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ABSTRACT

Recreational scuba diving is a highly social activity where divers are encouraged

to work in groups of two or more people. Though collaborative, divers are unable to

freely and naturally communicate. Additionally, the distortion of sensory information

(e.g. distances and sounds cannot be judged as accurately underwater) affects the

ability to keep track of critical information which impairs their ability to engage in this

underwater world. We have studied and designed a fault tolerant system, including

the software, the device, and the network, to foster underwater communication. We

studied the technology required, the software design for both single user and multiple

users, as well as, the network design in order to support such a system. In the thesis,

we have set up and analyzed the result of three user studies and a simulation to

investigate the viability of the proposed design.
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Chapter 1

The Land of Atlantis

While humans explore new lands and areas above water, we take oral communication

for granted, but when we take exploration underwater, oral communication immedi-

ately becomes a privilege.

Recreational scuba diving is one of many different types (e.g. commercial diving,

military diving) of scuba diving. As the word “recreational” suggests, it is done for

fun and leisure. As much enjoyment as this brings, it also comes with safety risks; it

is recommended that divers should dive in groups of two or more, thus making this

activity highly collaborative.

In the current setting, recreational divers rely on hand signals to communicate.

There are two obvious problems to this method: (1) it requires the communicatee to

look at the communicator; (2) the meaning of hand signals must be understood by

both parties. Problem 1 is inevitable since divers are constantly swimming forward

being absorbed by the ever-changing sceneries. The difficulty of this problem increases

proportionally with the group size.

Water not only takes away the privilege of easy intake of oxygen and verbal ex-

pression, it turns the world upside down and takes orientation to a whole new level.
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In an area of air particles, we always know the up and down directions due to the

gravitational force. However, in a space full of water particles, whose density is heav-

ier, we can no longer be certain of our orientation, especially when diving in the dark,

at a deeper depth, or in a wreck/cave; we are only really certain when we hit the

water surface or the surface of the earth. Additionally, because water has a much

higher density than gas, technologies used for completing the same transmission task

in the two mediums can be very different.

Due to the aforementioned issues, this underwater mobile collaborative setting

is calling for alternatives. The objective of this thesis is to design a network and

a device to be used in the underwater environment, such that it allows inter-device

communication via direct connections (up to 100 meters spherical range) as well

as out-of-range communication via surface units. Each device maintains up-to-date

information about other participants in the group. In addition, the device should be

reliable and be able to seamlessly join and disconnect from the network. The device

should also fail in a graceful manner, such that the system can discontinue without

disruption to other systems or any compromises to safety. Furthermore, the device

should work as a standalone machine, as well as a collaborative tool.

In Chapter 2, a general overview of the three main topics of this thesis – Fault

Tolerance, Human Computer Interaction (HCI), and Computer Support Cooperative

Work (CSCW) – is given. Following is a discussion on current underwater communi-

cation technology in Chapter 3.

In Chapters 4, 5, and 6, we touch upon the network design, HCI, and CSCW

respectively. In the network design, we have looked at various current technologies

and protocols that could be used to support our system. For HCI, we focus on the

usability of the system. We have proposed a dive computer design that has never

been seen in practice before. Furthermore, in the CSCW chapter, we focus on the
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collaborative aspect of the dive computer design.

In Chapter 7, we look at the implementation of the paper prototype, software

mockup, and the network simulation which we used in our user studies and simulation.

The execution process and results are then presented in Chapter 8. In Chapter 9, we

presents an analysis of our results and finish with a conclusion in Chapter 10.
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Chapter 2

The Universe of Fault Tolerance,

HCI, and CSCW

When designing critical life dependent systems, it is important to maximize fault

tolerance and usability at each level of the system: hardware, software, and network

(Figure 2.1). While fault tolerance can ensure the robustness of the system, look-

ing at usability that the system needs can help ensure effectiveness, efficiency, and

satisfaction to users.

Networks

System/Interface

Hardware

Software

System/Interface

Hardware

Software

Figure 2.1: Levels of abstraction.



5

2.1 Fault Tolerance

A fault tolerant system is composed of two parts: fault prevention and fault tolerance.

Through careful design methodology, design rules, design reviews, and quality con-

trol, we can implement fault prevention techniques. Similarly, fault tolerance can be

attained through redundancy, fault detection, fault containment, and reconfiguration.

In the scheme of fault tolerance, the following measurements such as, testability,

maintainability, safety, availability, and reliability are used [2]. The testability of a

system is high when it can determine if an individual component is faulty or fault

free. Maintainability refers to the time required to reinstate the system and the ability

to maintain operation while delaying the problematic issue until the next scheduled

check up [2]. Safety of a system is evaluated based on two factors: correctness of

performance and ability to discontinue service without comprising the safety of other

systems [2]. To have a system with high safety, the system should fail safely (e.g.

discontinue service without compromises) and be robust. The terms availability and

reliability refer to the correct performance of a system, where the former looks at

a particular instant and the latter looks at an interval [2]. If we let an instant in

time be t, then availability would only look at the system’s correctness at t and the

reliability during [t0, t ].

2.1.1 Redundancy

One of the most well-known fault tolerant approaches is redundancy. There are

four types of redundancy: hardware, software, information, and time. In general,

redundancy is accomplished through the addition of information and resources beyond

what is needed for the normal system operation.
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Hardware redundancy exists in a passive form and an active form. In the passive

form, the system attempts to hide, or mask, the faults that have occurred. This is

usually achieved by using techniques such as Triple Modular Redundancy (TMR)

(Figure 2.2) and N-Modular Redundancy (NMR). Triplicated TMR and Multiple

Stages Triplicated TMR exist as variations of the TMR model. In the dynamic form,

the system uses sparing. There are three sparing approaches, hot standby sparing,

cold standby sparing, and pair and a spare. In hot standby sparing, all spare modules

are powered and running so that they can take over failed modules at any point in

time. On the contrary, all spare modules in the cold standby mode are powered off

until they are needed. With these designs on the two extreme ends of the spectrum,

surely the hybrid version of the two approaches would emerge – the pair and a spare.

In this approach, there are at least two modules powered on and operating. The

results of the two operating modules would then be compared. If the two results

disagree, it automatically goes to a third module for an additional answer to compare

with. In the TMR model, faults are masked by the two matching outputs; in all

sparing models, an error detector is on one module to determine whether it is faulty

or not. If a fault is detected, then an alternate module is used (Figure 2.3).

Module 1

Module 2

Module 3

Voter

Figure 2.2: An example of TMR. All three modules perform the same task. When
there is a discrepancy between the outputs, the output with most matches is used. [2]
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Module 1

Module 2

Module N

Error 
Detection

Error 
Detection

Error 
Detection

N to 1 
Switch

Output

Input

Figure 2.3: An example of N-modular standby sparing. While one module is provided
the actual output, all other n-1 modules act as spares. [2]

Software redundancy is a less common term and type of redundancy used when

thinking about fault tolerance. However, software redundancy appears in many forms.

Two examples of software redundancy are: (1) writing two versions of the same

software, and (2) using extra lines of code to catch the same exception. Alternatively,

the same program can be written in different languages and approaches. Then one

can execute both programs and compare the results.

Similar to hardware redundancy, information redundancy also uses extra hard-

ware. In information redundancy, additional information is added to data in order

to allow detection, location, masking, and correction of faults within the system [11].

Techniques such as separable codes and maximum likelihood decoding can be used.

In contrast to hardware and information redundancy, time redundancy attempts

to achieve redundancy at the expense of more time instead of hardware. The idea

of time redundancy is to repeatedly execute the same computation and compare all

results (Figure 2.4).
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Computation

Computation

Computation

Store Result

Store Result

Store Result

Compare

Error
Signal

Data

Data

Data

t0

t0 + ∆

t0 + n∆

Figure 2.4: An example of time redundancy. [2]

2.1.2 Fault Detection

The recognition of a fault having occurred is called fault detection. The measure of

the system’s ability to detect faults is referred to as the level of fault detection. Such

detection is usually used at the circuit level.

2.1.3 Fault Containment

Fault containment attempts to hold the effects of a fault to a particular area. Its cov-

erage is measured by the system’s ability to extend effects only to local surroundings.

2.1.4 Reconfiguration

Reconfiguration refers to the process of eliminating and/or masking a fault such that

it reconfigures the system to restore the normal state of a system. During this process,

the system detects, locates, and recovers from the fault.
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2.2 Human Computer Interaction

Regardless of the robustness of the system design, without well designed Human

Computer Interaction (HCI), the system is essentially useless. The importance of

HCI is shown through the Three Mile Island Nuclear Power Plant Disaster example

in “User Interface Design and Evaluation” [16]. Details of this event can be found on

the United States Nuclear Regulatory Commission website [17].

When designing interfaces and ways of interaction between the user and the com-

puter, we need to ensure that it is intuitive and engaging to use. Furthermore, we

should also consider whether or not users can easily complete their goals. In general,

we should take the choice of output devices, icons, colour, shape, size, and grouping

into consideration when designing. Thus, usability is a priority for safety critical

systems.

Other than the physical interaction, we must also examine the portability of the

system. Variables such as size, weight, robustness, and battery life also need to be

looked at.

2.2.1 Design Process

In the normal design process, we usually go through four stages: “study”, “design”,

“build”, and “evaluate” (Figure 2.5). However, in 2007, Microsoft research introduced

an “additional” stage called “understand” into the current process [3], for their own

HCI design.

In both models, we start with learning the current processes and practices. The

“understand” stage focuses on values, attempting to distinguish the values of stake-

holders whom we are designing for. At the outset of this stage, we are able to specify

requirements and stakeholders we wish to serve. During the “study” stage, we seek
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Figure 2.5: The design process circle for HCI. [3]

to develop deeper cognitive understanding of important factors that change values of

interest. Instead of looking at interaction around a particular technology, it considers

details of tasks and asks questions such as how the interaction can help people achieve

their goals. Meanwhile, in the “design” stage, the primary goal is to incorporate cre-

ativity with design goals. In this process, we need to consider the culture and setting

in which the device is deployed. Moreover, not only do we wish to concentrate on

user experience, we must also consider the underlying infrastructure (like networking

and sensing) that may open up a new kind of engagement and collaboration. While

there are modifications to the stages mentioned above, the “build” stage remains

unchanged. Building the designed tool can range from low-cost methods such as a

paper prototype to high-cost methods such as partially working physical systems. In

the last stage, we evaluate the design through evaluation methods.

2.2.2 Is Usability Really Common Sense?

Through HCI, we are able to understand the user’s experience when interacting with

the device. However, by providing a user friendly environment, the device does not

guarantee itself to be useful and fulfill the initial purpose. While most believe that
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usability is only an application of common sense, is it really? In this section we are

going to look at an example of good and bad HCI from the perspective of usability.

Usability Example

In this example, we are looking at the design of two presentation remote controls.

While the PCPAL (Figure 2.6) presenter exemplifies a comparatively poorer design,

the Kensington model (Figure 2.7) demonstrates what a good design can include.

Figure 2.6: PCPAL 3-in-1 remote control, mouse, and presenter [4].

The PCPAL is rectangular shaped with small buttons evenly placed in a grid,

while Kensington only places buttons on one side of the remote. Because of this slight

difference, users are able to tell whether or not they have picked up the Kensington

remote the right-side-up based solely on feeling, while this is not the case with PCPAL.

