.4
220
236
224
9.63

1218
1282
1014
32000
32000
32000
114
680
1014
32000
32000
114
500

Table 5-9.Actel FPGA utilization and energy consumption

CORE
IO (W/ clocks)
GLOBAL
RAM/FIFO
Energy(mJ)

ABC

ABCH

ABCD

ABCDH

Maximum

556
20
6
8
0.152

2357
20
6
17
0.758

1602
20
6
16
0.455

2778
20
6
21
1.061

13824
177
18
24
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5.3.2

Energy measurements of different modules of node

The measured energy values in Table 5-8 include the energy consumption of the
ACTEL, SENTIO32, IEEE 802.15.4, camera and lighting. The energy consumption
of the external flash light used for achieving a sufficiently high signal to noise ratio
is 0.085mJ. The power consumption of the IEEE 802.15.4 is 132mW while that of the
SENTIO32 is 77.55mW when operating. The Camera is running at 13.5 MHz,
producing 30 fps. It has a power consumption of 160 mW and its processing time
for one frame is 33.3 ms, so its energy consumption for processing one image is 5.3
mJ.
In order to measure the power of the ACTEL FPGA platform when a particular
strategy is running on it, the two output pins of the ACTEL demo video kit have
been used as these are specifically embossed for current measurement. The current
is measured by placing a shunt resistor with a value of 0.33Ω to pass around the
current at another point of the circuit. The voltage is measured at points V1 and V2
as shown in Figure 5-25 for different strategies when the vision tasks are running
on an FPGA. The results for each strategy are verified by reconstructing the images
from the compressed data in MATLAB. For sending data over the wireless link the
SENTIO32 platform is used.

Figure 5-25. Voltage measurement on ACTEL FPGA

When a sensor node is implemented on the hardware platform with a small
sleep power consumption, the energy consumption due to processing is thus very
small and it is the communication energy which must be dealt with.
The communication energy can be reduced by sending compressed data over
the wireless link. By looking at all the strategies, it can be observed that strategy13
in Table 5-8, which is same as strategy14 in Table 5-7, has a small energy
consumption. In this strategy, image capture, background subtraction,
segmentation, morphology and TIFF group4 compression (ABCDH) are performed
on the ACTEL low power FPGA. Communication (P) is handled on the SENTIO32
platform. The remaining vision tasks such as bubble remover, labelling and
classification (EFG) are shifted to the server for processing. It can be observed from
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Table 5-8 that in strategy7 only features are sent but on-board processing on the
software platform causes the energy consumption to be higher.
5.3.3 Energy contribution of sensor modules
The energy contribution of each sensor module for strategy13 is shown in
Figure 5-26 over different sample periods. It can be observed that when the sensor
node sends data after every 2 sec (0.03 minutes) such as in the case of control or
surveillance applications then at this sample rate, it is the communication and
processing energy which must be addressed.
Communication energy can be reduced by sending compressed data and
sending data only when the sensor node detects new changes in its field of view
otherwise it will notify the server that the data is old. Communication energy can
be reduced further by selecting a suitable platform for communication which can
be squeezed to maximum performance at low power consumption when the
transceiver is sending data. The processing energy can be reduced by having a
platform with reduced power consumption and a design which can utilize the
platform resources in low power mode.
For applications where the sensor node sends data after a long period such as in
maintenance applications, sleep energy is the dominating factor. It can be seen in
Figure 5-26 that for a sample period of 5 minute, the energy contribution by
communication and processing is small and it is the sleep energy which is
dominating. In this case, the sleep power of the processing platform is 5µW while
the software platform used for communication has 0.198 mW power consumption
in sleep mode.

