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___________________________________________________________________________ 

Abstract: PC-based control has emerged as a popular control system nowadays. In addition, 

web-based device monitoring and control are becomingmore popular. Collectively these can 

be called Internet Appliances (Lowber, 2000). The ability to monitor and control a remote 

system is very useful because it can reduce the operating cost, time and manpower. The Web-

based Device Monitoring and Control System is an integration of the Internet, a local area 

network and the PC-based control system. This remote control system is an integration of 

three sub-systems, i.e. computer-based control systems, local area networks and the Internet. 

This integration is achieved by developing three separate programs; a Java applet, server 

program and host program. A controlled device is connected via a serial communication port 

(“production counter”) to a host computer, with instructions written in Visual Basic. The host 

computer consists of a special-purpose Java-based web server, and acts as the gateway 

between the local computer and any remote computers. For portable use, the web server can 

also be installed with a Java applet that can be loaded into remote computers.  

Keywords:Internet Appliances, Remote control, Internet protocol.  

___________________________________________________________________________ 

 

1. Introduction  

 

Once monitoring and control tasks can be done remotely, time, operation cost and manpower 

can be reduced. In addition, the efficiency of the operation system can be increased through 

the centralization of the control and monitoring task. There are wide varieties of applications 

that can be implemented using the web-based monitoring and control systems (Gillett et al., 

2000). Examples include factory automation, office automation, home automation, and 

hospital and scientific instrument control and monitoring. Nowadays, major factory 

automation depends on computers to perform control and data acquisition processes 

(Kanellos, 2000; Mossberg, 2000). 

 
Figure 1 Basic client-server architecture 
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      The most popular client-server system model is the World Wide Web. The remote control 

system described in this paper is to be implemented through the World Wide Web with three 

major hardware components: a server, remote client and local computer (Figure 1). There are 

five major software components in this system, which are a Java-enabled browser, server 

program, local program, HTML documents, and a communication protocol that handles the 

communication of data between the client and the server (Gauss, 2003). Applets allow more 

dynamic and flexible dissemination of information on the Internet. Visual Basic has the 

ability to utilize the communication port in acquiring or sending data. In addition, Visual 

Basic can be used to write client/server applications through the Winsock control. These 

features are required when writing the local program. 

 

2. Methodology 

 

This project consists of both software and hardware parts. The main focus was given to 

developing the software, as the hardware is already available.  

 

Figure 2 Hardware architecture 

 
 
2.1 Hardware specifications 

The detailed hardware architecture of a web-based device monitoring and control system is 

shown in Figure 2. The web server is the gateway between the Internet (or remote clients) 

and the local computer. A user who wishes to monitor or control the device has to browse the 

web page stored in this server. A local computer is part of a local area network (i.e., 

connected to the web server through the local area network). The production counter is 

connected to the computer via a serial port (RS-232C). The key program that is installed in 

this computer is calledthe local program. The production counter display is one of the 

company’s products that have been widely used in factories. This device detects the product 

count of a production line through a sensor and displays the number counted. The setting of 

the display can be fixed by either a computer program or a keypad. It is necessary to set the 

target production count with the real-time production count, so that the industry floor will act 

accordingly to meet the target count.   
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      This counter used the DB-9 connector to connect to the Comm1 port. Three pins are used. 

They are Pin 3 (Transmit Data), Pin 2 (Receive Data) and Pin 5 (Signal Ground). Pinout 

configuration of the DB-9/DB-25 connector is as follows:  

Table 1 D Type 9 Pin and D Type 25 Pin Connectors 

D-Type-25 Pin No. D-Type-9 Pin No. Abbreviation Full Name 

Pin 2 Pin 3 TD Transmit Data 

Pin 3 Pin 2 RD Receive Data 

Pin 4 Pin 7 RTS Request To Send 

Pin 5 Pin 8 CTS Clear To Send 

Pin 6 Pin 6 DSR Data Set Ready 

Pin 7 Pin 5 SG Signal Ground 

Pin 8 Pin 1 CD Carrier Detect 

Pin 20 Pin 4 DTR Data Terminal Ready 

Pin 22 Pin 9 RI Ring Indicator 

 

To construct the serial cable using DB-9 connector, the configuration shown in Figure 3 is 

used. 

 

Figure 3 Pin connections for serial communication 

 

  Pin No   Pin No 

  3   3 

  2   2 

  5   5 

  

      Remote client computers are any computers that are web-accessible. The minimum 

requirement to access the web server is a Java-enabled browser. 

 

2.2 Software specifications 

There are three programs to be developed in order to establish a web-based device 

monitoring and control system. The first program is the local program that executes in the 

local computer. The second program is the server program, which is a stand-alone Java 

application that allows the web server to act as a gateway to interconnect the local computer 

and the Internet. The last program is the Java applet. This small program is loaded into the 

client computer through the browser and acts as the interface between the remote client and 

the web server.  

The local program is written in the Visual Basic programming language. After execution, it 

will perform a status check on the Production Counter. The status of the Production Counter, 

i.e., the “Target” and “Actual” values are displayed in the local program. The program will 

connect to the web server through remote port 2000 when the web mode is enabled by the 

user. Each second, the local program will send the current status to the server, and the server 

will redirect it to the remote computers, if there are any. At the same time, the local program 

waits for any control instructions to be sent from the web server. Thus, the operations of the 

local program are also triggered by information sent by the server program. The local 

program continues to do the status checking, as triggered by the timer control, to check for 

the latest status of the production counter display and send it to the web server.  

     The LocalHostName and LocalIP address are read-only properties that describe the local 

system (or the local computer). The RemoteHostName and RemoteHostIP are properties of 
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the web server. Only RemoteHostName needs to be specified since the Winsock control will 

automatically convert the name into an IP address. For example, tcpSock.RemoteHost 

=“192.168.100.1”.The RemotePort property specifies which port is to be used for the web 

server, i.e., tcpSock.RemotePort =2000. The State property indicates the current state of 

control at the point it is referred to. Winsock control has several methods that allowthe 

programmer to make a connection, listen, send, retrieve data and so on. The Listen method 

waits until another machine attempts to connect to the local machine, then triggers the 

ConnectionRequest event. Once this event has been triggered, the Accept method is used to 

accept the connection and begin communicating. The Connect method is used to connect to 

another machine. Once the connection has been made, the Connect event will be triggered. 

The SendData method is used to send data to a remote computer. If any data arrives, the 

DataArrival event will be triggered. The GetData method is used to retrieve data from a 

remote computer. The Close event occurs when the other party has closed the connection 

between the machines.  

     To access serial communication ports using Visual Basic, the Communications control is 

used. Windows uses a communications driver, Comm.drv, to send and receive data using the 

standard Windows API function. In the Visual Basic programming environment, a 

programmer only needs to be concerned with the interface that the Communications control 

provides to the API functions of the Windows communications driver. Before a serial port is 

opened, it is necessary to set the correct setting for the serial port. In this case, the setting of 

the serial communication port has to follow the setting of the production counter. The 

production counter has the following properties: 

Table 2 Properties of the communications control setting 

Properties Value 

Baud Rate 9600 bits per second 

Parity N  

Data Bits 8 

Stop Bits 1 

 
The log file is vital for recording operations that have been performed. To append a record in 

the log file, a sequential-access file is chosen because it is more suitable. The log file has the 

following form: 

Table 3 Log file format 

Date Time Source Operation Figure StaffID IP 

 

Basically there are two Java programs that “sit” in the web server. The first is the server 

program and the second is the applet. The server program acts like a relay server or a 

gateway between the local computer and the remote client. After the server program is 

initiated, it creates a socket at port 2000 by using the ServerSocket constructor. The server 

will keep listening for a connection until there is a connection request from the local 

computer. To listen for a connection, the ServerSocket.accept method is called. Once the 

connection is established, it starts a thread that loops forever to listen for incoming data from 

the local program using DataInputStream (as shown in Figure 4). 
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Figure 4 Server control program 

 

 
 

The socket class is connection oriented and provides a streams interface for reads and writes. 

Classes from the java.io package are used to access a connected socket. 

DataInputStream instatusData = new DataInputStream(server1.getInputStream()); 

DataOutputStream outstatusData = new DataOutputStream(server1.getOutputStream()); 
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After the streams are created, normal I/O can be done through these streams. The connection 

must be closed. The streams are closed before the socket is.  

      This project involved a client applet that has two main tasks. The first task is to receive 

data from the web server and display the status (actual and target) of the production counter 

display. Then the second task is to send data to the web server, which is actually the control 

command that triggers the local program. Briefly, one function of the applet is responsible for 

the monitoring task and the other is in charge of the local task. After the applet is initiated, it 

connects to the web server by using the socket constructor.  

Socket clientSocket1 = new Socket(hostName, portNumber); 

portNumber is the port of the server program that handles the connection to the client applet, 

i.e., 4000. In order to allow the appletto communicate with the web server, streams are 

created in the same way as the server program. 

DataInputStream inData = new DataInputStream(clientSocket.getInputStream()); 

DataOutputStream outData = new DataOutputStream(clientSocket.getOutnputStream()); 

After the streams are created, normal I/O can be done through these streams. For the 

monitoring task, the applet needs to read the data received from the web server. This task is 

accomplished by calling the method readLine().  

String Data = inData.readLine(); 

Data received by the applet from the web server is displayed to the user using the following 

code. 

LabelActual.setText(Data); 

      What follows are explanations on how to send information from the applet to the remote 

web server, and then to the local computer. This applet includes three text fields. The first 

text field is used by the remote user to type in the staff ID if he or she wants to change the 

status of the device. The other text fields enable the user to enter new target or actual counts 

for the production counter. These text fields accept only 4-digit input. In order to change the 

status of the device, the user has to enter the correct password into the password field 

corresponding to the staff ID. Password verification is done by the local program, not in the 

applet. 

 
2.3 The protocol 

A protocol is set up based on the ASCII characters between the server and the local 

computer, and between the local computer and the production counter. The message has the 

following form: 

Table 4 The format used for sending messages between two computers 

@ S T E 1 2 3 * * * * 8 8 8 8 CR 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

 

The first row represents a sample message and the second row is the number of the string 

corresponding to the message. The first string is the header of the message. Every message 

must start with @, which is equivalent to 6410 in the ASCII character set. The second and 

third strings represent the command codes. The following table describes the command codes 

used. 
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Table 5 Command codes used between computers 

Command Description Use for sending message  

From To 

CS Current status of the production 

counter, i.e., the value of Target and 

Actual. 

Local Computer Remote Computer 

ST Set new Target for production 

counter. This command has to be 

followed by the correct password. 

Remote Computer Local Computer 

SA Set new Actual value of the 

production counter. This command 

has to be followed by the correct 
password.  