This can also cause a problem for the PCPAL user when they attempt to use the arrow

keys while holding the remote upside-down.

The size of buttons for the PCPAL remote control can also cause problems because

of the various sizes of fingers an individual can have. Due to the proximity of the

buttons, individuals with larger fingers can easily press the wrong button.
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Figure 2.7: Kensington wireless presenter 33374 [5].

These two examples demonstrated the tradeoff between usability and functional-

ity. While the main function of both devices is to serve as a presentation tool, the

PCPAL model also tries to serve as a mouse and a remote control at the same time.

Because the PCPAL designer wished to incorporate multiple functionalities, the level

of usability goes down. On one hand, multifunction devices can gain convenience;

conversely, the resulting device may end up with low usability for all its intended

functions.

2.3 Computer Supported Cooperative Work

CSCW is often referred to as Computer Supported Cooperative Work. It is used as

the “general and neutral designation of multiple persons working together to produce

a product or service” [18]. However, in most cases, such work is completed in collab-

oration. Thus, the alternate term Computer Supported Collaborative Work emerged

and the two are used interchangeably.
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2.3.1 Time Space Taxonomy

According to the CSCW time space taxonomy, there are four categories: face-to-face

interaction, asynchronous interaction, synchronous distributed interaction, and asyn-

chronous distributed interaction (Figure 2.8) [6]. In face-to-face interaction, individ-

uals physically must stay in the same room. An example of asynchronous interaction

is a message written on a whiteboard, since individuals can be at the same location

but communicating at different times. Synchronous distributed interaction can be in

the form of a group chat where multiple individuals at different geographic locations

can view the same message (e.g. IRC channels). Last but not least, asynchronous

distributed interaction, with email being a prime example of such interaction since

individuals can communicate across time and space.

face-to-face 
Interaction

asynchronous 
Interaction

synchronous 
distributed 
Interaction

asynchronous 
distributed 
Interaction

Same Time Different Time

Same Place

Different Places

Figure 2.8: Groupware time space matrix [6].

2.3.2 Awareness

Awareness has been shown to be one of the main focuses at CSCW conferences in

recent years. The key goal is to design and look at “interfaces that help people stay

aware of information without being overwhelmed or distracted” [19]. Awareness can

be further divided into eight categories:
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Presence Awareness refers to when an individual knows who is currently “here”.

An example would be a person’s online chat list where various statuses are

shown [20].

Identity Awareness includes enough information for an individual to identify an-

other person on the system. In the case of the online chat list, screen names

provide identity awareness by providing a link between the virtual account and

the individual in real life.

Location Awareness provides information with regards to the current geographic

location of the user and/or others [20].

Information Awareness alerts individuals if there is an update in the information

that is marked important. An example is an email notifier that beeps when new

mail arrives.

Social Awareness contains information as to whom is connected to whom. Face-

book applications like TouchGraph can generate such information (Figure 2.9)

for everyone that the individual is connected to.

Activity Awareness refers to individuals, in a group, who know what the others

are doing. Functionality such as the automatic display of the song that you are

currently listening to on the chat list is an example for activity awareness.

Workspace Awareness refers to individuals who work in the same visual workspace.

These individuals are also aware of others who are working concurrently in the

same workspace [21].

Situational Awareness refers to the individual’s perception of the environment. It

may include the individuals’ understanding of how the information and actions

can impact the end goals and objectives [22].
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As a side-effect, awareness also increases the chance of disruption to the tasks

at hand [23]. Thus, a careful balance between the two is needed when designing

collaborative software.

2.4 Conclusion

Because safety and ease of use are the number one priorities when designing critical

life dependent system, we must look into all aspects of the system including: fault

tolerance, human computer interaction, and computer supported cooperative work.

In this chapter, we have looked at the general overview of what needs to be considered;

in the following chapters we examine specific items in each of these areas that apply

to dive computers.
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(a)

(b)

Figure 2.9: Screenshots of TouchGraph.
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Chapter 3

Communication Technology

Figure 3.1: An example of ubiquitous system that can be taken underwater when
secured in the underwater housing [7].

“One of the major technological achievements of modern history has been the

design and implementation of means of communication and transmission of infor-

mation... The social and cultural implications of this development are huge and

far-reaching” [24]. Since providing an alternative means of communication between

scuba divers is one of our main goals, we must determine the most suitable tool and

platform to fulfill this goal. Thus, we need to carefully study the various available
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technologies, along with their pros and cons, in order to help us make a sound decision.

3.1 Transmission Methods

There are numerous ways to implement underwater communication. These include:

acoustic propagation, radio waves, radar, and sonar. As we can see in the following

sections, challenges with bandwidth and latency always exist regardless of the tech-

nology used; this is due to the conductivity level of water. In general, the attenuation

of waves depends on temperature, salinity, and frequency [25].

3.1.1 Acoustic

A standard underwater acoustic network is constructed by forming bi-directional links

between all devices. The use of underwater acoustics comes with problems like limited

bandwidth, large signal propagation time, and a low transmission power level [26].

Devices may be incapable of transmitting and receiving at the same time [9].

Acoustic noise is defined as unwanted sound or meaningless data that is transfered

between acoustic systems. Noise can degrade the quality of the received signal and

may make it unintelligible. Because noise can be created from various waveforms,

Luton [24] described and categorized noise into four categories: ambient noise, self-

noise, reverberation, and acoustic interference.

Ambient noise includes any random waveforms created outside of the acoustic

system. It can be triggered by nature or an artificial source. Self-noise is a type of

noise where the system picked up noises created by itself and/or any supporting plat-

form within the system. An example of self-noise is electrical interference. The third

category, reverberation, affects sonar systems where its own echoes are louder than

the expected target echoes. Lastly, there is acoustic interference which is generated
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by other acoustic systems working nearby.

3.1.2 Radio

The absorption of electromagnetic waves of given frequency over a given distance can

be calculated by using the salt level, temperature, depth, and radio frequency [25, 27].

In some situations, depending on the application and choice of radio wavelength, radio

transmission is accomplished in the following ways: water-to-air, air-to-air, and air-

to-water [27].

3.1.3 Radar and Sonar

Radar is a short form coined from “radio detection and ranging”; it uses electro-

magnetic waves to identify variables such as range and direction. Underwater radar

systems emit radio waves in the microwaves frequency range. However, the absorp-

tion rate of the microwaves by the water is too great for this type of frequency to be

in any practical use [28].

Sound navigation ranging, or more commonly known as sonar, can be seen in two

forms: active and passive [29]. In its active form, it emits pulses of sound waves

and waits for the signal to be reflected off the closest object. Highly similar to the

technique use by whales, dolphins, and bats to locate prey; we can use the knowledge

of speed of sound and the time sound wave used to travel to the target and back,

we can calculate the distance between the emitter and receiver. In the passive form,

instead of emitting, sonar waits and listens for sounds generated by others.
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3.2 Related Work

As underwater research has recently become one of the “hot” topics, we must look

at such literature along with commercially used products in order to determine the

technology which is best to use.

3.2.1 High-Speed Optical Transmission

The Japan Marine Science and Technology Center developed a remote operated un-

derwater vehicle for deep-diving called Kaiko [30]. There are six cameras mounted on

Kaiko with five being part of the main operation while the sixth acts as a spare; there

are also other sensors and equipment attached to the vehicle along with a 250-meter

secondary cable.

Kaiko is able to transmit real-time data at the speed of 840 megabytes per second.

A launcher unit is located between the vehicle and the supporting ship unit. Its main

function is to relay and translate data between the vehicle and the ship unit because

of the different optical fibers used in the primary and secondary cables.

3.2.2 EvoLogics - Hydroacoustic modems with S2C Intelli-

gent Underwater Telemetry

The S2C technology is known as the Sweep-Spread-Carrier, which attempts to pro-

vide optimum underwater data transmission [8]. It also incorporates fault tolerant

techniques such as built-in error correction codes. At the final stage of development,

as stated in an article (September 2008), the technology had moved from S2C-180

(Figure 3.2) to S2C-280 (Figure 3.3). The S2C-180 has a depth rating of 100 meters,

telemetry distance up to 2000m, and bitrate up to 33 kb per second; while the S2C-

280 has a depth rating of 6000 meters, telemetry distance to 4000 meters, and bitrate
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up to 20 kb per second.

Figure 3.2: The S2C-180 hydroacoustic modem [8].

Figure 3.3: The S2C-280 hydroacoustic modem [8].

3.2.3 Acoustic Modem

The LinkQuest company has developed numerous types of acoustic modem. The

acoustic modem that we are going to focus on in this section is the UWM-100 (see

Figure 3.4) [1], which is intended to be used for shallow water data transmission. This

acoustic modem has an acoustic link that can transfer up to 17.8 kilobits per second

and operates at 26.77 to 44.62 kHz. In Table 3.1, we have listed some UWM-100

specifications.
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Figure 3.4: The S2C-280 hydroacoustic modem [1].

Table 3.1: LinkQuest UWM-100 specification [1].

Acoustic link 17.8 kilobits per second
Bit error rate less than 10−9

Operating Frequency 26.77 to 44.62 kHz
Operating temperature -5 to 45◦C

Weight in water 2.3 kg

3.2.4 Underwater Robotics Communications

Autonomous underwater vehicles (AUVs) are robots that could potentially bring

humankind a step closer to a solution when faced with marine difficulties such as a

search and rescue in deep sea. Currently, researchers are looking to minimize the

size of an AUV and its related operational costs, as well as, research in the area of

improving underwater communication between two AUVs.

Underwater communication poses problems as temperature differences in the wa-

ter causes many difficulties with transfer rate and wave diffraction. Underwater com-



23

munication can take three forms: acoustic propagation, fiber-optic communication

and radio modems. Acoustic propagation is not a very effective form of commu-

nication as described in section 3.1.1. Due to the many inconveniences of acoustic

propagation, it is generally ruled out for use in an AUV. Fiber-optic communication

is also not a realistic choice for an AUV due to its cost, upkeep and fragile fiber-optic

cables. The impracticality of the first two forms of communication has led researchers

to use radio modems, particularly Zigbee modules, in AUVs. Zigbee modules provide

many benefits as they do not require much power, reduce data size which allows for a

simpler, and therefore less expensive, network, and its networks can cover large areas

using routers. Particularly, one of the Zigbees networks is called a mesh network; a

mesh network is reliable as it has a self healing capacity which reroutes a message

through the network when a node fails.

To further analyze the suitability of Zigbee modules in underwater communication,

two experiments were run by Nagothu et al. [9]. The first experiment consisted of

placing the base and remote of a Zigbee module next to each other near the water

and extending the antennas at different depths to record the amount of information

sent from remote to base and base to remote. The hit rate, or the number of times

information was received from remote to base divided by the total amount of times

information was sent, was 100%; in other words, information was received every time.

The second experiment had the modules shielded with aluminum foil to test whether

the hit rate remains the same. However, after being covered with aluminum foil, the

signal strength from the base to the remote decreased as depth and distance increased

(Figure 3.5) and thus the hit rate is expected to fall.

In “Communications for underwater Robotics Research Platform”, Nagothu et al.

presented two different types of underwater communication using Zigbee modules:

the brute force approach and their proposed approach. In the brute force approach,
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Figure 3.5: Results of Nagothu’s experiement 2 [9].

one node is named the master node and it controls the amount of information that is

circulating between all the other nodes in other AUVs. When transmitting a packet of

information to another AUV, the packet of information has an identification number

that contains the name of the destination node. When a node receives information, it

verifies the identification number. If the identification number matches, it stores the

received information in its memory; if the identification number shows that the packet

of information is not meant for the node, the node passes it onto the next node. If

two packets of information are received at once, the node ignores the second packet.