100%
Relative energy consumption

90%
80%
70%
60%
50%

E_SLEEP_PLATFORM

40%

E_SOFTWARE_COM

30%

E_IEEE 802.15.4

20%

E_HARDWARE_PROC

10%
0%

Time between frames [minutes]

Figure 5-26. Energy contribution of different modules on Sensor node for strategy13 over
different sample periods
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5.3.4

Life time of the visual sensor node

In Figure 5-27, the lifetime of the VSN is predicted based on measured energy
values. Different sample periods have been considered for predicting the lifetime
of the sensor node using 4 AA batteries, with each battery having 9360 joule
energy. It can be observed that strategy13 has a greater life time when compared to
the other strategies.
If the visual node sends data after every 5 minutes, the lifetime of the hardware
implemented node is approximately 5 years as shown in Figure 5-27 while in a
fully software solution, the lifetime is 1.09 years with a sample period of 5 minutes
as shown in Figure 5-15 which prove our analysis in section 5.2.
It is concluded that partitioning vision tasks between the sensor node and the
server and by introducing an FPGA with a suitable architecture for vision tasks
will reduce the energy consumption by a factor of 30 and will improve the lifetime
by a factor of approximately 4 compared to that of a fully software solution.

Figure 5-27. Life time of sensor node for different strategies implemented on
hardware/software platform

The demonstration setup is shown in Figure 5-28 where the results after
segmentation are shown on display unit. In Figure 5-28, parts of the setup are
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represented by capital letters and where A is the light, B is the Micron CMOS
camera, C is the machine setup, D is the LCD display unit and E is the ACTEL
AGL600V5 platform. The FPGA utilization for each strategy on the ACTEL
AGL600V5 is shown in Table 5-9. The reconstructed image after subtraction,
segmentation and TIFF group4 compression is shown in Figure 5-29 (a) where
Figure 5-29 (b) is the resultant image after subtraction, segmentation, morphology
and TIFF group4 compression.

Figure 5-28.Industrial setup with ACTEL FPGA

(b)

(a)

Figure 5-29. TIFF images reconstructed after segmentation and morphology
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6

THESIS SUMMARY

WVSNs can be used for many applications. In this thesis some of the
applications are mentioned in sub-section 1.1. Wireless visual sensor networks are
more challenging as compared to other sensor networks as image sensors generate
huge amounts of data which is difficult to process and communicate under limited
resources as the sensor nodes are battery powered and the bandwidth is small.
Energy consumption is a critical factor in a wireless VSN as the sensing nodes are
powered by batteries or through alternative energy sources. Different processing
platforms can be used for the implementation of vision processing and each has
some trade-offs as is discussed in sub-section 1.2.
An overview of wireless visual sensor networks and its characteristic are
discussed in section 2. Many researchers are involved for the implementation of
VSNs on both software and hardware platforms and a brief description is given in
section 3.
In order to present different architectures for VSN, an industrial application has
been selected as discussed in section 4, in which magnetic particles are detected in
a flowing liquid. The goal is to provide a battery powered and a wireless solution
for the monitoring of magnetic particles in the flowing liquid of the machine while
it is running.
In order to maximize the lifetime of the VSN, different architectures for wireless
VSN are explored in section 5, based on partitioning vision tasks on the hardware,
software and locality. Some of the suitable processing strategies with reasonable
costs and design times are implemented on hardware reconfigurable platforms in
order to validate the results.
6.1

CONCLUSION

In visual sensor networks, either data is sent at the initial stage or all vision
tasks are performed at the sensor node for a specific application and then the final
results are transmitted. Often software platforms are used for the implementation
of a VSN as vision libraries are mature for such platforms and detailed simulations
can be performed in software to test the robustness of the algorithm. In addition to
this, the design time is quite small. The drawbacks are high power consumption
and a moderate performance.
In this thesis, different architectures have been proposed for the
implementation of VSN using software and hardware-software platforms.
Different processing strategies have been investigated on software platform for the
implementation of VSN by partitioning the vision tasks between the sensor node
and the server. It is observed that when sensor node sends compressed data after
segmentation over the wireless link to the server, it will have small energy
consumption. At the server, remaining vision tasks are performed.
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After software evaluation, different processing strategies are analysed on
hardware-software platform. The VSN on the hardware platform will have low
power consumption and better performance but the design time and time to
market is high.
For hardware implementation, FPGAs is used in this work which provides a
low power solution while still having the flexibility of design change. The design
of one application on FPGA can be altered for many other applications or future
changes with less effort and time.
After evaluation of hardware-software implemented node, some suitable
strategies are selected for implementation of node on a hardware reconfigurable
platform. The energy values are measured for these strategies in order to validate
the above mentioned results. It is concluded that by shifting some of the vision
tasks to the server and by introducing an FPGA with a small sleep power
consumption for processing would reduce energy consumption by a factor of 30
and would increase the lifetime of the node by a factor of approximately 4 to that
of the software implemented node.
It is further observed that energy consumption can be reduced by keeping the
node in sleep mode when no operation is performed. With this feature, the sensor
node will have longer lifetime for applications in which data is sent after a long
period such as in maintenance applications. For high frame rate applications
where the sensor node sends data more frequently such as in surveillance or
control applications, the lifetime of the node can be made longer by handling
processing and communication processes efficiently as both of these consume a
great deal of energy.
The processing energy can be reduced by developing some efficient algorithms
and by selecting some efficient implementation techniques. For example, for
modelling the memory in FPGA, an efficient algorithm can be developed. When
implementing this algorithm on FPGA, the block RAM can be used for large
memories and distributed RAM can be used for small memories. This is because
for large memories the block ram may cause extra wiring delays. Communication
energy can be reduced by transmitting the compressed data over the wireless link
or when the new changes are detected.
By addressing all these issues, the lifetime of the node can be prolonged, for
applications with a high frame rate. The lifetime of the VSN, for applications with a
low frame rate, can be increased further by handling the sleep energy consumption
of the platforms.
6.2