Remote Computer Local Computer 

AD Access denied. Occurs when an 

attempt to change the current status 

of production counter failed. 

Local Computer Remote Computer 

CC Connection closed. This code is sent 

from the remote applet when it is 

stopped or terminated. 

Remote Computer Local Computer 

 
In the example above (Table 4), the staff ID is E123. The next four strings are password 

characters that correspond to the staff member who sends the command code. The local 

program will verify the password to determine whether the password is valid or not. The 

numbers 8888 represent the value of the “Target” or “Actual”count to be set. The maximum 

number of digits is 4, as the production counter display only can display 4-digit figures. It is 

important to note that if a user wants to set a value of 10, she or he has to include 2 zeros 

before the 10, that is 0010. This prevents the local program from manipulating the wrong 

data. The string 16 is the carriage return. This string is equal to the ASCII character 1310. It 

indicates the end of the transmitted data. A second communication protocol is set between the 

production counter and the local computer. This protocol is based on a predefined protocol 

set.  

 

3. Results and Discussion   

 

Before a user can enter the control panel, he or she has to provide a staff identity number and 

password (Figure 6). The program will check whether the staff identity number and password 

are valid. This control panel (Figure 7) consists of four major types of Visual Basic controls, 

i.e., text box, button, menu and status bar. Two text boxes that are visible to the user are the 

Target and Actual displays. The Open Port button opens the communication port of the 

computer if pressed. The Connect button is pressed when the user wants to connect the local 

program to the web server. It will invoke the Winsock control and connect to the web server. 

At the same time, the program will send the latest status of the production counter to the web 

server if any remote computer is available. The Setting window (which is activated by the 

Settings button or the Settings sub menu) is shown in Figure 8. The Add New User window 

(Figure 9) is used to add a new user’s particulars so that the new user can access, monitor and 

control the device. Once a new user particular is entered, it will be saved in a Microsoft 

Access-based database file, password.mdb. 

 

 

 

 

 



 10 

Figure 5 Server program flow 
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Figure 6 Login frame 

 
 

Figure 7 Main control panel 

 
 
Figure 8 Setting window 

 
 
Figure 9 Add New User window 

 
 

3.1 Server program 

The server program (Figure 10) is a text-based program. This program consists of two files, 

GW.class and ComHandler.class.GW.class is the main class that the user first executes. It is 

runusing the Java Development Kit. 

The program first waits for a connection from the local program by creating a server socket at 

port number 2000. If a connection has been made, it will create another socket to listen for a 

connection from the client applet. The port that listens for the applet connection is 4000. 

When both connections have been made, the ComHandler.class will be called. The second 

class contains a thread that runs after two connections have been made. It creates two input 

streams, ia and ic, and two output streams, oa and oc. ia and oa streams are attached to port 

4000 while ic and oc are attached to port 2000. The thread uses the streams to receive (input 

stream) and send (output stream) messages. 
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Figure 10 Server program 

 
 

3.2 Remote applet 

The remote applet is stored in the same machine as the server program. This applet uses two 

classes, FYPApplet.class and Applet$SymAction.class. The first class is the class that 

performs the connection request and displays the data. The second class is the class that 

contains the thread that listens to user interaction due to key pressing. 

Applet$SymAction.class is generated automatically by Symantec Visual Café. The applet has 

the graphical user interface shown in Figure 11. After initiation, this applet will attempt to 

connect to the web server through remote port 4000. If a connection is made, this applet will 

create input and output streams. When the input stream receives data, the Target and Actual 

text fields display the current status of the production counter. 

 

3.3 Combining it all together 

Combining all the programs together requires three computers, each installed with different 

programs. These programs need to be executed in sequence. The local program is the first to 

be executed. It opens the communication port and retrieves the status of the production 

counter. The server program needs to be executed before it connects to the web server. After 

connection, the applet can be loaded and started, as shown in Figure 12.  

 

Figure 11 Applet user interface 
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Computer Programs 

Web Server GW.class, ComHandler.class (Server program)  

FYPApplet.class, FYPApplet$SymAction.class (Applet) 

Internet Information Server or other web server programs 

Local Computer WebCon (Local program) 

Remote Computer Internet Explorer, 

 

When running together, these programs have no problem interacting with each other. The 

programs have not been designed to resolve uncertainties if they arise.  

 

Figure 12 How messages arrive at the remote applet 

 
 

4. Conclusion 

 

Three programs have been developed to control a remote device, and performed as expected. 

The production counter display can be monitored and controlled locally or remotely. The 

local program has provided a graphical user interface for users who wishe to control and 

monitor the production counter. In addition, it provides other features such as a database 

record, log file generation and security. The local program can handle the communications 

between the web server and the production counter very well. This is because Visual Basic 

programming provides two important controls that work very efficiently in dealing with 
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TCP/IP and serial communication ports. The server program that sits in the web server 

converses with the local computer and remote computers through TCP/IP. This Java-based 

program accepts connections from the local computer and remote computers. The Java applet 

is loaded every time a user accesses the specific web page in the web server. This applet is 

the key program that provides remote local and monitoring abilities to users who have a Java-

enabled browser installed in their web-accessible computers. The system can be modified to 

provide a two-way USB device control system. 
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___________________________________________________________________________ 

Abstract: With the emergence of new mobile devices, the proliferation of wireless and 

mobile networks, and generally better services provided by Internet Service Providers (ISP) 

coupled with the lower cost of subscription, the world has seen a rapid growth of Internet 

users and the devices they use to access the Internet. The acceptance of emails as a general 

medium of communication and the growing popularity of other mass communication 

platforms such as social network sites also contribute to the growing Internet user population. 

An Internet or network device requires an IP (Internet Protocol) address in order to get 

connected to the Internet. The growing number of devices has rapidly consumed almost all of 

the IPv4 addresses available globally. To meet the new demands, existing networks need to 

switch their Internet protocol from IPv4 to IPv6. IP being the backbone of the Internet, this 

change will impact many other network and communication protocols. This paper discusses 

how the IPv6 network can be easily implemented or transitioned from the IPv4 network with 

current hardware and software. 

___________________________________________________________________________ 

 

1. Introduction 

 

The days when the Internet was used by an exclusive group of academicians and researchers 

have long passed. Today, the Internet has become a ubiquitous environment for all walks of 

life. The Internet provides real-time 24/7 platforms for businesspeople to promote their 

businesses. Advertisements of all kinds have no limit in time and have the potential to reach 

the widest audience imaginable across the globe. Telephone users can now make cheaper 

phone calls. Learners of the Internet age have access to unprecedented amounts of 

information using all sorts of communication devices. With the Internet being accessible at 

anytime, anywhere and on most mobile devices, the Internet has something for everyone 

now. 

Why do we need a transition from IPv4 to IPv6? Can we survive with the existing IP 

protocol (IPv4)? The current IPv4 implementation has certain shortcomings with regards to 

address range and in the handling of different types of traffic. An IPv4 address is made up of 

32 bits and could represent approximately four billion IP addresses. Unfortunately, the world 

has come to a stage where almost all IPv4 addresses have been exhausted.  

IPv4 and IPv6 addresses are distributed by various Regional Internet Registries (RIR) 

controlled by the Internet Assigned Numbers Authority (IANA). These regional Internet 

registries include: the Asia-Pacific Network Information Centre (APNIC), African Network 

Information Centre (AfriNIC), Reseaux IP Europeens Network Coordination Centre (RIPE), 

Latin America and Caribbean Network Information Centre (LACNIC), and American 

Registry for Internet Numbers (ARIN). 

The exhaustion of the IPv4 addresses is obvious as reported in [1]. It should be noted 

that all the Class A IPv4 addresses have been allocated and yet the whole world is not 

connected. The IPv4 Exhaustion counter script [2] indicates that there are very few IPv4 
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addresses left and they are generally expected to vanish by mid-2011, as shown in Figure 1. 

The trend is unstoppable, even after various techniques like sub-netting, CIDR (Classless 

Inter-Domain Routing), NAT (Network Address Translation) and others, are introduced. 

 

Figure 1 IPv4 exhaustion 

 
 

At the time this paper was written, the last Class A IPv4 network address has already 

been assigned. Yet, according to the World Internet Usage Statistics [3], only around 30% of 

the world has access to the Internet. With the rapid growth of Internet users, exhaustion of 

IPv4 addresses is inevitable. The eventual solution is the transition to IPv6. 

With this situation in mind, this paper documents the procedures and issues that need to 

be handled in order to migrate from IPv4 to IPv6.  

The transition from IPv4 to IPv6 is also vital because there are already systems which 

transmit information using IPv6, such as the Earthquake Warning Alert System developed by 

NTT Communications in Japan. 

 

2. IPv6 Basics 

 

IPv4 and IPv6 differ not only in address size but also in many other technical aspects of 

the protocol.  

First, the header size of IPv6 is fixed, in contrast to the variable header size of IPv4. IPv6 

also allows header extension, for future header expansion. In order to avoid having many 

different protocols, all control protocols are combined into one ICMPv6 (Internet Control 

Message Protocol version 6) protocol. Also, fragmentation of the IPv6 packet is only 

permitted at the sender end and not at the intermediate nodes as in IPv4. 

The IPv6 address is made up of 128 bits when compared to IPv4's 32 bits. The IPv6 

address is normally written as a series of eight groups of hexadecimal strings separated by 

colons. IPv6 addresses are not case sensitive. Leading zeroes present in each hexadecimal 

string group can be omitted. Groups that contain consecutive hexadecimal zero strings can 

also be removed, or left blank.  As an example, IPv6 address  

2001:0000:0000:21AB:0000:00AB:1232:00AF 

could be represented as 

2001::21AB:0:AB:1232:AF. 

The IPv4 address is made up of a network (and/or subnet) part along with the host part. 

Similarly, the IPv6 address is made up of a global routing prefix, subnet ID and interface ID. 

There are six different types of IPv6 addresses. They are: 
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1. Link-Local: This IPv6 address can be applied to a local LAN only. The assignment 

of this IPv6 address is done automatically, based on the MAC address of the 

network interface card. With this IPv6 address, packets cannot be routed outside the 

local LAN. There is no equivalent to this in IPv4. Link-Local addresses are 

represented as FE8::/10 (1111 1110 10). 

2. Site-Local: Like the Link-Local address, the Site-Local address can only be applied 

to a local LAN. However, the assignment of this IPv6 address is done by the user. 

Packets generated using the IPv6 address also cannot be routed to the Internet. The 

private IPv4 address is similar to this type of IPv6 address. Site-Local addresses are 

represented as FEC::/10 (1111 1110 11). 