The downfall of the brute force approach is related to the way that nodes receive

information. Not only is the time needed and power consumption increasing with

every node that the information has to pass through before reaching its destination;

this process would also take a lot of memory, battery power and bandwidth which

makes it impractical. In the proposed approach, the positions of all the nodes are
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known and when transmitting information, the position of the node is included with

it. The process of transporting the information is the same as the process in the

brute force method but in the proposed approach, the master node can be switched

to another node if there is a system failure.

Some other experiments to test the underwater acoustic communication system of

an AUV include one completed by Marine Systems Engineering Laboratory [31]. Two

EAVE III AUVs equipped with sensors for things like acoustic altitude and depth,

pressure depth, water temperature, were used in the experiment. To find the position

of the other AUV, a navigation algorithm was created which needs the following

three pieces of information: location coordinates (x,y,z) of the transponder on the

AUV, the depth and heading of the AUV that is trying to find the other AUV and

the turnaround time delay for the transponders on each AUV. By sending out three

transmit pulses from one AUV to another and calculating the time it takes for the

other transponder to return the three pulses, one AUV is able to find the position of

the other.

3.2.5 Float Buoy Ranging System

Kurano et al. designed an experiment with a ranging system in attempt to determine

the underwater running locus’ position [10]. Figure 3.6 shows the entire system setup

when deployed.

The ranging system is made up of a AUV-mounted pinger, three surveying float

buoys that receive the pinger signal, and a receiving station on the test ship. Kurano et

al. carried out their test twice. The initial test was only between the float buoys and

the ship mount pinger, in attempt to track the floating buoys. The second test, they

have tracked the running locus through both the floating buoys and the information

from the AUV itself. In their evalution, it was shown that there could be an error of
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Figure 3.6: The float buoy ranging system proposed by Kurano et al. [10].

± 15 metres in measured values.

3.3 Communication for Dive Computers

In most literature that we have seen, the two major data transmission tools used

for underwater robotics are acoustic modems and the Zigbee module. However, it

appears that more research is based on acoustic modem; in other words the chance

of having an improved underwater communication for acoustic modem in the future

is higher than using the Zigbee module. For this reason, we have chosen to use the

acoustic modem in our design.

3.4 Conclusion

In this chapter, we started by presenting possible forms of underwater data transmis-

sion. Then we looked at the current state of research and technology and in the end

chose a technology for our design.
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After selecting the appropriate tools that can meet out requirements, in the next

chapter, we look at how the underwater network can be built using the tool chosen

in Section 3.3.
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Chapter 4

Network

To make communication between dive computers possible, we need to interconnect the

set of dive computers for “gathering, processing and distributing information” [32].

In other words, a wireless sensor network is in order. In this chapter, we look at ways

to attempt and build both a mesh network and an extended mesh network. This

includes an analysis of current routing approaches.

We first start by looking at types of routing protocols, namely the proactive rout-

ing, reactive routing, and hybrid routing approach. Next, we look at existing research

in underwater network. This is followed by a proof on how triangulation can occur

using spheres and finishes with a discussion on our network design for dive computers.

4.1 Proactive Routing

Proactive routing is mostly used in applications like the Global Positioning System.

In the proactive approach, all nodes are constantly exchanging routing messages and

maintaining sufficient and fresh network topological information. By periodically

sending routing tables around the network, all nodes maintain up-to-date information

such as lists of nodes and routes.
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The disadvantage of using this approach is that it requires a consistent transfer of

data which grows proportionally with the number of nodes within the network. The

total number of links can be derived from the total number of nodes by using the

formula n(n−1)
2

. In addition, if there is a failure in the network, it will take a relatively

longer time to respond.

4.2 Reactive Routing

Reactive routing is triggered by communication demand at sources. The node that

needs to send a message will first flood the network requesting routes to try and find

a path between itself and its desired destination.

The disadvantage of this method is the high delay in packet delivery because of

the time required for path finding.

4.3 Hybrid Routing

Hybrid routing is a combination of proactive and reactive routing. At the start of

the network, partial routes would be determined using the proactive approach. For

any nodes that are not part of the predetermined routes, the reactive approach will

be used when a message needs to be sent.

4.4 Related Work

In this chapter we are focusing on mobile wireless communication networks. Thus,

we are going to present related work that focuses on mobile sensor networks and

ubiquitous system computing.
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4.4.1 Mobile Ad Hoc Wireless Networks

Similar to crisis systems designed in “Crisis Management using Mobile ad-hoc Wire-

less Networks” [33], most land-base (above water) crisis systems rely on the Global

Positioning System for communication. These systems are used for reporting emer-

gencies such as accidents, natural disasters, and acts of terrorism. Details of the

incident (e.g. the location and current situation) can be reported directly into the

system by both authorities or the individual in distress. The biggest challenges in

these environments are the breakdown of communication and trying to find a way

“to store and retrieve information in ad hoc, distributed, and loosely connected net-

works” [33]. As the authors have suggested, although distribution and duplication of

information on every node is impossible, information on the disconnected node should

still be made available. For these reasons, the authors suggested to give partial, re-

dundant information to neighbouring nodes.

In addition to the proposed information fault tolerance, we also need to look at

efficiency in mobile ad hoc wireless networks. Su et al. developed a tool such that

it uses the late-binding technique for data transmission. In other words, the device

“adapt[s] to its mobile environment by delaying network connectivity interface and

protocol selection until the moment of data transmission” [34]. By using this ap-

proach, it allows concurrent transmission across multiple protocols and applications.

4.4.2 Sensor Networks for Health and Safety Monitoring

There is a great potential for ubiquitous computing and embedded wireless systems

to improve health and safety processes. When researching in such fields, a great

deal of field study through interviews and observations is required. Kortuem et al.

identified “three beneficial uses of ubiquitous technologies: 1) improving the quality

of recorded health and safety data; 2) providing timely, personal attention to work-
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ers and operatives about health and safety risks; 3) improving the understanding of

company-wide health and safety risks.” [35] While designing such ubiquitous embed-

ded systems, there are usually two types of architecture that one can follow. One

is an architecture based on sensor network concepts and the other is an architecture

that is built around the idea of smart everyday objects. Smart everyday objects are

objects that link everyday items with technology. “A smart object can perceive its

environment through sensors and communicates wirelessly with other objects in its

vicinity. Given these capabilities, smart objects can collaboratively determine the

situational context of nearby users and adapt application behavior accordingly.” [36]

The wireless sensor networks approach is usually constructed by a group of self-

forming and self-healing wireless networks of low-power embedded sensor nodes. In

this approach, a number of sensor network nodes can be scattered around a work site

or attached to work related objects and people streaming sensor data. It is ideal to

attach these sensor nodes on people because of the direct and accurate measurements;

however, this approach can be obtrusive to subjects.

The second approach utilizes the key component of ubiquitous computing – the

use of smart everyday objects. These artefacts are part of our everyday lives and

are integrated with technology that can provide us with sensing computation, and

communication capabilities.

The major differences between these two approaches come from the relationship

between the ubiquitous embedded device and the people rather than the technology

itself.

4.4.3 Intentional Naming System

Mobile nodes and services create dynamic environments and cause rapid fluctuations

in performance. Because the routing between such nodes is dynamic, Adjie-Winoto et
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al. [37] identified four design goals for a naming system that enables dynamic resource

discovery. These goals are: expressiveness, responsiveness, robustness, and easy con-

figuration. In the Intentional Naming System (INS) where the authors proposed to

utilize name specifiers, clients use name specifiers as part of the header of a message

to identify the message’s final destination. Systems will also periodically broadcast

their intentional names along with the description of the services they provide.

The main activity in the proposed system is mapping name specifiers to the cor-

responding network locations. At the event when a message arrives at the system,

it would find the name specifier in a name tree which then returns a record that

contains the actual IP address of the destination. In this approach, there are two

possible bottlenecks: (1) name tree lookups and (2) name update processes. These

bottlenecks are solved by delegating work to inactive resolver nodes.

4.4.4 Seamless Networking

In today’s world, a wide range of radio technologies based communication have been

developed, from short-range platforms like Bluetooth to long-range platforms like

cellular radios. However, there are situations where two people side-by-side cannot

share resources and data due to low network connectivity. Su et al. [34] presented

Haggle, an architecture that separates application logic and transport bindings. A

key to the suggested approach is that applications should not be concerned with or

aware of the data transportation mechanism. It uses the data-centric architecture to

internally manage data handling and data propagation tasks.

Another example of seamless networking was shown in the idea of collaborative

download for multi-homed wireless devices [38]. Because Wireless Local Area Network

(WLAN) offers a much higher speed than Wireless Wide Area Network (WWAN), it

is obvious that WLAN will be the transportation interface of choice when available.
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The authors attempt to design a protocol that can support seamless collaborative

download. In their protocol design section, they drew attention to three key compo-

nents for designing such protocol: (1) a protocol for mobile devices to form groups,

(2) a scheme to distribute work amongst the group, and (3) a mechanism for low-level

data transport and connection management to fetch data from servers.

As part of the group formation protocol, an initiator (any mobile device) must

identify the set of collaborators (other mobile devices that wish to collaboratively

download) that can work correctly while individual devices move in and out of range.

Each device will also periodically broadcast a message, notifying others that they

are still “alive”. Similar to MapReduce [39], work is partitioned into chunks. These

chunks are then put into a work queue where free devices can dequeue chunks to work

on. This approach allows dynamic adjustment to work distribution and consequently

offers a potential performance gain.

4.5 Transmitters

In “The study of the float buoy ranging system for the underwater vehicle”, Kurano

et al. [10] presented an analysis, using matrices, to find the coordinates of one

underwater running locus (see Section 3.2.5 for details). However, it is unclear as

to why three buoys were used in their design. Thus, in this section, using basic

geometry, systems of equation, and the quadratic formula, we determine the minimal

number of buoys needed in order to determine the position of dive computers based

on triangulation theory.

Because signals are broadcast in every dimension of the three dimensional space,

we start by defining the equation for spheres.
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(x− x1)
2 + (y − y1)

2 + (z − z1)
2 = r2

1 (4.1)

(x− x2)
2 + (y − y2)

2 + (z − z2)
2 = r2

2 (4.2)

(x− x3)
2 + (y − y3)

2 + (z − z3)
2 = r2

3 (4.3)

By using one transmitter, we can only obtain the radius between the transmit and

the dive computer (Figure 4.1). Thus, we start by attempting to use only two trans-

mitters to calculate the dive computer position through calculating the intersection

(Figure 4.2).

Figure 4.1: Triangulation with one transmitter.

First, we assume the centre for sphere 1 is (0,0,0). Next, we can assume the centre

for sphere 2 is (x2,0,0) because the link between the two transmitters is a straight

line, thus allowing us to orientate the two spheres in such a way that they lie on the

same two dimensional plane.

Based on our theory above, equations 4.1 and 4.2 can be rewritten in the following

forms:

x2 + y2 + z2 = r2
1 (4.4)
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Figure 4.2: Triangulation with two transmitters.