FUTURE WORKS

In future the VSN can be made smarter which would allow for the making of
intelligent decisions. The VSN can be designed and implemented in such a way,
that it sends data over the wireless link only when new changes are detected in its
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field of view. When nothing new is detected, the sensor node will notify the server
by sending a few bytes, indicating that no new changes have been detected.
Similarly, in the future, some intelligence can be introduced into the sensor
node so that it interacts with the user. Whenever the user wants data, it sends at
that particular moment and then sleeps for the remaining time unless changes are
detected. One of the future tasks can be to use and alter the design developed for
particles detection to some other applications. Moreover, energy consumption of
the sensor node can be reduced further by making efficient algorithms and
implementation techniques.
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7

PAPER SUMMARY

7.1
7.1.1

ARCHITECTURE ON SOFTWARE PLATFORM
Paper I

This paper presents an approach for maximizing the lifetime of the sensor node
based on partitioning tasks between the sensor node and the server.
Implementation of a VSN on a software platform is evaluated for all possible
processing strategies for our application. In this paper some of the vision tasks are
performed on the sensor node, compressed data is sent over the wireless to the
server and then the remaining vision tasks are performed on the server side.
7.2
7.2.1

ARCHITECTURE ON HARDWARE PLATFORM
Paper II

In this paper the implementation of a VSN is evaluated by the introduction of
FPGAs for vision tasks. It is concluded that the processing energy is reduced by
using an FPGA for vision tasks which enables the achievement of an increased life
time for the sensor node.
7.3
7.3.1

ARCHITECTURE ON HARDWARE/SOFTWARE PLATFORM
Paper III

In this paper we have explored different possibilities in relation to partitioning
the tasks between the hardware, software and locality for the implementation of
the VSN, used in WVSNs. Our focus is on determining an optimal point of
processing by partitioning the vision tasks on the hardware/software as well as
partitioning the vision processing between the local and the server, based on
minimum energy consumption. The lifetime of the VSN is predicted by evaluating
the energy requirement of the embedded platform with a combination of FPGA
and micro-controller for the implementation of the VSN. Our results show that
sending compressed images after pixel based tasks will result in a longer battery
lifetime with reasonable hardware costs for the VSN.
7.4
7.4.1

IMPLEMENTATION OF NODE ON HARDWARE PLATFORM

Paper IV

In this work some of the suitable strategies are selected for implementation on
the hardware reconfigurable platform to validate the results presented in paper III.
The energy values are measured for different strategies, implemented on ACTEL
FPGA. For high frame rate applications, it is the processing and communication
energies which must be addressed and for low frame rate applications, it is the
sleep energy which must be dealt with. The conclusion drawn is that by shifting
some of the vision tasks to the server and introducing a reconfigurable platform
with small sleep power consumption for processing that this will increase the
lifetime of the sensor node by an approximate factor of 4 as compared to the
software implemented node for the same solution.
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7.5
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