3. Multicast: As the name indicates, this IPv6 address is used to generate one-to-many 

requests. This is similar to a class D IPv4 address. Multicast addresses are 

represented as FF::/8 (1111 1111). 

4. Anycast: This IPv6 address uses a global IPv6 address but can only be used by 

routers. It is used for discovery purposes to generate packets from one router to the 

nearest. Something similar is used by the IGMP protocol in IPv4. 

5. Loopback: This is the local interface address and its scope is confined to the 

interface itself. This is similar to 127.0.0.1 of IPv4. A loopback address is 

represented as ::1/128 (00..1). 

6. Unassigned: This IPv6 address is used when an interface is not assigned any IPv6 

address. This address is used when the interface is in the process of obtaining an 

IPv6 address from a DHCPv6 server. This is similar to 0.0.0.0 of IPv4. An 

unassigned address is represented as ::/128 (00..0). 

7. Global Unicast: This IPv6 address is unique globally and is fully routable. Packets 

coming from this IPv6 address can be routed on the Internet. The public or global 

IPv4 address is similar to this type of IPv6 address. Global Unicast addresses are 

represented by values other than the above. 

8. Teredo IPv6 address: Teredo is a tunneling methodology which gives IPv6 

connectivity to nodes present in IPv4 networks. Teredo is platform independent. 

Teredo works with Network Address Translation (NAT) by encapsulating IPv6 

packets within IPv4 User Datagram Protocol (UDP) datagrams. The IPv6 address of 

a Teredo client starts with a Teredo prefix as in 2001::/32. The format of the Teredo 

client IPv6 address is shown in Table 1. 

 

Table 1 Teredo Client IPv6 address 

 

Bits 0 to 31 Bits 32 to 63 Bits 64 to 79 Bits 80 to 95 Bits 96 to 127 

2001:0000 Teredo Server's 

IPv4 address 

Flags UDP Port Teredo Client's 

IPv4 address 

  

The IPv6 address assigned by Teredo to a client is globally unique and thus can be 

routed on the Internet. 
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3. State of the Art 

 

IPv6 addresses are also managed by the same RIRs that manage IPv4. However, in contrast 

to the allocation of big networks of IPv4 to ARIN, the IPv6 addresses are distributed more 

evenly according to the changes in the demography of the Internet usage. 

In the 73
rd

 Proceedings of the Internet Engineering Task Force (IETF) [4], it was 

revealed that implementation of IPv6 is progressing slowly, although its growth is evident in 

certain countries like Russia, France, etc. Also, early studies reported that IPv6 users are 

mainly those using Apple’s Mac OS and those using Teredo IPv6 addresses from Windows 

machines. In our APNIC region, IPv6 allocation has started intensively in certain countries 

and has progressed further than in other countries, as seen in [5]. In [6, 7, 8, 11], testing of 

IPv6 support in a Windows platform has been performed. Basic network testing like FTP and 

ping was performed in [7], while TCP and UDP performance testing was discussed in [8]. 

The authors of [11] have compared the performance of the IPv4 and IPv6 networks for 

multimedia traffic on the Windows operating system. In [9, 10], performance of the IPv6-

based TCP round-trip time and throughput on Linux variants is discussed. In this work, both 

Windows and Linux operating systems are considered, with various services. 

 

4. Experimental Setup 

 

An IPv6 network was set up with a Web Server, a DNS Server, a DHCP Server and several 

clients as shown in Figure 2. Here, all the devices were connected to each other via a switch 

(SW1). PC1, PC2 and PC3 were fixed with individual global IPv6 addresses. PC1 was set up 

as a web server using an Apache web server. The Apache web server is set to listen to the 

global IPv6 address. The DNS Server was installed on PC2 and the DHCP Server was setup 

on PC3. PC4 and PC5 acted as clients, which acquired IPv6 addresses from the DHCP 

Server. The DHCP Server provided details about the DNS Server address to the clients. This 

setup gave PC4 and PC5 the ability to access the web server on PC1 by entering the given 

domain name instead of just entering the IPv6 address of PC1 via the Internet browser. To 

benchmark the speed and efficiency of IPv6, a similar network with the IPv4 protocol was 

setup for comparison. 

 

Figure 2 Experimental setup 

Switch
SW1

PC2
DNS Server

PC1
Web Server

PC3
DHCP Server

PC4
DHCP/DNS/Web Client

PC5
Windows OS

 DHCP/DNS/Web  Client
 

In order to better explain our experimental system, we have divided the configuration 

work into various sections as shown below: 
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1. Enabling IPv6 on a Network Interface Card 

2. Testing the basic connectivity of the system 

 

1. Enabling IPv6: Enabling IPv6 on a network interface card depends on the operating 

system used. Ubuntu 10.4 and Windows 7 were the two operating systems used. Both 

operating systems are IPv6-enabled by default and thus we trivially assigned IPv6 

addresses to the network interface cards. If IPv6 is not enabled by default, the command 

“netsh interface ipv6 install” can be used on the Windows operating system.  

 

a. Choosing an IPv6 address: In our case, we assigned 2001:0db8:0:f101::/64 as 

the IPv6 address.   

PC1 in IPv6 network had this IP addresses: 2001:db8:0:f101::1/64 

PC2 in IPv6 network had this IP addresses: 2001:db8:0:f101::2/64 

PC1 in IPv4 network had this IP addresses: 192.168.0.1 

PC2 in IPv4 network had this IP addresses: 192.168.0.2 

 

On Ubuntu 10.4, a network interface can be enabled or disabled using: 

To enable: ifconfig eth0 up 

To disable: ifconfig eth0 down 

 

Service Option Windows 7 Ubuntu 10.4 

Adding an IPv6 

address 
netsh interface ipv6 set address 

"Local Area Connection" 

2001:db8:0:f101::1/64 

ifconfig eth0 add 

2001:db8:0:f101::1/64 

Deleting an IPv6 

address 
netsh interface ipv6 delete address 

"Local Area Connection" 

2001:db8:0:f101::1 

Note: The prefix /64 is not used 

ifconfig eth0 del 

2001:db8:0:f101::1/64 

Assigning a 

default gateway 

(192.168.0.3) 

For IPv4: route –p add 0.0.0.0 mask 

0.0.0.0 192.168.0.3 
For IPv6: netsh interface ipv6 add 

route ::/0 "Local Area Connection" 

2001:db8:0:f101::3 

For IPv4: route add default 

gw 192.168.0.3 

For IPv6: route –A inet6 add 

default gw 

2001:db8:0:f101::3 

Displaying the 

routing table 

For IPv4: route print -4 

For IPv6: route print -6 

For IPv4: route 

For IPv6: route –A inet6 

 

We also tested the Internet connectivity using the Teredo client. Our Teredo 

client worked well even though we are behind NAT. The following commands 

have to be run as an administrator. 

 

On Windows 7: 

To enable Teredo client: netsh interface ipv6 set teredo client 

To know about the Teredo server: netsh interface ipv6 show teredo 

To disable Teredo:  netsh interface ipv6 set teredo disable 

 

On Ubuntu 10.4: 

 To enable Teredo client: sudo apt-get install miredo 

 To configure Teredo client: 



 20 

Add “ServerAddress teredo.ipv6.microsoft.com” to 

/etc/miredo.conf file 

  Start the service: sudo /etc/init.d/miredo restart 

To disable Teredo client: sudo apt-get remove miredo 

 

2. Testing the basic connectivity: Intranet and Internet connectivity was tested using local 

clients and Teredo clients respectively. To test the connectivity for Internet sites, the well 

known Kame website was used. The website http://www.kame.net, when accessed from 

the IPv4 network, displays a kame (turtle in Japanese) which is not dancing, but the 

kame will be seen dancing when using IPv6 (see Figure 3). To access the website via 

IPv6 HTTP, we used the address  

http://[2001:200:dff:fff1:216:3eff:feb1:44d7]/ 

on the browser. It should be noted that IPv6 addresses should be enclosed by square 

brackets. In order to find the IPv6 address of the kame.net website, we used nslookup as 

shown below: 

 

nslookup 

set query=AAAA OR set querytype=AAAA 

www.kame.net. 

 

Figure 3 Static and dancing kame 

 
 

Network connectivity was also tested using the ping, pathping and traceroute (tracert) 

commands. 

 

Service Option Windows 7 Ubuntu 10.4 

Ping and traceroute To ping itself: ping -6 ::1 

ping -6 ipv6.google.com 

traceroute -6 ipv6.google.com 

To ping itself: ping6 ::1 

ping6 ipv6.google.com 

traceroute6 ipv6.google.com 

To check the 

network statistics 

For IP: netstat –sp ipv6 

For TCP: netstat –p tcpv6 

Accessing IPv6 

Kame Website 
telnet 2001:200:dff:fff1:216:3eff:feb1:44d7 80 

GET / HTTP/1.0 <enter><enter> 

 
5. Conclusion 
 

Are we ready for IPv6?  

Yes. In terms of technology, the most up-to-date network software and hardware, for 

example, DHCP server, DNS server, routing software, Internet browser, NIC, and modern 

operating system are IPv6-ready. Transitioning from IPv4 to IPv6 for this software and 
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hardware is almost transparent and automatic, with minimal or no additional configuration 

required.  

No. In the present state of affairs, the vast majority of web services and network devices 

are still running on IPv4, hence accessibility to such services or devices from IPv6 machines 

can be somewhat difficult. However, we believe that these are teething problems to be 

expected from a major technological change such as this. Furthermore, there are already 

solutions to allow two-way communication between IPv4 and IPv6 machines. Such solutions 

will be discussed in our future work. 

The research work described in this paper has explained our objectives; whether we are 

ready for IPv6 or not, the move to IPv6 is inevitable. 
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___________________________________________________________________________ 

Abstract: The aim of this paper is to review one of the more important extensions of the 

Black-Scholes model, which is option pricing with stochastic volatility. This paper begins 

with a brief introduction to the European call option as well as a brief history of the Black-

Scholes model.  The Black-Scholes partial differential equation (pde) and the Black-Scholes 

Formula for a European call option are derived. The constant volatility assumption is then 

relaxed to incorporate stochastic volatility. We consider two important approaches: one 

involving pde and the other involving the derivation of confidence intervals around the 

classical Black-Scholes price. 

___________________________________________________________________________ 

 

1. A Brief History of Options 

 

The first option pricing model can be traced back to 1900, when a French mathematician 

named Louis Bachelier introduced the earliest known analytical valuation for options in his 

PhD thesis. In his model, he used an additive model to describe the asset prices whereby the 

asset return is independent of the asset price. His model was widely accepted until it was 

found that there is strong empirical evidence suggesting that the asset price return is in fact 

not independent of the asset price.   