(x− x2)
2 + y2 + z2 = r2

2

x2 − 2x2x + x2
2 + y2 + z2 = r2

2 (4.5)

Next, we can find the intersecting x-coordinate by combining equations 4.4 and 4.5

using systems of equations.

(x2 + y2 + z2)− (x2 − 2xx2 + x2
2 + y2 + z2) = r2

1 − r2
2

2xx2 − x2
2 = r2

1 − r2
2

2xx2 = r2
1 − r2

2 + x2
2

x =
r2
1 − r2

2 + x2
2

2x2

(4.6)

To find the intersecting y, z-coordinates, we can substitute x in equation 4.4 with

equation 4.6 to form 4.7.
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(
r2
1 − r2

2 + x2
2

2x2

)2

+ y2 + z2 = r2
1 (4.7)

y2 + z2 = r2
1 −

(
r2
1 − r2

2 + x2
2

2x2

)2

(4.8)

From equation 4.8, it proves that only an equation of the y and z-coordinates can

be found but not the exact coordinates . Since we wish to find the exact location, we

must use more than two transmitters. Thus, we use three transmitters (Figure 4.3).

Figure 4.3: Triangulation with three transmitter.

Again, we can assume the coordinates for sphere 1, 2, and 3 to be (0,0,0), (x2,0,0),

and (x3, y3, z3), respectively. None of the coordinates for sphere 3 can be set to zero

because we cannot force any of its axis to be the same as sphere 1 or 2. Consequently,

all coordinates must be marked as variables. In order to find the location of the dive

computer, we must find the coordinates of where the three spheres intersect.

While equation 4.4 and 4.5 can be reused, we can rewrite equation 4.3 as follow.
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x2 − 2xx3 + x2
3 + y2 − 2yy3 + y2

3 + z2 − 2zz3 + z2
3 = r2

3

r2
1 − 2xx3 + x2

3 − 2yy3 + y2
3 − 2zz3 + z2

3 = r2
3

2xx3 − x2
3 + 2yy3 − y2

3 + 2zz3 − z2
3 = r2

1 − r2
3

r2
1 − r2

3 + x2
3 + y2

3 + z2
3 − 2xx3 = 2yy3 + 2zz3

1

2

[
r2
1 − r2

3 + x2
3 + y2

3 + z2
3 − 2x3

(
r2
1 − r2

2 + x2
2

2x2

)]
= yy3 + zz3

x2(r
2
1 − r2

3 + x2
3 + y2

3 + z2
3)− x3(r

2
1 − r2

2 + x2
2)

2x2

= yy3 + zz3 (4.9)

As we can see from equation 4.9, the left side of the equation is made up of known

variables. Thus, to avoid confusion, we can substitute the left side with a single

variable n and continue to solve for y.

n = yy3 + zz3

y =
n− zz3

y3

(4.10)

Now that we have solved x and y of the moving dive computer in equation 4.6

and 4.10 , we can substitute those back into equation 4.1 and solve for z. Again, to

make the equation more readable, we substituted the right side of equation 4.6 with

a single variable m. In this case m =
r2
1−r2

2+x2
2

2x2
.
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m2 +

(
n− z3z

y3

)2

+ z2 = r2
1

n2 − 2nz3z + z2
3z

2

y2
3

+ z2 = r2
1 −m2

n2 − 2nz3z + z2
3z

2 + z2 = y2
3(r2

1 −m2)

−2nz3z + z2
3z

2 + z2 = y2
3(r2

1 −m2)− n2

(z2
3 + 1)z2 − (2nz3)z − [y2

3(r2
1 −m2)− n2] = 0 (4.11)

From equation 4.11, we can see that z can be solved simply by applying the

quadratic formula −b±
√

b2−4ac
2a

.

z =
2nz3 ±

√
(2nz3)2 + 4(z2

3 + 1)[y2
3(r2

1 −m2)− n2]

2(z2
3 + 1)

=
2nz3 ±

√
4n2z2

3 + 4(z2
3 + 1)(r2

1y
2
3 −m2y2

3 − n2)

2(z2
3 + 1)

=
2nz3 ± 2

√
n2z2

3 + (z2
3 + 1)(r2

1y
2
3 −m2y2

3 − n2)

2(z2
3 + 1)

=
nz3 ±

√
n2z2

3 + (z2
3 + 1)(r2

1y
2
3 −m2y2

3 − n2)

z2
3 + 1

(4.12)

Equations 4.6, 4.10, and 4.12 show that the running coordinate of a dive computer

can be found when three additional transmitters are used on the surface. Although

the precise coverage by these transmitters depends on the exact placement of transmit-

ters, the required coverage area is small enough for this approach to work effectively.

Divers are restricted to stay within 15 meters from their flag unless otherwise specify

by local laws. Assuming the three transmitters are deployed 3.5 meters apart from

each other, forming an equilateral triangle, we can comfortably cover an approximate

area of 42.60 meters in diameter (21.30 meters in radius) at the depth of 40 meters.
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Despite the complexity of the equations, no further analysis is undertaken because

we are only demonstrating the feasibility of location finding.

4.6 The Design of the Dive Computer Communi-

cation Network

In our design, we use a hybrid routing approach that is slightly altered from the one

described in Section 4.3. In our approach, the initialization is done above water using

the proactive routing approach. Once the dive computer is underwater, it starts to

use the reactive routing approach to avoid generating heavy traffic.

There are three types of equipment required within our network: a receiver

mounted on a boat, transmitters mounted on float buoys, and dive computers. The

boat mount unit is optional and is useful for mapping the exact location of the de-

vices through the device’s relative position to the buoys and the exact location of

the buoys by utilizing GPS. Additionally, we can incorporate Su et al. late binding

approach and have multiple types of transmitter to allow the devices to choose the

most efficient approach to use in real time.

From Section 4.5, the minimal number of transmitters that we need to use is three.

Furthermore, these transmitters need to be separated to achieve an optimal triangula-

tion; we can achieve such separation by putting these transmitters on separate buoys.

In addition, because these buoys are essential in triangulation, we should apply fault

tolerant techniques. In this case, we chose to use the pair-and-a-spare approach [2]

with three transmitters on each buoy (Figure 4.4). In this approach, on each buoy,

there are two transmitters active while the third is on cold standby. Following the

possible senerio of how pair-and-a-spare works on each buoy in Table 4.1, Figure 4.5

shows a possible scenario when our designed networked is deployed.
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Figure 4.4: Pair-and-a-spare design [11].

Table 4.1: An example of pair-and-a spare.

Time Transmitter A Transmitter B Transmitter C
t0 On (in-use) On Off
t1 On (in-use but unstable) On Off
t2 Off (failed) On (in-use) On (powered on)

Alternatively, based on our finding in Section 4.5, if one of the buoys becomes out

of reach, we can use one of the underwater dive computers as a reference point to

calculate the position. To further extend this idea, the positioning functionality can

continue to work without buoys, when there are four or more dive computers within

the network.
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Figure 4.5: An overview of the communication network design.
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Chapter 5

Human Computer Interaction

Without gills, fins, and tube feet, human explorers need to use tools like regulators,

snorkels, rubber fins, buoyancy control devices, and masks to help them stay under-

water “comfortably”. Although this equipment can help us stay underwater, we must

keep track of the direction, temperature, and air supply because there is a limit to

the time and depth that one can spend underwater.

With all the various variables, it is obvious that we need a device that displays

all the information. Because robustness of a system does not guarantee usability. In

this chapter, we look at HCI in attempt to design a user interface that is easy and

intuitive to use, and our focus is on single user interaction.

5.1 Case Scenarios

Planning is essential in scuba diving. Before each dive, scuba divers must predeter-

mine and plan their route, underwater time, and depth. This plan acts as a general

guideline for each diver to follow while underwater, ensuring his or her own safety for

the duration of the dive. Failure to follow plans can lead to comprising safety and

life.



43

Following the design process as described in Section 2.2.1, we must first look at

the current process and practices.

5.1.1 Direction

Because dive routes are pre-planned by divers, the compass is a mandatory piece

of equipment ordered by diving organizations. The compass will allow the diver to

follow their pre-planned route by informing them of the direction in which they are

heading. While it is common for divers to end their dive at the location where they

started and have multiple waypoints where a directional change is done, a function

that marks exact coordinates of the diver’s start point is needed.

5.1.2 Bottom Time and Depth

One of the most serious hazards that a diver has to be aware of is nitrogen narcosis.

Nitrogen narcosis occurs due to too many nitrogen molecules in the bloodstream.

It affects a diver’s composure and judgment which leads to panic and boorish be-

haviour/judgement. To help divers minimize their risk of contracting nitrogen nar-

cosis, a threshold for nitrogen saturation is included in the maximum dive time and

depth calculations during the pre-dive planning. Due to nitrogen levels building and

accumulating during dives, it is critical to note the duration and depth of the dive as

well as how frequently dives occur.

5.1.3 Tank Pressure

Since humans do not possess the ability to breathe underwater, a breathing apparatus

and a pressured air tank is needed before underwater exploration can occur. However,

failing to keep track of air usage during a dive is a common mistake that leads to an

unexpected end of a dive. This mistake can be fatal if a diver runs out of air before
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he/she can reach the surface. Therefore, it is vital for divers to continuously monitor

the pressure gauge connected to the scuba tank in order to keep track of the air they

have left. For every 10 metres in depth, the rate of pressure increases by 100 kPa.

Hence, more air is used at deeper depths. For this reason, this habit is essential.

5.2 Variables

From Section 5.1, it is obvious that we must at least include the follow parameters in

our design: direction, dive time, depth, scuba tanks pressure. Other optional param-

eters on some of the existing devices include: temperature, surface interval, current

date and time. The values of the mandatory parameters can be taken from existing

sensors that are built into the current dive gear. Moreover, with the help of compu-

tational power and additional sensors , we can calculate and provide instant updates

on additional information such as maximum depth, maximum time, decompression

stop requirements, and excessive ascent rate.

5.3 Current Approach

There are two major approaches to dive planning: (1) using the dive table and (2) us-

ing dive planning software. The advantage of a dive table over dive planning software

is that electronics can fail at any time, before, during, or after a dive. Moreover, in

the cases where a desktop or laptop is required to run the software, it is less flexible

and convenient for divers.

In both approaches, divers rely on dive computers to help keep track of data

during their dives.
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5.3.1 Dive Table

The dive table was originally developed in 1907; it had been the main tool used for

dive planning. This table provides the theoretical nitrogen consumption by a diver

during a dive. Because there is a maximum limit on ones nitrogen intake, the dive

table allows a diver to see how long, and at what depth, they can stay underwater

during each dive.

5.3.2 Dive Planning Software

While some dive planning software and dive computers are sold separately, there are

dive computers that incorporate planning software into their devices. In either case,

dive software mainly focuses on the pre-dive planning and automates the dive table

look up process.

5.3.3 Dive Computer

After the planning stage, divers then execute their plan. At this stage, many would

agree that one of the most important pieces of equipment is the dive computer.

Current dive computers come in a wide range of price, size, and functionalities. Below,

the three most common types of dive computers are introduced.

The Console Design

In the standard console design, a compass, air pressure gauge and a depth gauge are

displayed; however, due to each functionality having its own display, the size of the

device is increased which can lead to some inconvenience during a dive.

In this particular design, in addition to the aforementioned gauges, it also shows

the time and temperatre. A common problem that occurs in console designs is the
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Figure 5.1: The console design is the most common design of dive computers [12].

retrieval of cognitive data. Data can be found by searching through the three displays

until locations are learned but because the location of each display varies with different

models, divers generally have to spend more time familiarizing themselves with the

device before a dive.

The Wristwatch Design

Figure 5.2: A dive computer in the form of a wristwatch [13].

This type of wristwatch dive computer generally displays dive time and air pres-

sure. However, since there are many different types of wristwatches, some models
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might show more sophisticated data. The advantage of a wristwatch design com-

pared to the console design is that the attaching hose between the diver and the air

tank is eliminated thus allowing more freedom in movement. A disadvantage of the

wristwatch design, compared to the console design, is the small display area that the

wristwatch offers. It limits the amount of viewable data that the diver can see at one

time on the display.

The Mask Design

Figure 5.3: Dive computer integrated with the mask [14].

In the mask design, the dive computer has a small LCD screen at the bottom right

corner of the mask (Figure 5.3). As the mask is a mandatory piece of equipment, this

simplifies the design into a more convenient form than the wristwatch and console

styles of devices. There is no extra equipment to take care of during a dive. Although

the data displayed on the screen (Figure 5.4) contains the same information as other

devices, dive time, air pressure, and depth, our device also suffers from the same

problem as wristwatch style devices – the limited display area restricts the amount

of data shown.
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Figure 5.4: An example of what the LCD looks like from inside the mask [14].

Figure 5.5: A newly developed underwater communication device [15].

5.3.4 Communication Device

The computer shown in Figure 5.5 was presented at the DEMA 2008 show on Oc-

tober 22-25 2008 [40]. This device was advertised to have the capability of sending

messages up to 500m in range and the capability of locating the starting point when

an additional unit is purchased. As this device is still under development, limited

technical information can be found about the device.
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5.4 The Missing Information

Diving organizations define mandatory equipment based on information required to

be collected by divers during a dive (as described in Section 5.1). However, the

information collected is minimal.

One of the important pieces of data, which is not being included in any of the

current dive equipment and accessories: the airflow rate from the scuba tanks valve.

This piece of data can mark the difference between life and death.

When traveling, divers usually rent their equipment at their destination. Since

each dive shop handles their equipment differently, there can be oversights. For

example, this true story happened in the summer of 2006.

Because rubber valve caps can be easily misplaced, a dive shop that provided the

scuba tanks put tapes over the opening of the valves to identify full air tanks. As one

of their participants was carefully completing the pre-dive checks, they overlooked

the tape and attached the regulator to the valve without removing the tape.

Before entering the water, the individual inhaled from the regulator and felt that

not enough air was coming out of the regulator. So they got another participant to

double-check the tank pressure (to check if the tank is full) and triple-check with

other divers; because no one found any problems, the individual went into the water.

After 45 minutes of underwater exploration, the individual suddenly started to

feel dizziness and lost all their senses, including the sense of direction. Luckily, a

fellow diver was close by and the two went for an emergency ascend.

As the individual unequipped themselves after getting back onto the speedboat,

they found the tape. It was still stuck tightly on the mouth of the valve, only with a

little hole where the regulator poked through. It was only luck that another person

was close by. This incident could have been prevented, if the airflow rate through the

scuba tanks valve was shown on a display.
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5.4.1 Derived Data

Current dive computers do not show useful information like maximum depth and

time and consequently do not allowing dynamic dive changes. As mentioned in

Section 5.1.2, nitrogen narcosis occurs after there is a certain density of nitrogen

molecules in the blood. It can be extremely useful to a diver to monitor their dive

depth and time against the maximum “safe” depth and time limit, regulated by the

dive table, in order to avoid nitrogen narcosis.

5.4.2 The Missing Functionality

Unless special electronic communication devices are used, divers cannot communicate

orally underwater. Because oral communication is rendered ineffective while under-

water, when a diver wants to communicate with another diver some distance away,

the individual must create sound by knocking two metal objects (usually any metal

objects and the diver’s scuba tank). However, this method of communication has its

flaws: there may not always be other metal objects around for the diver to use and

if the diver is disoriented, the person may not be able to hit the tank.

Since water is approximately 800 times denser than air, sound waves diffract

differently in water than in air. In fact, sound can travel faster and further in water.

By having an emergency button that can start a sound emitting function on the dive

computer, we can make use of this fact. This is also more advantageous to divers

as reaching and pressing a button that is within an arms length will be much easier

than using a solid object to hit a scuba tank.
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5.5 Operational Modes

In this section, we look at how the user interacts with the device as well as the various

display modes.

5.5.1 Interaction Zen

The prime reason that HCI existed was to provide a better platform for human-

data interaction. The essence of the spirit in many Zen principles, concerns with

aesthetics, mindfulness, connectedness [41] can be analogically applied to HCI. Like

Zen, we apply aesthetics with balance and harmony to our design, focusing on user

interaction, while maintaining usefulness.

Since using the same button for multiple functions may cause confusion, the dive

computer uses a touch screen for most functions. The touch screen allows for more

flexibility and ease when accomplishing a task. There is more interactive information

present per screen and a task can be done by a single press rather than many presses

of a button.

5.5.2 Display Modes

We have taken our overall design and categorized three types of the display modes

based on the standard dive process: surface mode, pre-dive mode, and dive mode.

Pre-Dive Mode

During the pre-dive mode, information like direction and depth can be entered into

the device and safety checks like scuba tank airflow rates are also conducted. The

pre-dive mode automates the pre-dive planning and allows for divers to spontaneously

change their dive plan while underwater.
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Dive Mode

During the dive, the device is used in dive mode. Critical information, as described

in Section 5.2, information on direction, dive time, depth, and scuba tank pressure

along with additional information like maximum depth, maximum time, and vertical

direction are shown in our design.

Surface Mode

The surface mode contains a summary page that lists the diver’s last 10 dives for the

diver to view. Because divers are required to record their dives in the dive log, In

this mode, users can upload their previous dive records from the computer onto the

device through an accompanying program. When the record is successfully uploaded,

the record will be deleted from the computer. Users can also delete records through

on-screen instructions.

5.6 Colour

In water, spectrum colours, also known as the colour combination that creates white

light (such as red, orange and yellow), behave differently than they would in air [42,

43]; as the depth of water increases, spectrum colours start to become filtered out.

For this reason, spectrum colours cannot be used in underwater technology. However,

fluorescent colours (colors that emit bright lights) are not filtered out by the water.

Thus, neon fluorescent colours are used to display information on the physical dive

computer prototype.
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5.7 Graphical Information Representation

As we can see from Section 5.3.3, all current dive computers are text based. Since

we wish to make the information more easily processed by the brain, we are using an

innovative approach – a graphic based dive computer. Depth and time, direction, and

tank pressure, are used as organizational categories for the displayed information.

5.7.1 Depth and Time

In the traditional dive computers, it is difficult or even impossible for divers to alter

their dive plan while underwater. We want to design a dive computer that offers this

flexibility. Because depth and time are often viewed together when making important

decisions (e.g. increasing the dive time or depth of the dive) are made, depth and

time are grouped as one category. In Figure 5.6, there are three different ways of

representing depth and time graphically.

30
 m

inm
10

 m

Depth

Time

(a) (b) (c)

Figure 5.6: Graphical representation of depth and time.

In all three cases, the graphs are unfilled at the start of a dive. As the dive

progresses, they will be filled appropriately.
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5.7.2 Direction

While living above water, only a two-dimensional compass is needed because gravity

allows us to know which way is up or down. However that is not the case when one is

underwater. We need to have a compass to show horizontal direction and a graphic

to indicate vertical direction.

The compass follows the standard design and markings are made every 45◦. Like

a normal compass the arrow always points towards the north. When the arrow aligns

with the straight line, which is set by the user in the pre-dive mode, it indicates that

the diver is swimming in a straight line along their intended heading.

Figure 5.7: The compass.

To differentiate the vertical direction from the compass, a square is used to rep-

resent vertical direction indicator. The design of the vertical direction indicator is

divided into two parts. When the dive computer display is facing upward (or above

horizon) a circle is displayed in the centre of the graphic; similarly, when the dive

computer display is facing downward (or below horizon) a square is displayed in the

centre of the graphic. The implementation of vertical direction is done through an

accelerometer. The length and direction of the arrow shows the amount and direction

of tilt respectively.

While Figure 5.8 shows the graphic being displayed on screen for the vertical

direction, Figure 5.9 shows the respective physical orientation of the device.
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(a) (b) (c) (d) (e)

Figure 5.8: Vertical direction indicating, (a) the display is facing upward. (b) the
display is facing downward (c) the display is facing in the direction of the arrow at 45◦

from face-up (d) the display is facing the direction of the arrow perpendicular to the
horizon (e) the display is facing in the direction of the arrow at 45◦ from face-down.

(a) (b) (c) (d) (e)

Figure 5.9: Device orientation according to graphics in Figure 5.8.

5.7.3 Tank Pressure

The design for the tank pressure is inspired by the battery indicator on a cellular

phone. The graphic of the air left in the tank decreases as the dive goes on and

to make things extra clear, the amount of air can also be shown as a percentage in

the graphic. At the beginning of the dive, the dive computer will assume the initial

tank pressure is the maximum tank pressure. As the dive goes on and tank pressure

decreases, the graphic starts to become unfilled according to the amount of air left in

the scuba tank.

5.8 Design Choices

We have noted the importance of choosing the right design. This includes not only

the visual representation, but also the size of each component. In this section, we look
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Figure 5.10: Graphical representation of tank pressure.

at both the design of individual components and the overall design of the display.

5.8.1 Graphics

Various combinations of the graphics introduced in Section 5.7, were experimented

with. Presenting direction graphics in the largest size possible is necessary because:

1. Directional graphics are more accurately interpreted when the graphics are

larger.

2. There are no numerical values available for direction graphics.

In order to yield maximal space for both direction graphics, we need to minimize

the space taken up by the other two categories. For this reason, Figure 5.6 (a) was

used in the final design.

Because the rectangular shape was chosen to represent depth and time, to make

an obvious distinction with tank pressure, Figure 5.10 (a) was used in the final design.

5.8.2 Screen Navigation Buttons

The original design (Figure 5.11) had the buttons laid out along the bottom of the

screen, starting from the right. The button on the bottom right corner of the screen,
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the back button, was initially placed there for two reasons: (1) the back button

is a button that is in most screens; (2) the fixed position of the button can make

it easier for users to intuitively complete tasks because they have learned that the

button is always going to be in that spot. However, after evaluation of the software

prototype, it was shown that placing the back button in the bottom right is not the

most natural position. In current computer applications and web browsers, the back

button is located on the left side of the application. Following this trend, the back

button was then moved to the bottom left of the screen.

(a) (b) (c)

Figure 5.11: Two examples of original design, (a) and (b), with the “Back” button
placed on the right, and the final placement (c).

5.9 Display of Choice

Since we are designing mobile devices, there is a trade off between the selection of

graphical representations and screen size (which affects the amount of space available

for information display). For example, a graphical representation may be easily and

immediately understood, but can take up much room on the screen. Due to the space

constraint for information display, those graphical representations may not be used

which leads to a trade off between graphical representation and screen size. After

much experimenting with various placements of graphics, we have came to the final

design detailed in the following subsections.
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5.9.1 Dive Mode

Figure 5.12 is a one-to-one representation of the dive mode’s main screen. Once a

diver clicks on any of the graphics, the screen goes into a screen filled with details

about a selected group, either depth and time, tank pressure or direction. Figure 5.13,

Figure 5.14, and Figure 5.15 show the detailed view of these three groups. To get

back to the main screen from the depth and time, tank pressure or direction screen,

the user can press the “Back” button on the bottom left of each screen.