In 1973, Black and Scholes (Black and Scholes, 1973) published what has come to be 

known as the Black-Scholes model. It is widely regarded as the first universal model for 

stock options. The Black-Scholes model has since been indispensable in the analysis of many 

economics problem. Most models and techniques employed by financial analysts today are 

rooted in the Black-Scholes model. In 1997, Scholes and Merton were awarded the Nobel 

Prize for Economics for their work in developing and extending the Black-Scholes formula. 

Unfortunately, Black passed away two years before the Nobel Prize was awarded, otherwise 

he would have also received the award. 

However, the Black-Scholes model is based on many unrealistic assumptions. One 

notable one is the constant volatility assumption. There is strong empirical evidence (Breidt 

et al., 1998) suggesting that volatility is in fact not constant but has stochastic (random) 

properties. The existence of the volatility smile graph further validates this claim. It is the aim 

of this paper to relax this constant volatility assumption by investigating the effects of the 

stochastic volatility on the option price. 

 

2. Introduction to the European Call Option 

 

A European call option (Hull, 2008) is a contract that allows its buyer the right, but not an 

obligation, to buy a particular asset for a fixed price known as the strike or exercise price at a 

fixed date in the future known as the maturity date. In order to take up the call option 

contract, the buyer just has to pay a small amount of money known as the premium.  
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2.1 Advantages of the call option 

The call option provides several benefits, including: 

 It allows one to benefit from favourable price movement. 

 It protects one against unfavourable price movement. 

 It magnifies one’s potential gain. 

 

2.2 Types of traders 

The benefits of taking up an option differ among the type of traders. There are three types of 

traders: hedgers, speculators and arbitrageurs.  

 

2.2.1 Hedgers 

The main purpose of hedgers is to eliminate a particular risk when the price movement is 

highly volatile. If the asset price is higher than the strike price on the expiry date, the contract 

allows the hedger to purchase the asset at a lower value. On the other hand, if the asset price 

on the expiry date falls below the strike price, the hedger does not have to purchase the asset 

and his loss is limited to the price of premium. Hence buying a call option protects hedgers 

against unfavourable price movements and also allows them to benefit from favourable price 

movements. 

 

2.2.2 Speculators 

Speculators are traders who enter options solely to gain profit. These types of traders are 

willing to make a bet on the price movement of an asset. If a speculator believes that the price 

of a particular asset will increase in the future, he or she purchases a call option contract with 

a strike price lower than the anticipated price level. If the asset price does indeed go up on the 

expiry date of the contract, the speculator exercises the contract and simultaneously makes an 

instant profit by selling the asset at its market value. Hence, speculators prefer options 

because options provide large returns when forecast of the asset movement is correct, while 

limiting the loss to the price of the premium when the forecast is incorrect. 

 

2.2.3 Arbitrageurs 

Arbitrage is a risk-free way of making profit by buying an asset in one market at a lower 

price and simultaneously selling it in another market at a higher price. Thus, arbitrageurs take 

advantage of this price difference between markets in order to make a risk-free profit. In 

reality, arbitrage opportunities are short-lived since the force of supply and demand will act 

to eliminate them. 

 

3. The Black-Scholes Model 
 

The Black-Scholes model was the first, and is the most widely used model for pricing 

options. It was first discovered in 1973 by Fischer Black and Myron Scholes, and then further 

developed by Robert Merton. It is a very robust model as the option price derived from it is 

unique, and completely risk-free. 

 

3.1 Assumptions of the Black-Scholes model 

Black and Scholes made several simplifying assumptions: 

 

1) The price of an underlying asset,   follows a Geometric Brownian motion model 

                ,  
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where μ is the mean return rate, also known at the drift rate, while σ is the volatility, 

which is the standard deviation of the return, and W is the Wiener process (normal 

distribution). The price is assumed to move in manner referred to as a random walk. 

A random walk means that at any given moment in time, the price of the underlying 

stock can go up or down with the same probability.  

 

2) Drift rate and volatility of an asset remains constant. 

For simplicity, the drift rate μ is assumed to be constant. The volatility σ, which is a 

measure of uncertainty of the asset price, is also assumed to be constant 

 

3) Asset price return is normally distributed. 

This assumption suggests that the asset price follows a lognormal distribution, 

which allows the asset price to be non-negative and has an upward bias. 

  

4) European exercise terms are used. 

The Black-Scholes model assumes European-style options which can only be 

exercised on the expiration date.  

 

5) There are no arbitrage opportunities. 

Under the assumption of no arbitrage opportunities, all risk-free portfolios must earn 

the same return. This means that there are no opportunities to make an instantaneous 

risk-free profit. 

 

6) No dividend payable. 

The underlying asset does not pay dividends during the option’s life. A common 

way of adjusting the Black-Scholes model for dividends is to subtract the discounted 

value of a future dividend from the stock price. 

 

7) There is no transaction cost associated with hedging a portfolio. 

There are no fees for buying and selling options and stocks and no barriers to 

trading. 

 

3.2 Geometric Brownian motion model 

It is a widely accepted fact that asset prices must move randomly according to the efficient 

market hypothesis. According to this hypothesis, the history of the asset is fully reflected in 

the present price and the market responds immediately to any new information regarding the 

asset. Thus, the change in the asset price is considered to follow a Markov process which is 

defined as a stochastic process in which the future value of the variable is determined by only 

its most recent value and not its past value. One such stochastic process satisfying the 

hypothesis is the Geometric Brownian motion. 

In fact, the Geometric Brownian motion (GBM) model is the most widely used model 

for modelling random asset price behaviour and is written in the form of the following 

stochastic differential equation: 

 

                 (3.1) 
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Notice that equation (3.1) can be rearranged to describe the return on the asset: 

 

   

 
            (3.2) 

 

where     is the deterministic drift term and     is the random term.  As the term dW is a 

random term, it will cause the option price to fluctuate and thus create arbitrage opportunities 

as no unique option price exists. We shall see in the next section how this randomness arising 

from dW is eliminated. 

 

3.3 Ito’s Lemma 

Ito’s Lemma (Wilmott et al., 1995) is the chain rule of stochastic processes. It is often used to 

find the differential of a stochastic function. It relates the change in the function of the 

random variable to the change in the random variable itself. In this case, the option price is 

dependent on the asset price and time. Thus, change in the option price also depends on 

change in the asset price as well as time. Let C be a continuous and differentiable function 

which depends on the asset price   and time  , 

 

         . (3.3) 

 

By using the Taylor series expansion, the differential of   with respect to   and    is 
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  )             (3.4) 

 

Recall that the term    is given by (3.1) and squaring it would result in 

 

                   
 

 

                              . (3.5) 

 

To simplify the Taylor series expansion, assume that    is small and    √  . Hence, 

      

       , 

              
 

 

Since    is small, both     and          0. This means that the terms which contain 

        and     become so small that these terms can be neglected in the expansion. This 

reduces equation (3.5) to 

           . (3.6) 

 

By substituting    and    from (3.1) and (3.6) into the Taylor series expansion in (3.4), 

Ito’s Lemma is obtained: 
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3.4 Elimination of randomness 

Recall that the main aim of the Black-Scholes model is to derive a unique, risk-free and 

arbitrage-free option price. To achieve this aim, we need to eliminate any risk or uncertainty 

arising from the random term dW. In order to eliminate the random term   , we create a 

portfolio consisting of one unit of option and   units of asset as follows: 

 

            (3.8) 

 

where  can also be interpreted as the terminal investment value and   is the hedging 

strategy, assumed constant. A hedging strategy is a trading strategy devised to eliminate or 

reduce risk. The change in value of the portfolio is given by: 

 

             (3.9) 

 

Recall that    is given by Ito’s Lemma as derived in (3.7), and    is the Geometric 

Brownian Motion stated in (3.1). By substituting these equations into (3.9),    can be re-

written as: 
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Notice that the change in value of the portfolio is uncertain since the random term    

appears in the equation. This will cause the option price to fluctuate and thus allow arbitrage 

opportunities to exist. Hence, the terms containing    must be completely eliminated by 

choosing an appropriate value for  . From (3.10), this value can be found by equating the 

coefficient of    to zero: 
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  (3.11) 

 

Thus, the random part can be eliminated by setting    
  

  
. Substituting this value into (3.10) 

will result in a portfolio which is wholly deterministic and risk-free: 
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)    (3.12) 

 

3.5 Derivation of Black-Scholes partial differential equation 

A risk-free portfolio must return a known fixed risk-free interest rate under the assumption of 

no arbitrage. If it returned some other return rate, arbitragers could make instant profit by 
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borrowing money at the lower rate and simultaneously investing in options at the higher rate. 

Hence, we specify that the portfolio must earn the bank risk-free interest rate,  . The return 

on an amount   invested in riskless assets would see a growth of      in a time   .  
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(3.13) 

 

with   and   as defined in (3.8) and (3.11) respectively. Equating the last two equations for 

d and dividing throughout by    yields: 
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(3.14) 

 

This is the Black-Scholes partial differential equation (pde). We can evaluate the European 

call option price by solving the Black-Scholes partial differential equation. 

 

3.6 Boundary and final conditions for the European call option 

In order to obtain a unique solution for the Black-Scholes pde derived in (3.12), the boundary 

and final conditions have to be specified. Let the call option be denoted by       , with 

exercise price   and expiry date  . 

The final condition, at time      can be derived from the definition of the call option. 

At the expiry date  , the buyer may exercise the call option if    . This allows the buyer to 

purchase the asset for   and immediately sell it for  , thus making a profit of    . On the 

other hand, the buyer should not exercise the call option if    . In this case, the option 

expires worthless.  

Thus, the value of the call option at expiry can be written as 

 

                    
 

The boundary conditions are applied at     and as    . Observe from equation (3.2) 

that if   is zero, then    is also zero. This suggests that   can never change and the call 

option is worthless regardless of the amount of time to expiry. Hence when     , the value 

of the call option is 
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Now, consider the case when    . As the asset price increases, the effect of the 

exercise price on the option price diminishes. As the asset price approaches infinity, the 

option price is independent of the exercise price, so that 

 

                    
 

3.7 The Black-Scholes formula 

The Black-Scholes formula can be derived by solving the Black-Scholes pde. The Black-

Scholes pde is similar to the heat equation, which has a standard solution. By using a suitable 

transformation of variables, the Black-Scholes pde can transformed into a heat equation. 

Recall that the Black-Scholes equation is defined in (3.14) with its boundary and final 

conditions described in Section 3.6. Note that the Black-Scholes equation contains non-

constant coefficients and the equation is in the backward form with its final condition  at  

     . In order to avoid a singularity problem, we must convert the Black-Scholes equation 

into a forward form through the following transformation: 
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By performing partial differentiation and the chain rule on (3.15), 
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Substituting these partial derivatives into the Black-Scholes equation will result in the 

following parabolic equation: 

 

   

  
  

   

   
      

  

  
      (3.17) 

         
 

 
  

  . 

In order to transform (3.17) into a heat equation, let 

 

                  (3.18) 

  

where         are two constants to be determined. First, perform partial differentiation and 

the product rule on (3.18) to yield  
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Substituting these partial derivatives into (3.17) gives 

 

   

  
 

   

   
                         

  

  
  

 

(3.20) 

Notice that (3.20) yields a heat equation by eliminating the terms   and  
  

  
. This can be 

done by equating its coefficients to zero so that the constants   and   are 
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Hence, the dependent variable   in (3.18) becomes 
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With this substitution, (3.17) is converted into a heat equation as follows 
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with the initial condition being               
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The well-known solution to this heat equation is  
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To evaluate this integral, it is convenient to make a change of variable. Let 
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so that equation (3.24) becomes 
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with   (    √  )        
 

 
     (    √  )   

 

 
     (    √  )   . 

 

Since Equation (3.26) contains improper integrals with both limits being infinite, each of 

these improper integrals can be split into two integrals at the point     
  

√  
 .  Thus, it 

follows that 
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In order to get a standard integral, one may evaluate    by completing the square in the 

exponent so that 
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    can be simplified as 
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where  
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The calculation for    is similar to that for  , except that       is replaced by       

throughout. 

In order to recover      , retrace the steps back by using (3.15), (3.22) and (3.27). As a 

result, the value of the European call option is given by 
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3.8 Disadvanatges of Black-Scholes model 

We highlight some of the disadvantages of the Black-Scholes Model in this section. It should 

be noted that these disadvantages arise from the unrealistic assumptions made by Black and 

Scholes. These include: 

 

1) Risk-Neutral Valuation Principle 

The Black-Scholes PDE in (3.14) relates the option price   to parameters for the 

fixed risk-free interest rate  , the fixed volatility  , and the asset price  . Note that 

the mean return rate   does not occur in the Black Scholes pde. The return rate   has 

been replaced by the risk-free interest rate   under the assumption of no arbitrage. 

Thus, all of the parameters in the Black-Scholes pde are independent of risk 

preferences. This is known as the risk-neutral valuation principle. However, the 

notion of risk-neutral valuation is a rather misleading concept as there is strong 

empirical evidence that   exerts an upward influence on option prices. Therefore, it 

is an important parameter in determining the value of an option and should therefore 

be considered in the pricing of options. 

 

2) Asset return is not normally distributed 

In the Black-Scholes model, the asset return is assumed to be normally distributed. 

In reality, the distribution is leptokurtic. It is skewed to the left, has a higher peak 

and thicker tails than those of the normal distribution. Its centre peak is higher than 

that of the normal distribution suggesting that there is a higher probability of values 

near the mean occurring. And, the presence of thick tails suggests that there is a 

higher probability of rare events occurring when compared to the normal 

distribution. Examples of such rare events are jumps and spikes in asset price which 

are often neglected by the Black-Scholes model  

 

3) Volatility is not constant 

Volatility is assumed to be constant in the Black-Scholes model. However, there is 

strong empirical evidence showing that not only is volatility not constant but it has 

stochastic properties. 

Another proof of the non-constant nature of the volatility is the existence of the 

‘smile’ curve. In practice, measuring volatility directly from the market is often too 

difficult. However, option prices can be observed in the market and this suggests 

that the market knows the value of the volatility. Thus, the volatility can be 

determined by substituting all the observable variables into the Black-Scholes 

formula for a call option price     and equating it to the market option price       :  
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An estimate of volatility   derived from the known parameters is called the implied 

volatility. When implied volatility is plotted against the strike price of an option, the 

resulting graph is typically U-shaped, with a minimum at    . This curve is more 

commonly known as the volatility smile.  

Volatility also varies with the expiry date of options. When volatility is plotted 

against the expiry date, the resulting graph is called the volatility term structure. 

This can be graphed together with the volatility smile to form a 3-dimensional plot 

known as the volatility surface. This shows the change of volatility with any strike 

price and any expiry date.  

 

4) Arbitrage opportunities do exist 

The absence of arbitrage opportunities assumed in Section 3.1 allows for the 

formulation of a risk-free option price. However, arbitrage opportunities are always 

present in the market. Their lifespan though is generally very short since the force of 

supply and demand will quickly act to eliminate them. 

 

5) There is transaction cost 

One of the assumptions of the Black-Scholes model is that the portfolio is re-hedged 

continuously to maintain a risk-free position until expiry. A transaction cost is 

incurred each time the portfolio is re-hedged. Hence, the continuous re-hedging of 

the portfolio leads to an infinite transaction cost being incurred, which cannot be 

neglected anymore. 

 

4. Option Pricing Model with Stochastic Volatility 
 

One of the main assumptions of the Black-Scholes model is that the asset price follows a 

Geometric Brownian Motion model with constant drift rate and volatility. As described in 

Section 3.8, the implied volatility smile has shown that volatility is never constant in the 

market. In fact, volatility is stochastic and it is necessary to re-develop the pricing formula to 

take into account the added uncertainty. 

 

4.1 Partial differential equation approach 

As mentioned in Section 3.2, random asset price behaviour is governed by the Geometric 

Brownian motion model and has the form  

 

                   (4.1) 

 

Since volatility is a random variable (Hall and White, 1987; Heston, 1993), it is 

generally chosen to follow another Geometric Brownian motion model as well: 

 

                 (4.2) 

 

where     are deterministic functions of time and   ,    are two Wiener processes 

correlated with a correlation coefficient   satisfying      . 
 

  [    ]       (4.3) 
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In the Black-Scholes model, there is only one source of randomness, which is the asset 

price. Due to the presence of stochastic volatility, the option price is not only dependent on 

the asset price and time, but also on the volatility. The classical Black-Scholes strategy does 

not work and needs to be modified since there is an added uncertainty. Let fbe a continuous 

and differentiable function which depends on the asset price  , volatility   and time  . The 

value of an option price has the form 

 

             (4.4) 

 

By using the Taylor series expansion, the differential of   is 
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where    ,     and      can be calculated as shown below. In order to simplify the 

expansion, assume   and    to be approximately equal to √  ; and    to be small, as 

mentioned in Section 3.3. This means that the terms containing       and     approach zero 

and can be neglected in the expansion. We find that 
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(4.8) 

 

By substituting    ,     and      into (4.5), the following is obtained: 

 

 
     [

  

  
 

 

 
(    

   

   
         

   

    
   

   

   
)]    

 

                                         
  

  
   

  

  
    

       (4.9) 

 

Unlike the Black-Scholes case, the option is now driven by two sources of randomness. 

Hence, it is insufficient to hedge the portfolio solely with the underlying asset. The 

randomness arising from the stochastic volatility also needs to be hedged away. In order to 

eliminate this randomness, consider another option which has the same strike price as the 

previous one, but with a different expiry date. Thus, consider the new hedging strategy 
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                     (4.10) 

 

where   ,    are two options with different expiry date and   is the price of a risk-free bond 

that must earn a risk-free interest rate,   so that 

 

 

 
         

(4.11) 

Note that 

 

                   (4.12) 

 

where    is derived in (4.9) and    is the Geometric Brownian Motion stated in (4.1). By 

substituting these equations, (4.12) can be re-written as 
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(4.13) 

To ensure that no arbitrage exists, the random terms need to be completely eliminated by 

equating their coefficients to zero. Thus, 
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              (4.16) 

 

Substituting (4.10) and (4.13) into (4.11) and subsequently collecting all         terms 

on each side will give 
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⁄   (4.17) 

 

Notice that the left-hand side of (4.17) is a function of    only and the right-hand side is 

a function of    only. This means that the terms on both sides differ only in their expiry 

dates.Thus, the only way that (4.17) can hold is that both sides are equal to a function which 

does not depend on an expiry date. This function is denoted by                      , 



 36 

where          is the market price of the volatility risk. Substituting this function into (4.17) 

gives 
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(4.18) 

 

Unlike the asset price, the volatility is an unobservable parameter and cannot be 

measured directly.It can neither be bought nor sold in the market.Thus, the randomness due 

to the stochastic volatility cannot be completely eliminated. This randomness which has not 

been eliminated is represented by         , also known as the market price of risk. The value 

of  represents how the market values this unhedged risk and is not fixed, as it is dependent 

on a trader’s tolerance to risk. Thus, the option price is not unique. The result of having no 

fixed option price may lead to the presence of arbitrage opportunities.  

One major disadvantage of this approach is that there is no closed-form solution, as the 

pde is mathematically intractable. The Black-Scholes model manages to generate a closed-

form solution by first transforming its pde into a forward heat equation and subsequently 

evaluating the integral of the solution. In the case of the stochastic volatility model, it is 

extremely difficult and time-consuming to calculate each stochastic integral. However, there 

is a general solution when the correlation   is assumed to be zero. The stochastic volatility is 

considered to be a collection of a large number of deterministic volatility processes being 

grouped together. The average of the prices produced by each of these deterministic volatility 

processes is then the option price. In other words, if the volatility follows the generic process, 

the option price will be given by 

 
          ∫     ̅    ̅      (4.19) 

where     represents the classical Black-Scholes price and    ̅  is the probability 

distribution function for the mean of the volatility.  

However, the probability distribution function for the mean of the volatility is a difficult 

quantity to obtain. Moreover, the solution to (4.19) usually leads to arbitrage. Also, the 

benefits of this pde approach to the modelling of option pricing with stochastic volatility is 

rather small and the values are not that different from the Black-Scholes values. Hence, an 

alternative approach is introduced in the next section. 

 

4.2 An alternative approach 

As discussed in the previous section, the randomness due to the stochastic volatility cannot be 

completely eliminated. An alternative approach accepts this situation and works on a possible 

range for the volatility (Avellaneda et al., 1995). As a result, instead of a single option price, 

we get a range of option prices. We first assume that the volatility   lies between two 

possible extreme values. 

 

                  (4.20) 

 

The constants      and      represent lower and upper bounds on the volatility such that the 

option price stays within a range or confidence interval around the classical Black-Scholes 

price. Thus, a range of prices for the option is obtained as 

 

                          (4.21) 
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4.2.1 Pricing bands 

Rather than finding an exact option price for the stochastic volatility model, this approach 

focuses on finding the pricing bands for options (Sircar and Papanicolaou, 1999; Fedotov and 

Tan, 2005). First, note that the volatility and asset prices fluctuate on different time scales. 

The volatility fluctuates rapidly but not as fast as the asset price. When compared to the 

lifetime of a contract, the time scale for variation in the volatility is small, and is even smaller 

for the asset price. For example, the asset price may fluctuate every minute while the 

volatility may fluctuate daily, which is small when compared to a nine-month option contract. 