Figure 5.12: Main screen of dive mode.

Figure 5.13: Detailed view for depth and time.

In dive mode, once the depth reaches 0 metre (i.e. the user has reached the

surface), the dive computer automatically asks the user if it is the end of the dive.
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Figure 5.14: Detailed view for tank pressure.

Figure 5.15: Detail view for direction.

If the user confirms that the dive has ended, the dive computer terminates the dive

mode and switches to surface mode.

5.9.2 Pre-Dive Mode

The pre-dive mode starts once the “Go for a Dive” button in Figure 5.21 is pressed.

The pre-dive mode starts by asking the user to enter the maximum depth of the

dive (Figure 5.16). If the maximum depth of the dive is changed at any time, the

dive computer automatically recalculates the maximum dive time allowed.

After entering the maximum depth, the dive computer asks the user about the

direction that they plan on swimming in (Figure 5.17). Then, the dive computer
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Figure 5.16: Diver has to enter the planned maximum depth.

checks for the regulator’s airflow rate and scuba test by asking the diver to attach

the regulator to the tank (Figure 5.18).

Figure 5.17: Diver is instructed to set their intended direction.

The computer show the results of all tests once they are completed. If no problems

exist, then the computer displays a tests successful message and the “Next” button

appears; if a problem is found, then a test fail message and the “Back” button appears

(Figure 5.19).

Next, the computer asks the user about whether or not he/she wants to pair up

the dive computer with another device. (Figure 5.20).

Once pairing is completed, the dive mode initiates. Alternatively, the pre-dive

mode can be skipped and dive mode would be initiated once the diver starts to
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Figure 5.18: Dive computer picks up information regarding airflow rate and tank
pressure with the sensors that is part of the regulator.

Figure 5.19: Test result screens.

descend.

5.9.3 Surface Mode

Figure 5.21 is surface mode’s main screen. The graph below the two buttons on the

top of the screen shows the different combinations of maximum time and depth that

is currently possible for the diver. The “Dive Records” button can let the diver view

past dive records while the “Go for a Dive” button will switch the dive computer into

the pre-dive mode (Figure 5.16).

The “Dive Records” button takes the user from the main screen to the main

records screen. There are ten buttons, each representing a particular record, that

make up the main record screen. If a record already exists, a numeric number will be

used as the button’s label but if no record exists, then the word “Empty” is used as
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Figure 5.20: Pairing dive computers.

Figure 5.21: Main screen for surface mode.

the label instead.

When the user presses a button that has a numeric number, a detailed version of

that particular record will be displayed on the screen (Figure 5.23).

5.10 Physical Device

So far, there has been an emphasis placed upon the displayed information but in order

to create a well-rounded computer design, attention has to be paid to full interaction

between the user and the device. Figure 5.24 represents the appearance of the physical

dive computer. The dive computer is a capsule shape with round ends to reduce water

resistance by cutting into the water.
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Figure 5.22: There are seven valid dive records currently existing on the dive com-
puter.

Figure 5.23: An example of a complete record.

To attract attention, the diver can use a start and stop button to control an

audible signal emitted by the dive computer.

5.11 Warnings

The dive computer uses audio, visual, and motion warnings which can all be termi-

nated by pressing the stop button located on the device. The audio warning can

be activated by pressing the “Alert” button; once activated, the audio warning uses

beeps emitted at a regular interval whereas the motion warning manifests itself by

vibration. In the collaborative setting, the diver’s computer emit sound and light;
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Figure 5.24: The dive computer.

while all network computers get a vibration signal. In addition to pressing the “Alert”

button, warnings are also issued when a dive computer is about to be out of range.

5.12 Conclusion

In this chapter, we studied the dive process and have designed a graphic based dive

computer based on our understanding and knowledge of this process. We have also

shown the process that lead to the detailed final design.
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Chapter 6

Computer Supported Collaborative

Work

Recreational scuba diving is a socializing event where scuba divers plan and dive in

groups. However, current dive computers in the market (see Section 5.3.3) are strictly

designed to be used by single users. In this section, we incorporate collaborative

aspects into the dive computer design as described in Chapter 5.

While scuba divers are underwater, they frequently stop to allow the dive leader

to check their status. However, having to make frequent stops during a dive takes

away joy and time. In addition, the dive leader has to constantly look back to see

if the entire group is still together. Without collaborative support, this incredible

experience can turn into a dreadful task.

Scuba diving is a social activity, in which divers are encouraged to dive in a

group of two or more people. Group diving makes the adventure more enjoyable; it

allows divers to share their experiences before, during, and after the dive. There can

be many instances where someone has an interesting find, yet they cannot share it

because they are not able to attract the others’ attention. Moreover, group diving
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serves as a safety precaution for both the pre-dive and dive stage. Before entering the

water, divers must pair up to check if all equipment is attached and working properly.

While underwater, each person provides emergency assistance to everyone else in the

group. This is especially true for the group leader; in addition to leading the dive,

they are also responsible for the safety and whereabouts of group members.

Without expensive equipment, divers are only able to communicate underwater by

using hand signals. This may not be the most effective form of communication because

visibility varies with environment changes. In addition, current dive computers only

support single user use; they only monitor time, depth, and air supply for a single

user. It is not interactive for divers as they are not able to communicate or check the

status of other divers within the group.

Due to the lack of support for collaborative work in current dive computers, our

goal is to design a dive computer to support collaboration between recreational scuba

divers. Our design is based on work completed in Chapter 5. Our development is

based on the following goals: (i) to support underwater collaboration, (ii) to provide

a better means of communication, (iii) to increase safety precautions, and (iv) to

increase awareness.

By supporting underwater collaborative work on a dive computer, we are allowing

divers to interact with each other through an additional channel. By the use of instant

messaging, we have opened up conversations between divers without the requirement

that they be face-to-face. In applications such as crisis systems mentioned in “Crisis

Management using Mobile ad-hoc Wireless Networks” [33], it is proven that we can

increase safety precautions with the help of CSCW. We have attempted to increase

awareness with Papadopoulos’ suggestions (see Section 6.2.5) made in “Improving

Awareness in Mobile CSCW” [20] in mind.
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In this chapter, we design a paper prototype and a software mockup of a collab-

orative dive computer system that is integrated with a messaging system, multiple

divers’ status view, localization of divers’ position, and a safety alert enhancement.

6.1 Research Goals

According to the CSCW system taxonomy, our system could be classified as “same

time, same place” [6]. However, our system differs from the traditional “same time,

same place” CSCW systems which deal with face-to-face communication. Since the

diving environment is not the same as a meeting room, the dive computer is expected

to include special features that are not addressed in most of the current synchronous

co-located CSCW systems.

6.1.1 Underwater Collaboration

Group diving is a social activity. Divers are encouraged to dive in groups mainly for

fault tolerance purposes. Divers in the same group can help and look out for each

other. To support collaborative work underwater, the first issue we want to address

is communication. By exchanging information, group members can gain knowledge

such as: who needs help and possible danger(s) at a nearby location. Furthermore, by

providing the capability to crosscheck each other’s status, it increases the chance of

spotting emergencies such as “low on air”. Lastly, if an emergency arises, there should

be a way to send an alert quickly to attract other dive buddies’ attention. Generally

speaking, diving is a high-risk activity; thus, underwater collaboration should be

focused on improving the overall safety and reliability.
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6.1.2 Communication

In a dive group, reliable communication can guarantee an increase in diving safety

and provide a better way for divers to share information underwater.

Without additional expensive equipment, divers can only exchange information

underwater through the use of hand signals. A dive computer with a messaging

system can provide better support in environments that have unpredictable changes.

Though hand signals are a more efficient way to communicate when dive bud-

dies are nearby, the visibility underwater may vary depending on the weather and

locations. Thus, by solely relying on hand signals, reliable communication cannot be

guaranteed – this presents a serious problem if an emergency should emerge. One of

the most important features that the messaging system should include is the ability

to send a message with a minimal number of steps.

6.1.3 Increase Safety

Since diving is a high-risk activity, safety is one of the most important issues that we

want to address. First, the new dive computer design must provide an effective and

efficient way of displaying group status such that divers do not make frequent stops

and review all statuses. If someone notices that their buddy’s air supply is low, then

they can send out a message to alert that particular person. For dive leaders, the

dive computer can help ensure that the activity is under control, and emergencies are

handled quickly. Moreover, when a diver detects danger, he or she should be able to

broadcast that information as soon as possible so that the appropriate measures can

be taken.
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6.1.4 Increase Awareness

According to the definition of awareness, awareness is the knowledge about the state

of the environment and the update with the environment changes [21]. In an under-

water environment where changes are always unpredictable, we want to be aware of

our surroundings. Gutwin and Greenberg [21] identified three elements, within the

context of awareness, that must be answered when designing collaborative systems:

“who”, “what”, and “where”.

In our situation, “who” should pose knowledge such as “who is nearby” and “who

sent the message”. “What” should include answers to “is anyone in danger?”, “are

there interesting findings?”, and “is anyone low on air?”. The “where” component

should include the location of the message sender/person in distress, as well as, the

planned direction that the group should be heading towards.

Furthermore, the dive computer should increase presence awareness, identity aware-

ness, action awareness, and situation awareness. In fact, more importantly, safety

alert should attract the attention of other group members immediately so that quick

countermeasures can be carried out in an emergency.

6.2 Related Work

6.2.1 Mobile Devices Supporting Collaborative Work

Groupware supports group members by creating a shared virtual environment to

share artefacts or self-representations. Since group members can be distributed geo-

graphically in different places, mobile devices are demanded to support such needs.

Currently, portable small devices are used in collaborative scenarios, especially in

disaster notification management. However, these devices have various constraints

in supporting group work, due to limited screen size, input facilities and communi-
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cation intermittence. One important paradigm in any mobile device application is

context-aware computing [44] in which the user of contextual information is described

associated with location, time, nearby individuals and devices, and user activities.

Since our application also includes social context, the communication model needs to

support both multicasting and unicasting within a group. In addition to delivering

data to multiple receivers to allow members to be aware of group activities, private

conversations are also available from between members of the group. Peer-to-Peer

architecture can also support such group communication in CSCW system [45].

To design for collaborative mobile applications, we need to follow the typical devel-

opment process [46] (see Figure 6.1). First, is focusing on collaborative tasks. In our

application, the dive computer needs to provide communication and group members’

location. Second, is the supporting technology for groupware. Our application needs

to support wireless underwater communication (see Chapters 3 and 4). Then these

connections become the interaction and computational support for the system. In

the social context, groupware should support different roles in the group i.e. the dive

leader needs to check others’ status to ensure the group’s safety. Last but not least,

the physical scenario where the groupware is applied. By providing reliable commu-

nication we are increasing safety precautions and presence awareness, which leads us

to believe that networked dive computers can improve underwater collaboration.

6.2.2 Awareness

There are several different types of awareness [46]: social awareness, activity aware-

ness, workspace awareness [21], and situation awareness. Maintaining awareness of a

team member’s development is associated with recognizing changes over time.