We exploit this difference to derive the confidence interval around the classical Black-

Scholes price. 

We first specify the stochastic option price ,        , to be written as a sum of  ̅       
the classical Black-Scholes price with constant mean volatility, and a random deviation term 

       which describes the risk from the random volatility 

 

           ̅       √          (4.22) 

 

where       , introduced to deal with the forward problem, is the time to maturityand 

  
 

 
    is a small parameter, where   represents the time elapsed and   represents the 

length of option contract.  We will later show that the numerical solution for        gives 

the confidence interval around the classical Black-Scholes price. 

 Recall from Section 3.5 that the Black-Scholes price with constant volatility   satisfies 

the following Black-Scholes partial differential equation  
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 Note that the partial derivative of   with respect to   is 1. Thus, performing chain rule, 

the partial derivative of   with respect to   can be written as 
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 This implies that   ̅     , the classical Black-Scholes price with the constant mean 

volatility  ̅ satisfies the pde 
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while the stochastic Black-Scholes price         satisfies the following stochastic PDE. 
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       is assumed to be stochastic and can be written as a sum of its mean value   ̅̅ ̅ and a 

random rapidly fluctuating term   , 
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   (4.27) 
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where         is a short memory process with the following properties: 
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The partial derivatives of (4.22) with respect to   and   can be calculated as 
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By substituting (4.25) and (4.26) into (4.29), and subsequently substituting (4.30) and 

(4.31),         satisfies the following pde: 

 
where  

 

 

 

Note that the terms containing   (
 

 
) in Equation (4.34) are stochastic. By applying 

Ergodic theory, the integral of   (
 

 
) converges to zero as    ; while 

 

√ 
  (

 

 
) converges 

weakly to      as    .     represents the Gaussian white noise with covariance function 

 {          }            , where   is the diffusion coefficient. 

To show that 
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One of the main properties of the Gaussian white noise is that   ∫       , where B is the 

Geometric Brownian motion. It can be shown (Sircar and Papanicolaou, 1999) that       and 

the scaled Brownian motion   has the same variance property, that is 
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Thus, we can conclude that the random process       converges to the standard Brownian 

motion. This implies that 
 

√ 
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)  converges weakly to     . 

Thus, the random deviation         converges weakly to       , which satisfies 

 

 

with initial condition         , where    [ ]  
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      ( 
  

  
  ) represents the 

Black-Scholes operator. 

Equation (4.37) can be solved in terms of the classical Green’s function (Courant and 

Hiilbert, 1989) for the Black-Scholes equation and the solution is given by 

 

 

where               is the classical Green’s function given by 

 

 

The aim of this approach is to find confidence intervals, which incorporate the stochastic 

volatility, around the Black-Scholes price and satisfying 

 

 

By considering the covariance of the Gaussian white noise:  {          }            , 
the covariance of        in Equation (4.38) at         can be written as 

 

 

The Dirac-delta function is a generalized function which satisfies ∫            
 

  

    . It can be shown that the Dirac-delta function obeys the sifting property so that (4.41) 

can be simplified to give 
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where    
   ̅

   
       . 

Since rapidly varying volatility leads to a small variation time scale,    is very close to 

  . Thus, the covariance of        is considered to be almost the same as its variance. (4.42) 

can then be written as 

 

 

Pricing within two standard deviation of the classical Black-Scholes model provides 

roughly 95% protection against random volatility fluctuations. Thus, the pricing band around 

the classical Black-Scholes price is 

 

A main feature of this approach is that the confidence interval is independent of any 

specific statistical characteristics of the volatility process. We do not need to estimate the 

probability distribution function for the stochastic volatility. Moreover, there is no 

complicated parameter like the risk parameter to estimate. 
 

5. Conclusion 
 

The Black-Scholes model is still the most widely used option pricing model in the financial 

sector despite its unrealistic assumptions. It is easy to use and implement. Newer models that 

have come out are mainly an improvement or extension to it. A common extension is to 

incorporate stochastic volatility into the Black-Scholes model.  However, it is found that most 

stochastic volatility models do not give unique solutions and are hard to implement. Morever, 

the improvements made by these models are small and incur the expense of large 

computational costs. As an alternative, the pricing band approach accepts the fact that the 

randomness in the stochastic volatility cannot be completely eliminated and instead works on 

pricing bands. The advantage of this approach is that it is independent of any statistical 

properties of the volatility process and does not require estimates of any complicated 

parameters. 
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Abstract: This paper reviews recent literature on the different designs of flexible ultrasonic 

transducers (UT), which are designed to measure cylindrical pipe wall thickness. The 

rationale to develop such transducers emerges from the limitations of the existing contact-

type transducer, which is relatively large in physical size with a flat contact face, and also 

normally requires a coupling agent to ensure transmission of ultrasonic waves. The designs 

discussed in this paper describe flexible UTs that can be attached to the surface of the test 

specimen, conforming to its shape to ensure contact. Moreover, these designs also ensure that 

the ultrasonic performance of the transducers are not compromised, and in fact may 

outperform their predecessors. Four different constructions are outlined, with all of them 

incorporating a combination of piezoelectric ceramic and polymer materials to achieve the 

design objectives. As with any comparative study this paper closes with the recommendation 

that the four UT prototypes be built and tested under similar test conditions to determine the 

most suitable design for any given application. 

___________________________________________________________________________ 

 

1. Introduction 

 

Steel pipes that are used for fluid transfer in various industries are often subjected to fluid 

properties and environmental conditions that affect the pipe wall thickness and consequently 

the efficiency of the fluid dynamics and the overall piping system. Knowing when to replace 

the pipes is key to ensuring operational efficiency and safety, and current methods are either 

estimates based on experience or use manual inspection of the pipes. For the latter, the 

remaining wall thickness can be measured using a variety of technologies, such as 

electromagnetic acoustic transduction, laser ultrasound, magnetic flux linkage, eddy current 

or capacitive ultrasound. For larger diameter pipelines, in-line inspection tools called 

intelligent pigs employing the previously mentioned technologies are deployed (Niese et al., 

2006). For smaller diameter pipelines, contact piezoelectric transducers transmitting 

ultrasonic waves via a couplant medium are placed on the external surface of the pipe. By 

measuring the time of flight between the entrance echo at the external surface and the back 

wall echo at the internal surface, the remaining wall thickness can be determined (Hellier, 

2003). 

In the interest of the present project (see Acknowledgements), the pipes in question have 

outer diameters less than 200mm (~ 8 inches), and this paper will explore the various 

piezoelectric transducers designs, and based on the application and design objectives will 

provide several design recommendations for further development and testing. 

 

2. Design Objectives and Selection Criteria 

 

Considering the application in question, the instrument is intended to measure the wall 

thickness, within the range of 2 - 15mm, of various types of steel pipe, whose  outer  diameter  
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may range from 25-200mm. An essential caveat of this study is the elimination of human 

factors during inspection; therefore the instrument will need to remain on the pipes and 

measurements are taken automatically. Another important design aspect is that the instrument 

shall require low power (< 6 Volts) to produce the required ultrasonic pulses. Finally, the 

selected instrument is also required to measure the wall thickness at different points around 

the circumference of the pipe.  

In summary, the selection criteria for the piezoelectric transducers are: 

 Conformable to the pipe geometry (i.e. flexible). 

 Acoustically efficient for transmission of ultrasound in steel. 

 Low power requirement. 

 Autonomous operation. 

 Multiple measurement points around the circumference of pipe cross-section. 

 Low manufacturing complexity and cost. 

3. Flexible Ultrasonic Transducer Designs 

 

Based on the selection criteria, conventional piezoelectric transducers, made out of 

piezoceramics, are unsuitable due to their inflexibility to conform to the surface of the pipe, 

although their piezoelectric properties are ideal for steel (Powell and Hayward, 1996, Part I). 

Polyvinylidene fluoride (PVDF) is the only known piezoelectric material that exhibits natural 

flexibility; however it is not ideal for contact UT purposes due to its unmatched acoustic 

impedances with that of steel (Hellier, 2003). It also exhibits low electromechanical coupling 

(Powell and Hayward, 1996; Kobayashi, 2006). Kobayashi (2006) also demonstrated that 

PVDF has significant piezoelectric deterioration above 65°C, which limits its application 

especially in high temperature applications.  

Relatively new research is making headway to overcome the problem of inflexibility 

whilst making the most out of piezoceramic properties by way of the development of 

piezocomposite transducers, where ceramic pieces are combined with epoxy resin in the 

correct proportions and construction to achieve the desired functionality. Overall findings 

have demonstrated improved electromechanical coupling (Powell and Hayward, 1996) and 

comparable signal strength and bandwidth to that of commercial broadband UT (Hellier, 

2003; Kobayashi, 2006; Bowen et al., 2008).  The polymer matrix that the ceramic sits in 

eliminates the need for damping; therefore efficiency is greater than conventional transducers 

(Hellier, 2003).   

Four different designs of the flexible ultrasonic transducer emerged from the literature 

search. The earliest were developed by Powell and Hayward (1996, Part II), who built and 

tested two designs which had separate transmitter and receiver elements to allow for 

independent optimising circuits and electrical isolation. They were (1) a modified lead 

titanate (MPT) 1-3 composite platelet embedded in polymer matrix transmitter and PVDF 

receiver, and (2) a PVDF transmitter and PVDF receiver.The construction included a thin 

flexible copper/polymide printed circuit board (PCB) layer to identify the electrode pattern 

on the PVDF reception side, as illustrated in Figure 1. The platelets were cut into an aspect 

ratio of 5:1 to ensure thickness mode vibration. Powell and Hayward (1996, Part II) found 

that the MPT/PVDF transducer was 22dB more sensitive and also that the PVDF/PVDF 

transducer showed undesirable phase characteristics. Also, the addition of the PCB layer 

reduces many of the spurious resonances between the fundamental thickness mode and the 

lateral mode. 

Gachagan et al. (1996) continued the work of Powell and Hayward (1996, Part II), and 

decided to combine transmitter and receiver elements to promote imaging performance and 
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reduce construction complexity and cost. The refined structure is shown in Figure 2, where 

the copper/polyimide flexible PCB attached to the top face of the ceramic/polymer phase has 

the desired electrode pattern, which is λ/2 interdigital electrode spacing. Compared to lead 

metaniobate (PMN) and PVDF, Gachagan et al. (1996) found that modified lead titanate 

(MPT) outperformed the other two materials in a pulser excitation experiment in steel. 