One can “monitor” the activities of their colleagues through the state change of

one’s status and to determine whether activities need to be adjusted. In like manner,
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Figure 6.1: The collaborative development process.
[46]

their own activities should also be visible to their colleagues. As described by Gutwin

and Greenberg in the basic characteristics of awareness [21], awareness is usually a

secondary goal. In this chapter, the overall goal is to carry out the task of executing

the dive as planned successfully and ensuring the safety of all members in dive group

by maintaining awareness. Our design is helpful for improving presence awareness,

activity awareness, situation awareness, and identity awareness.

6.2.3 Instant Messaging

Empirical research by Avrahami and Hudson [47] compares the instant message com-

munication between work and social relationships. They find that people in a work

relationship exchange longer messaging sessions on average, whereas those in social

relationship spend less focus and attention to individual sessions. Strictly speaking,

our application scenario is not in a “work” oriented situation. However, as the ap-

plication of our device is in a safety-critical environment, we must treat the situation

more seriously than a purely social environment.
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Based on the constraints on hardware and group nature, short preset messages are

suitable for our purpose. Through the use of the messaging system, we are providing

an alternate but more familiar means of communication for recreational scuba divers.

6.2.4 Fire Fighters Communication System

The method of communication between fire fighters and the control centre mentioned

in [48] is similar to our project with the exception that our device requires commu-

nication between two or more group members while the forest fire fighter and control

centre is one to one communication. In the paper [48], mobile devices that provide

maps for firefighters and the control centre to locate a target, such as a house on fire,

are described. These networked mobile devices allow for quick variations in plans

which is very similar to our requirements as our devices need to allow for quick vari-

ations too. In an environment where humans are slower than the organisms in their

surroundings, there needs to be an easy way to catch everyone’s attention if there is

a sudden find; the finding(s) could easily disappear if a diver is too slow to look. It

is much easier to look at one screen to stay updated on statistics and vitals rather

than monitoring ten different people; similarly, it is easier to broadcast one message

to everyone rather than trying to catch everyone’s attention separately – the finding

could disappear by that time.

6.2.5 Mobile Collaboration System

By examining handheld CSCW systems, a device that allows for collaboration by

using networking technology [49], we can examine mobile CSCW systems. Ideally,

mobile CSCW systems should respond to its local environment and be able to ac-

complish specific tasks. Key aspects needed to support awareness in mobile CSCW

systems, as mentioned in Papadopoulos [20], include: “presence and activity aware-
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ness of other group members”, “minimization of user disruption”, “access to awareness

information and shared data regardless of location”. These three aspects act as the

guidelines for the design of our device. The positioning system in our device pro-

vides presence awareness with individual divers possessing the option to view their

surrounding group mates in a radar view and situation awareness with alerts sent to

divers who are out of the range of the diving group.

In “Crisis Management using Mobile ad-hoc Wireless Networks” [33] the design

of a crisis system is laid out but it is very different from our system. Contrary to our

system, the crisis system uses GPS for communication and location of emergencies. It

is an efficient way to deal with emergencies and minimizes the amount of time needed

for help to arrive; however, generic GPS systems cannot be integrated into our device

as GPS systems do not work underwater.

6.3 Limitations and Constraints

Since our application is deployed underwater, there are many constraints for common

mobile devices and techniques. Conventional GPS and radio does not work well

underwater because of the nature of conductivity of the medium and traditional

antennae [50]. Most current underwater applications utilize acoustic communication.

However, acoustic communication has a low data transfer rate and is easily interfered

with in shallow water. Wireless Fibre Systems enable high-speed data transmission,

but have limitations on vertical transmission range with the maximum depth of 10

metres. As Shelley [50] pointed out, specialized underwater radio can eventually

become a practical tool for improving communication between above water units

and divers. By November 2005, such technology has reached into the market as a

commercial product [51]. Our only question that remains is the possibility of scaling
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down the physical size of the technology to be used between two dive computers.

Details on communication technology can be found in Chapter 3.

6.4 Design

The user interface is designed based on the four research goals stated in Section 6.1

with a special focus on increasing awareness. The goal is to make the design the

simplest it can be with a minimal number of clicks needed to accomplish a task and

a limited number of screens needed when searching for information.

When designing the messaging interface, one of the first decisions that had to

be made concerned whether or not a touch screen keyboard or a preset messages

system should be used. In the end, a system of preset messages was chosen because

of its efficiency; we believe that users would be able to complete a task more quickly,

thus communicating more efficiently, since preset messages would make sending the

message a faster process and the diver would have less screens to go through. The

only possible disadvantage with using a preset messages is that spontaneous messages

cannot be sent; however, the probability of needing to use a spontaneous message

during a dive is low. To offset this disadvantage, there is the option of allowing users

to enter their own custom preset messages before their dive.

The number of screens is also minimized during the “Group Stats” view (see

Figure 6.2). A bar graph was chosen to represent the amount of air left for everyone

because the amount of air is a major statistic that every diver is concerned about. It

was decided that the rest of the information, such as depth, is similar between all of

the divers in a group so it was elected that only one version of all the information,

except for amount of air left, would be displayed. By only displaying the individual

diver’s information along with the amount of air every diver in the group has left
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together on one screen, the number of screens a diver would have to flip through to

view important information has decreased. The decreased number of screens allows

for a quick comparison of everyone’s data while providing an efficient way to view

everyone’s statuses so the dive leader can oversee the overall status of the dive group

and every diver in the group can look after each other.

Emily
Dan

Derrick

Jenn
Chris

Ted

50 bar

Air Left

Figure 6.2: A screenshot of the group stat screen.

By minimizing the number of screens a diver needs to go through in order to access

pertinent and relevant information, the amount of time a person needs to spend using

the device is minimized thus allowing them to spend more time on their dive.

Another issue that affects the design of our device is the deployment environment.

Because our users will mostly be underwater, and possibly wearing gloves, while using

this device, the number and sizes of the buttons used will be affected. It was decided

that the buttons used have to be large enough to press with gloved fingers and that

the buttons would not have different colours as colours are filtered as depth of the

water increases. In order to attract the attention of all divers in the group, when a

distress call is issued by pressing the alert button, all the devices in the group will

blink and vibrate to attract attention.

It was decided that only the dive leader could add others to the dive group in

order to reduce the chance of omitting a diver. The process of pairing two devices
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is envisioned to be similar to the way MSN messenger group chats occur, except the

requested device has to accept the pair request before the two devices can be paired.

It was also decided that there would be no notification for the sender of a message

if the message was successfully delivered; the sender would only be notified if their

message failed to be sent to another party. We did not want to have a positive

confirmation alert because it might cause a flood of messages to be sent to the sender

if the sender were to message the whole group simultaneously. See Appendix B for

the screen interaction sequence and Appendix C for detailed screen design.

6.5 Conclusion

Diving is a social activity, but there is a lack of collaborative support underwater

with current dive computers. Current models only provide monitoring of a single

user’s status. In this chapter, we have designed and developed a collaborative dive

computer integrated with a messaging system, the ability to view multiple divers’

status and the divers’ position, and an enhanced safety alert system.



77

Chapter 7

Implementation

Three types of implementation were used in the user studies and the simulation:

paper prototype, software mockup, and network simulation. While paper prototypes

and software mockups were used for three user studies to ensure usability of the

dive computer design and functionalities, network simulation was used to check the

viability of the network protocol used for the dive computer network.

7.1 Paper Prototype

All paper prototypes created in both the design stage and the user studies stage were

created in one-to-one ratio to the marketable version of the device (i.e. everything

on the paper prototype was the same size as how it would be realistically). This is

because some studies results can be skewed if this ratio is not used. As mentioned

in Section 2.2, regardless of the robustness of a design, a design would be considered

useless unless it is useable (or has high usability values). Thus, size and proportion

of the device and individual items on screen are all part of our interests. For this

reason, we used Omnigraffle to create vector graphics prototypes so that images can be

reused without blurring if results shows that a change in size if required. Throughout
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Chapter 5 we have been showing examples of various paper prototypes that were

used; a list of all the paper prototypes can be found in Appendix C.

7.2 Software Mockup

Similar to the paper prototype, because we do not wish for our results to be skewed,

we have created a software mockup with one-to-one ratio to the actual design.

During this process we experimented with two different tools: Google Android

and RealBasic.

Google Android is a free development platform for mobile platforms. As of Febru-

ary 2009, Android SDK has been updated to version 1.1 release 1. However, the latest

version of Android available at the time of investigation in April 2008 was version m5

rc15. Thus, what is reported in this thesis is based on version m5 rc15. A number of

graphic intensive applications has shown that Android can support features which we

wish to implement. However, Android applications are largely dependent upon the

Android API, the initial ramp up time before actual development is great. A more

detailed analysis of Google Android can be found in “Communicating Like Nemo:

‘Scale-ability’ from a Fish-Eye View” [52].

RealBasic is a commercially available product which provides an intuitive IDE

and uses VisualBasic-similar syntax. RealBasic also provides drag-and-drop interface

for user interface development. Thus, making interface programming comparatively

easier than some other languages. In addition, it provides the ability to compile the

application into Windows, Macintosh, and Linux programs with the same code.

The software flow can be found in Appendix B.
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7.3 Simulation

NS2 version 2.33 was used for implementing our network simulation. NS2 is an open

source discrete event simulator and is widely used for simulation using various routing

and multicast protocols, as well as, ad-hoc networks. It “has proved useful in studying

the dynamic nature of communication networks” [32].

In our simulation we simulated the environment as well as the behavior as to how

the nodes typically move (Figure 7.1).

(a) (b) (c)

Figure 7.1: Examples of typical dive pattern.

We implemented the simulation with the following protocols: Ad Hoc On-Demand

Distance Vector(AODV), Constant Bit Rate (CBR), and Transmission Control Pro-

tocol (TCP). AODV is commonly used for routing algorithms for multihop ad hoc

networks. This routing protocol is source driven; the source periodically broadcasts

routing requests and the destination node then responds through a single path [53].

The CBR is a type of traffic which offers to have a constant transmission rate. TCP

is a transfer protocol which deals with passing data between two end nodes. TCP

offers a reliable delivery such that it ensures the data is delivered when possible. In

a general picture, AODV would first attempt to find the shortest path to the desti-

nation. After the route is found, CBR passes data at a constant rate to TCP which

then transfer the data from the source node to the destination node. Alternate pro-

tocols are presented in Appendix A, while implementation details are presented in
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Appendix G.

In order to mimic the real-world model, we have made assumptions based on

real-world restrictions. We have given our program values that are higher than the

possibility of an actual occurrence to accommodate for a margin of error. These

assumptions are listed below:

Topography. In the Open Water Diver Manual provide by PADI (one of the largest

international scuba diving certification program) it states that “[l]ocal laws

regulate how close you have to stay to your flag, and how far boaters and skiers

must stay away. For areas where no laws stipulate these distances, the rule of

thumb is for you to stay within 15 metres/50 feet of your flag and for boats to

stay at least 30 to 60 metres/100 to 200 feet away.” [54] Thus, we have set our

plane to be 120 metres by 120 meters.

Sensing and Receiving Range. The sensing range was set as 400 meters and re-

ceiving range as 350 meters based on the values given by the specification of

the LinkQuest UWM 1000 underwater acoustic modem [1].

Transfer Rate. Similar to the sensing and receiving range, we have set the transfer

rate to be 17.8 kilobit per second based on the specification of the LinkQuest

UWM 1000 underwater acoustic modem [1].

Node Movement. A common pattern was implemented based on typical dive paths

in which scuba divers use patterns as shown in Figure 7.1.