Additionally, the pulse-echo performance of a 6MHz MPT flexible transducer on a curved 

aluminium test piece showed excellent resolution, detecting known-location flaws and the 

backwall clearly. Reynolds and Hayward (1998) also demonstrated that the operating 

frequencies of the device range from 6 to 8 MHz. They tested on curved test specimens, 

attaching the transducer by using Velcro straps and coupling it with standard gel. This design 

produced high-quality pulse-echo mode images. 

 

Figure 1 Construction of the different types of array structures evaluated: (a) MPT platelets 

in polymer matrix transmtter and PVDF receiver, and (b) PVDF transmitter and PVDF 

receiver (Powell et al., 1996). 

 
 

Figure 2 Construction of the piezocomposite platelet flexible UT (Gachagan et al., 1996). 

 

 
 

Gachagan et al. (2005) examined further the interdigital electrode pattern and 

demonstrated that an interdigital transducer structure with MPT platelet is suitable due to its 

high electromechanical coupling efficiency and low lateral coupling between adjacent 

electrodes. This enables the transducer to generate and detect Lamb waves, resulting in a 

coherent signal-to-noise ratio of over 30dB during a pulse-echo experiment at 668 kHz (for 

a0-mode) and 1.45 MHz (for s1-mode) on a steel plate. They also demonstrated that electrode 
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finger width and finger overlap design on the PCB could be adjusted to improve Lamb wave 

selectivity by narrowing the spatial bandwidth. 

The second flexible UT found was designed by Kobayashi (2006), where flexibility was 

achieved by sandwiching a piezoelectric ceramic film (a PZT/PZT composite) with thin 

stainless steel foil and a layer of silver paste, as illustrated in Figure 3. The PZT/PZT sol-gel 

composite is made by dispersing PZT powders into PZT sol-gel solution to achieve a paint, 

which was airbrushed directly on to the stainless steel foils. Tests, carried out on steel pipe, 

demonstrated good ultrasonic performance at both room temperature and 160°C (for high-

temperature applications), operating frequency range of 2-15 MHz and comparable 

bandwidth and signal strength with conventional UT. It was also deduced that thinner 

stainless steel foil could enhance flexibility, signal strength, bandwidth and centre frequency. 

 

Figure 3 Construction of PZI/PZT film flexible UT. 

 

 
 

Shih et al. (2009) further refined the design by replacing the stainless steel substrate with 

titanium, which enhanced the signal strength and resulted in better performance compared to 

commercial broadband UTs. Bismuth titanate (BIT-c) can be employed for high temperature 

(~490°C) operation to replace PZT. Shih et al. (2009) also deduced that gluing and brazing 

the flexible UTs to the pipes provide excellent solutions for coupling and attachment. Figure 

4 shows the pulse-echo measurement results obtained by glued flexible UT and commercial 

UT. 

 

Figure 4 Pulse-echo measurement results obtained by the glued FUT, a commercial 

broadband UT centered at 10 MHz and one centered at 5 MHz (Kobayashi, 2006). 
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The third design was developed by Bowen et al. (2008), incorporating ϕ800μm PZT-5A 

fibres with a design frequency of 3.3 MHz with gold sputter and chemical vapour deposition 

converting them into electrodes. The fibres are then attached to copper-coated Kapton film as 

top and bottom electrodes using conductive epoxy glue, with air gaps between the fibres for 

flexibility. Figure 5 illustrates the construction of the flexible UT. Tests, carried out on a steel 

pipe, showed that pulse-echo response corresponded to pipe wall thickness and can receive 

up to 9MHz. The frequency response shows multiple resonances, dominated by vibrational 

modes of the fibres, but may be optimised by adding a damping layer. 

 

Figure 5 Construction of the one-dimensional fibre flexible UT (Bowen et al., 2008). 

 
Harvey et al. (2009) developed the latest and most relevant flexible UT design consisting 

of piezocomposite fibre elements separated by polymer channels conforming to a two-

dimensional matrix configuration. Several designs were proposed, modelled and tested, one 

particular design showed interesting results: a random-fibre Composite Element Composite 

Array Transducer (CECAT), as shown in Figure 6 (a). 34 PZT-5A fibres of diameter 250μm 

were placed in holes of two 77 array aluminium plates, separated by 15mm, and set in 

medium-set epoxy. The resulting prototype is 26mm
2
in area and 0.75mm thick with 19% 

ceramic volume, as shown in Figure 6(b). 

Harvey et al. (2009) demonstrated that the CECAT random-fibre UT provided 

comparable pulse-echo response to fully-populated fibre composite, with greater bandwidth 

but a slight reduction in sensitivity owing to the reduction in ceramic volume. The CECAT 

random-fibre UT also showed better flexibility compared to a piezoplatelet FUT (Gachagan 

et al., 2005), as a consequence of reduced element area. This design’s operating frequency is 

3 MHz, and it was discovered that this may be increased by incorporating smaller diameter 

fibres, which would increase manufacturing complexity while ensuring complete polymer 

infiltration between the fibres. 
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From the literature review, the main design factors include ensuring unimodal operation 

in thickness mode (i.e. aspect ratio > 5, depending on the choice of ceramic material) and 

transmission and reception performance that does not compromise flexibility of the 

transducer (i.e. ceramic volume 30-40%).  Considering that the test piece in this project is 

steel whose acoustic impedance is ~46 MRayl, the design features, in terms of acoustic 

match, from the four designs are summarised in Table 1. Also note that the higher the 

electromechanical coupling coefficient, the more efficient is the transducer. 

 

Figure 6 (a) Construction of the two-domensional flexible CECAT random-fibre UT and (b) 

CECAT random-fibre UT bent around a pipe (Harvey et al., 2009) 

 

 
(a)                                                                (b) 

 

4. Recommended Design and Further Work 

 

Table 1 Summary of FUT designs against design features. 

Design 

No. 

Design Description Electromechanical 

Coupling 

Coefficient 

Acoustic 

Impedance 

(MRayl) 

1 Piezocomposite platelet 0.49 12 

2 PZT/PZT film 0.24 9.6 

3 One-dimensional fibre 0.5 30 

4 Two-dimensional 

random fibre 

0.5 30 

 

Table 1 may suggest that Design No. 4 is the best acoustic match to the test piece. However 

the other design objectives also need to be considered. Therefore, to be able to reasonably 

compare and determine the best design, it is recommended that a prototype of each of the 

designs is to be built and tested on the same test piece under the same environmental and 

operational conditions. Specific features that will be examined are: acoustic impedance, 
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signal strength, sensitivity, bandwidth, resolution, flexibility, ease of manufacture and cost of 

manufacture. This will be reported in a later paper. 

 

5. Acknowledgements 

 

The work carried out in this paper and the next build and test phase will lead to the 

development of a suitable flexible ultrasonic transducer, which is to be part of the author’s 

Ph.D. project titled “An Integrated Pipe Wall Thickness Sensor with Energy Harvesting and 

Telemetry Capabilities for Deployment in Hazardous Areas”. 

 

References 

 

Bowen, C.R., Bradley, L.R., Almond, D.P. and Wilcox, P.D. 2008. Flexible piezoelectric 

transducer for ultrasonic inspection of non-planar component. Ultrasonics 48, 367-375. 

 

Gachagan, A., Reynolds, P., Hayward, G. and McNab, A. 1996. Construction and evaluation 

of a new generation of flexible ultrasonic transducers. In: Proceedings of IEEE 

Internatuional Ultrasonics Symposium, San Antonio TX, 3-6 November 1996, vol. 2, pp. 

853-856. 

 

Gachagan, A., Hayward, G. and Banks, R. 2005. A flexible piezoelectric transducer design 

for efficient generation and reception of ultrasonic Lamb waves. IEEE Transactions on 

Ultrasonics, Ferroelectrics and Frequency Control 52, 1175-1182. 

 

Harvey, G., Gachagan, A., Mackersie, J.W., McCunnie, T. and Banks, R. 2009. Flexible 

ultrasonic transducers incorporating piezoelectric fibres. IEEE Transactions on 

Ultrasonics, Ferroelectrics and Frequency Control 56, 1999-2009. 

 

Hayward, G. and Reynolds, P. 1998. Design and construction of a new generation of flexible 

ultrasonic transducer arrays. Insight 40, 101–106. 

 

Hellier, C.J. 2003. Handbook of Nondestructive Evaluation. McGraw-Hill, New York NY. 

 

Kobayashi, M. 2006. Flexible ultrasonic transducers. IEEE Transactions on Ultrasonics, 

Ferroelectrics, and Frequency Control 53, 1478-1486.   

 

Niese, F., Yashan, A. and Willems, H. 2006. Wall thickness measurement sensor for pipeline 

inspection using EMAT technology in combination with pulsed eddy current and MFL. 

In: Proceedings of ECNDT 2006, pp. 641-644. 

 

Powell, D.J. and Hayward, G. 1996. Flexible ultrasonic transducer arrays for nondestructive 

evaluation applications. I. The theoretical modelling approach. IEEE Transactions on 

Ultrasonics, Ferroelectrics and Frequency Control 43, 385-392. 

 

Powell, D.J. and Hayward, G. 1996. Flexible ultrasonic transducer arrays for non-destructive 

evaluation applications. II. Performance assessment of different array configurations. 

IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control 43, 393-402. 



 50 

Shih, J.-L., Kobayashi, M. and Jen, C.-K. 2009. Flexible ultrasonic transducers for structural 

health monitoring of pipes at high temperatures.In: Proceedings of IEEE Internatuional 

Ultrasonics Symposium, Rome, 20-23 September 2009, pp. 681-684. 

 

 

 

 

 

 



 51 

Scientia Bruneiana 12 (2011), 51-58 

 

BLEACHING AND PREDATION EPISODES ON BRUNEI CORAL REEFS 
  

David J.W. Lane 

 

Biology, Faculty of Science, Universiti Brunei Darussalam 

Tungku Link, Gadong BE 1410, Brunei Darussalam 

Email: david.lane@ubd.edu.bn 

___________________________________________________________________________ 

Abstract: The coral reefs of Brunei Darussalam, little impacted by direct human activities 

and formerly considered to be in relative good condition, have been impacted in recent years 

by an outbreak of the corallivorous crown-of-thorns sea star, Acanthaster planci, and by 

thermally induced bleaching. A third disturbance in the form of increased numbers of 

corallivorous gastropods of the genus Drupella is further impacting acroporid reef corals. The 

depths of Brunei’s submerged reefs might be expected to provide a thermal refuge and a 

measure of protection against bleaching, but the scenario of increasing ocean temperatures 

may override this. The successive degradative effects of these disturbances may have 

consequences for the rates of reef growth and recovery. 

___________________________________________________________________________ 

 

1. Introduction 

 

The coral reefs of Brunei Darussalam, at a little less than 100 km
2 

in extent, are but small 

patches on marine charts compared with the very extensive reefs of Malaysia (4006 km
2
), 

Indonesia (50,875 km
2
) or the Philippines (25,819 km

2
) (Tun et al., 2008). Nevertheless this 

small area, comprising numerous submerged platforms on the Brunei continental shelf, 

harbours a rich coral fauna (DeVantier and Turak, 2009) that approaches the peak diversity 

for reef-forming Scleractinia (Veron, 2000; Spalding et al., 2001) of the neighboring high 

diversity zone known as the ‘Coral Triangle’ (Briggs, 1974; Roberts et al., 2002; Hoeksema, 

2007). 

Coral reefs in Southeast Asia and elsewhere are experiencing extensive and increasing 

degradation largely due, directly or indirectly, to human activities (Tun et al., 2008). Yet 

Brunei reefs, until recently, had been affected to a much lesser extent, due partly to the 

economic circumstances of a high GDP (Anon, 2011). In consequence, apart from reef fish, 

there is little dependence of the populace on reef resources, and minimal impact on reefs even 

though the population to reef area ratio (3955 km
2

) is high. Brunei reefs have previously 

been considered to be in relatively good condition (Chua et al., 1987; Rajasuriaya et al., 

1992; Lane, 2004; Devantier and Turak, 2009) with several kinds of communities (Devantier 

and Turak, 2009) and large to very large table Acropora colonies present (Lane, 2011). 

Another indicator of reef ecosystem integrity in Brunei is the presence of diverse and 

abundant aspidochirote (benthic feeding) sea cucumbers (Lane, 2004), an ecologically 

important faunal group that has been heavily overfished in most other areas of the tropical 

Indo-west Pacific. There is no organised commercial sea cucumber fishery in Brunei and 

many individual sea cucumbers approach their asymptotic size maximum (unpublished 

observations of the author). However, a number of environmental factors and biotic 

disturbances have impacted the reefs of Brunei in recent years (2008 onwards), with some 

reef coral degradation occurring. 
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2. Materials and Methods 

 

Monitoring of the reef platform of Littledale Shoal (N05˚06.167 E114˚45.855), 18 km from 

the Brunei coast, has been undertaken since 2004. At this GPS location temperature/salinity 

profiles of the 10 to 11m water column above the shoal have been recorded in most years 

since 2004, using a YSI 30 salinity/conductivity/temperature meter. Permanent 30m line 

transects were established at this site in 2006 to monitor live coral cover using the Line 

Intersect Transect method (English et al., 1997). Photo-monitoring at this reef was initially 

carried out using a Nikonos camera system with Fuji Velvia film, then subsequently with 

housed digital Sea&Sea cameras (DX 8000G or DX-2G).  

 

3. Results and Discussion 

 

The first notable episode to impact Brunei offshore reefs was the development of an outbreak 

of the corallivorous crown-of-thorns sea star, Acanthaster planci over a period of about two 

years from 2008 to 2010. At Littledale Shoal the population explosion of A. planci reduced 

live coral cover by 50%, with tabular Acropora species being particularly impacted (Lane, 

2011). A. planci is a normal inhabitant and predator of coral reefs throughout the tropical 

Indo-Pacific, but when, due to reasons that are still being debated (see Lane, 2011), it attains 

outbreak densities it becomes a major disturbance factor affecting reef ecosystems (Pratchett, 

2010). A. planci had never been seen on Brunei reefs prior to July 2008 and typical reef 

perspectives of Littledale Shoal, with many large, pristine table Acropora corals, prior to the 

depredations of this sea star, are seen in Figures 1a and 1b. At the peak of the outbreak many 

tabular Acropora colonies were dead, their tissue having been digested by A. planci, leaving 

only dead standing skeletons (Figure 1 c). In some cases the sea stars were hidden by day, as 

in Figure 1c, with feeding on open coral surfaces being typically nocturnal. Nocturnal feeding 

depredations are dramatically demonstrated in Figures 1e and 1f; over a period of one week 

the advancing predation front of circular feeding scars on a massive colony of Platygyra 

daedala is clearly evident. There were many cases however where individuals or 

aggregations of A. planci (Figure 2a) were non-cryptic and feeding in the open in the 

daytime, including least preferred prey genera such as Porites (Figure 2b). Non-cryptic 

feeding aggregations and selection of less desirable coral prey are known to occur during the 

later stages of outbreaks when the coral prey resource, including preferred genera such as 

Acropora, become scarce (Moran, 1986; De’ath & Moran, 1998). On Littledale Shoal A. 

planci persisted until at least 4
th

 December 2010 but by April 2011 no A. planci could be 

found. 

Almost immediately after the crown-of-thorns outbreak on Brunei offshore reefs, the 

corals were further impacted in July 2010 by the commencement of a  thermally induced 

bleaching episode, with many coral genera, including poritid colonies (Figure 2c), and soft 

corals of the family Nephtheidae (Figure 2d) being particularly affected. Bleaching also 

occurred on inshore reefs. Sporadic bleaching of Scleractinia colonies had been noticed on 

local reefs by the author during the first 10 years of this millennium but prior to 2010 there 

are no known records of major coral bleaching episodes in Brunei waters.  
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Figure 1 Corals and crown-of-thorns sea stars at Littledale Shoal, Brunei. Vertical (a) and 

horizontal (b) views of large, pristine, tabular Acropora colonies, a typical feature at this site, 

in May 2009 prior to the escalation in COT numbers. (c) Tabular corals at one of the 

permanent transect lines, 22
nd

 April 2010. Several standing but dead Acropora tables, with a 

turf of green algal growth, are seen in the foreground. Colony at centre of field of view has 

undergone recent partial predation and 6 COT individuals were hiding underneath this table. 

(d) A crown-of-thorns (COT) feeding on a small Acropora table. (e & f) Photorecords of a 

Platygyra daedalea colony taken 7 days apart. Circular scar fronts, presumed to result from 

nocturnal COT feeding, are clearly visible (e) and progression of feeding towards the colony 

apex is evident (f).  
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Figure 2 (a) Aggregation of Acanthaster planci feeding in the daytime on Monitipora foliosa 

and (b) a single sea star feeding on a Porites colony, Littledale Shoal, Brunei, 29
th

 April 

2010. Arrow indicates an individual hidden beneath a plate coral. (c) Extensively bleached 

colony of Porites, Littledale Shoal, 22
nd

 July 2010. Some areas of the colony remain 

unbleached, as does an entire Porites colony nearby. (d) Bleached soft coral colonies of the 

family Nephtheidae, Littledale Shoal, 22
nd 

July 2010. (e and f) Muricid gastropod predation 

on a laminar branching colony of Acropora variolosa, Littledale Shoal, 21
st
 April 2011. (g) 

Corallivorous gastropods collected from Acropora colonies, Littledale Shoal, 21st April 

2011. The lower right specimen is Drupella cornus while the upper left is an unknown 

muricid. 
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This phenomenon affecting Brunei reefs was part of a major bleaching episode that 

occurred in the Indian Ocean and Southeast Asia in early 2010 in response to elevated ocean 

surface temperatures (WWF, 2010). Satellite derived sea surface temperatures that are used 

to predict coral bleaching events (Liu et al,. 2008) monitor only the topmost layer of the 

ocean and corals located on deeper parts of reef slopes or platforms are often protected by 

being in the cooler layers of a thermally stratified water column (Sheppard, 2009). Most reefs 

on the Brunei continental shelf are at depths which potentially provide a thermal refuge from 

warm buoyant surface water and the risk of bleaching. Such temperature differentials (Figure 

3) have presumably contributed to the protection of local submerged coral platforms in the 

past. However in July 2010 at Littledale Shoal during the bleaching event, temperatures were 

relatively uniform throughout the water column and above 30˚C (Figure 3). Additionally 

bottom salinity was anomalously low (29.0 ppt). Sea bed temperatures on the reef have 

exceeded 30˚C on several occasions in the past (Figure 3) but in July 2010 it is possible that 

bleaching was induced by a combined thermal and salinity stress. By May 2011 the large 

Porites colonies at the Littledale transect site had recovered from bleaching. It is likely that 

the reef depths at this site, and elsewhere on the Brunei shelf, (a) provide a thermal refuge 

from bleaching, (b) provide protection from UV induced bleaching, and (c) minimize the 

degree heating weeks (DHW) exposure, as thermal stratification becomes re-established. 

However, in a scenario of increasing surface ocean temperatures this protection may be 

reduced, as occurred in the second half of 2010. 

A third destructive factor, observed during visits to Littledale Shoal in April/May 2011, 

was the ongoing predation of several of the remaining live acroporid coral colonies by 

aggregations of muricid gastropods of the genus Drupella (Figures 2e, f), including Drupella 

cornus (Figure 2g). Drupella species are obligate coral feeders that are widely distributed on 

Indo-Pacific coral reefs and in recent decades population increases of these snails have 

caused extensive coral mortality at several Indo-Pacific localities (see reviews in Turner, 

1994; Johnson and Cumming, 1995; McClanahan, 1997). In some cases the extent of the 

damage has been reported to be similar to the damage caused by the sea star Acanthaster 

planci (Turner 1994). On Brunei reefs frequencies and densities of Drupella aggregations 

have yet to be fully quantified but aggregation counts of up 13 individuals on single 

Acropora colonies were recorded in April 2011. Prior to 2011 this corallivorous gastropod 

had only been noticed as singletons or clusters of a few individuals. The causal factors for the 

escalation in Drupella numbers on Indo-Pacific reefs, whether natural or due to 

environmental perturbations, are still subject to debate, as are the explanations for A. planci 

outbreaks (see Lane, 2011). 

The successive, cumulative effects of these destructive agencies are potentially serious 

for local reefs and, as indicated by the reduction in live coral cover recorded at Littledale 

Shoal (Lane, 2011), appear to be transforming reefscapes from a relatively pristine condition 

to a visually and biotically degraded state. At Littledale Shoal and other Brunei reefs, 

scleractinian corals, particularly the Acroporidae, have high growth rates (unpublished data 

of the author) and the recovery of reefs following single or multiple disturbances might be 

expected to be rapid, as has been reported for example on the Great Barrier Reef (Done et al., 

2010). However, combinations of disturbance factors may have a synergistic, degradative 

effect. Thermally induced bleaching in particular, even when sublethal, can potentially 

reduce coral fecundity (Ward et al., 2000) and lead to low recruitment of new colonies. 

Although Brunei reefs have been and are being affected by multiple disturbances, there is a 

ray of hope in that the depth of most reef platforms usually provides a thermal refuge. Even 

when a bleaching event occurs, the level or duration of stress in terms of degree heating 

weeks may be less than on shallower reefs elsewhere in the region. 
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