Broadcast. The term broadcast in this case refers to emergency priority broadcast.

As the name suggests, since it is an emergency, we assumed that the occurrence

of this is very low and broadcasts once over a 30-minute interval.



81

Normal Messaging Frequency. Normal Messaging Frequency is defined as any

non-priority message. In reality, scuba divers are unlikely to communicate with

each other very often. However, since we wish to demonstrate the feasibility

of how well the design of our network works, we have set the shortest time be-

tween messages sent from the same diver to be 90 seconds. Thus, the maximum

volume of message traffic can be calculated as follows:

Number of Messages =
Dive Time

Message Frequency
× Number of Divers

Faults Since there is no data for transmission failure rate and failure rate varies

depending on the technology used, instead of using a probability of error rate,

we accommodate for interferences mentioned in Section 3.1 by including 10

faults in all our simulations.

Swim Speed. We have set the speed for all nodes to be a random variable. The

minimum swim speed for a diver node is set to an average adult swim speed (90

seconds for 100 metres), while the maximum speed is set to match the olympic

record (53.12 seconds for 100 metres). Since failure rate decreases with slower

speeds, this range is a conservative estimate.

In our implementation, we placed all nodes on a two dimensional topography,

since points within the 3D sphere can be covered in a 2D plane. As a property of a

sphere, the distance between any point of the surface and the center is exactly r (the

radius). Therefore, any point within the sphere must be less than r. For this reason,

we are able to effectively simulate a 3D environment on a 2D plane.

We have also randomized the start position, the direction in which the nodes

move, and the speed in which they move for both buoys and divers with the following

restrictions:
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1. All buoys are within 25 metres of each other.

2. All divers are within 10 metres of each other.

7.4 Conclusion

In this chapter, we have shown the various tools that were implemented in preparation

for the user studies and the network simulation. In the following chapter, we present

details on how the user studies and simulation were structured and carried out, as

well as, the outcome and the results.
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Chapter 8

User Studies and Simulation

This chapter is divided into four sections: three user studies and one simulation.

While the first user study focuses on the usability of the device for single users, the

second user study focuses on the design of collaborative aspects. The third user study

focuses on collaborative features.

8.1 User Study 1: Usability

This user study was the first of the three studies. It was conducted to accomplish two

things: (1) to determine whether a graphical representation of information or plain

text is more useful to users; (2) to compare the effectiveness of digital and analog

devices. The dive computer which we used for this study predates the collaborative

version.

8.1.1 Study Participants

All study participants were fully certified PADI open water divers. This requirement

was set in place because the design uses calculations/units based on information given
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by PADI; if the participant is not PADI certified, then their calculations/units will

differ and their safety may be compromised.

A sample group of five certified PADI open water divers between the ages of 22

to 35 were chosen and surveys were emailed to them. This sample group consisted

of three advanced level divers and two novice divers with the male-female ratio being

four to one.

During the time that this report was written, there were only two responses to

the prototype evaluation request. Both responses were from novice male divers whose

ages are in the range of 20 to 29 and both use the console style dive computer.

8.1.2 Study Methodology

The user evaluation was conducted by sending a copy of the software prototype, with

an introduction to the software included, a questionnaire and a consent form to the

sample group. A questionnaire was chosen to be the format of evaluation because of

the geographical distance between the participants in the sample group; it was not

geographically feasible to arrange for interview user evaluation sessions.

The software introduction that was included with the software prototype that

was sent was written in order to: (1) give the evaluators a brief overview of how

the device was intended to be used; (2) enable the evaluators to understand how the

device works without using simulations.

8.1.3 Questions and Reasoning

The questionnaire that was sent to the sample group consisted of six main questions.

It started with a few questions about the general background of the evaluator in order

to ensure that there was a diverse sample group. The background information can

also show us possible trends in preferences with a particular age group or divers with
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a certain amount of diving experience.

The first two main questions were used to evaluate the display of information

divers preferred, graphical or plain text, and whether or not it was effective. If the

user answered ”console style design” to question 1, then questions 1 and 2 could also

be used to analyze the effectiveness of digital and analog representation.

Questions 3 and 4 were mainly designed to gain user feedback on the quality of

graphics used in the design. Questions 5 and 6 were written in case any other analysis

on an aspect of the device was missed; these two questions provide the user a chance

to comment on the device.

8.1.4 Results

The general reception of the developed dive computer design was positive. Users in-

dicated that they liked the way that critical information was displayed and preferred

graphical representation of information over plain text and analog form of representa-

tion. Having information in a graphical form is much more efficient. It allows divers

to view approximate data values at a guess whereas plain text and analog forms of

representation would require the diver to take time to process the information.

Users felt that the dive computer design should become more flexible (i.e. a user

should be able to spontaneously change the dive route). Users also felt that ”Dive

Buddy” should include the dive information of more than one person, in the case of

a diving buddy or a diving group, and the idea of using PADI graphical dive logs

instead of text was also suggested. Currently, ”Dive Buddy” uses text for records

but using PADI graphical dive logs would increase the amount of information that

a diver could gain from a glance. Figure 8.1 is a screenshot of how records will be

shown graphically in a style similar to the PADI dive log form.
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Figure 8.1: A modified version of the PADI dive log.

Other requests included:

1. Having the inflation level for the the buoyancy control jacket shown in dive

mode. This would especially help novice underwater photographers balance

and hover in mid-water for their photographs.

2. Allowing divers to see the data of other divers who are on the same dive trip (i.e.

allowing the dive computer to receive data from more than one sender). This

would minimize the dangers of having to regularly stop for data comparison

since divers would be able to compare data while swimming.

A conclusion cannot be drawn about response differences between analog and

digital device users at the time of writing, due to the insufficient number of responses.

8.2 User Studies 2: CSCW (Pilot)

The focus of this user study was to evaluate the design of collaborative functions

for our designed dive computer. The detail result of this section are reported in

“Collaborative Dive Computer” [55].

8.2.1 Methods

A paper prototype of the interface was designed to allow users to evaluate the collabo-

rative dive computer design without a heavy development cost. The paper prototype
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contained a real sized representation of the user interface for each screen and each

screen was printed and numbered separately. Included with the paper prototype was

a navigation tree that had all the paths a user could take during their interaction

with the device ensuring a more realistic interaction with the paper prototype.

Based on the functions that our device can help users accomplish, we designed

three commonly encountered scenarios that a user could encounter:

1. The setup and pairing of other devices when diving with a group (performed

above water)

2. Viewing group status information while diving (performed underwater)

3. Sending a message to other group members during the dive (performed under-

water)

These three scenarios were chosen in accordance with our research goal and be-

cause these scenarios require users to interact with all of the collaborative features in

our device as well as moving through most of the screens. This allows for the user to

have to use the whole device by themselves and comment on difficulties they might

encounter if they were to use the device underwater.

In scenario 1, feedback about the communication system used above water was

desired. In scenario 2, users were asked to evaluate the effectiveness and efficiency

of viewing group status in supporting underwater collaboration. Users were also

asked to comment on whether or not they thought that interface design could give

a quick response if an emergency should arise, if the display of information given

by the bar graph was effective and if the information provided by the device (e.g.

direction) was necessary and useful. In scenario 3, we looked at the effectiveness of

the messaging system and whether or not the localization of divers’ positions could

improve communication and awareness in underwater collaborative work.
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8.2.2 Execution

The evaluation of the paper prototype was completed by five volunteer users with the

intent to solve some of the design problems in the user interface. Three of the five

users had five or more years of HCI experience while the other two users were regular

Computer Science students. Certified scuba divers were unable to be recruited for

the paper prototype evaluation due to the narrow target space. After the results from

the evaluation of the paper prototype are incorporated into the software prototype,

more experienced divers can be involved with the evaluation process.

Out of the five evaluations given, three of them were conducted in a research

lab with two evaluators present to record feedback given. The other two evaluations

were conducted at a location chosen by the user with only one evaluator to run the

evaluation and record feedback.

All of the evaluations began with the signing of a consent form. Users were then

given copies of the paper prototype; they were allowed time to familiarize themselves

with the printouts and ask any questions for clarification. As none of the users were

divers, they had questions about the meaning of some of the information and statistics

that were displayed on the printouts. These questions do not cause a concern as it

is assumed that real users of the device would be certified divers who would know

what the information and statistics meant. After familiarizing themselves with the

paper prototype, users were given the three scenarios previously mentioned and were

left to guide themselves through the scenario without any external help from the

evaluator(s). Users were asked to “think aloud” while working through the scenario;

the “thinking aloud” process affected the speed at which the users performed each

scenario but since our evaluation sessions were not timed, the reduced speed does not

affect our results. By using the “think aloud” strategy, evaluators were able to record

assumptions, comments and confusions that the users experienced; the information
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obtained helped identify parts of the design that needed improvement and revision.

The last part of the evaluation sessions, after the completion of the three scenarios,

consisted of the users filling in a short questionnaire about their overall experience

with the paper prototype. The questionnaire consisted of questions about using

aspects of the system design that we wanted more feedback on, such as whether an

on screen keyboard or preset messages should be used. Users were also asked to

comment on areas that they were not able to test, such as sound and vibration.

8.2.3 Results

From the completed evaluation sessions, several interface design problems were pin-

pointed. The most obvious problem, as remarked upon by three out of five users,

was the inconsistent positioning of the “Back” and “Menu” buttons on the screen.

Another problem that was also identified by three out of five users was the lack of

units and labels on some of the statistical information displayed on the group stats

and initial setup screens.

The general response towards using preset messages were positive; all users pre-

ferred the idea of using preset messages rather than an on screen keyboard. Out

of the five users, three thought that preset messages were more effective than hand

gestures while one user replied with “I am not a diver. I don’t know”. The last user

suggested using a combination of messages rather than just preset ones.

A more serious issue that was identified involved confirmation screens during the

process of pairing with other devices and sending a message; there were missing con-

firmation screens during these two processes. Without the ability to talk underwater,

confirmation screens are essential for divers since they provide feedback and increase

user awareness.
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During the prototype evaluation, one user provided many useful suggestions on

improving diver awareness when receiving messages from other users. It was suggested

to include the option of allowing the receiver to view the sender’s relative location; in

situations where the message is something like “Follow me!”, this option is essential

as without the location of the sender, the message would be useless.

Our overall results suggest that users performing basic use scenarios encounter

minimal difficulty.

By allowing users to evaluate the design, inconsistency and interface design prob-

lems were identified thus saving time by eliminating issues to be resolved later. Feed-

back from the evaluation also allowed for criticism on areas where the collaborative

aspect lacked. These issues were rectified before the software mock up and imple-

mentation phases began.

8.3 User Studies 3: CSCW

The goal of this user study is to evaluate the collaborative functionalities from a scuba

divers’ perspective, focusing on user satisfaction and usefulness of features. We have

incorporated comments from previous studies in our software implementation.

8.3.1 Methods

A software mockup, with navigation and minimum networking capability which mod-

els the real software, was implemented to allow users to evaluate the collaborative

functions. based on user satisfaction and usefulness of features.
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In addition to the three scenarios in the pilot study (Section 8.2), we added a fourth

common scenario – finding the location of a group member. The four scenarios are

as follows:

1. Pairing with other devices when diving with a group (performed above water)

2. Viewing group status information while diving (performed underwater)

3. Sending a message to other group members during the dive (performed under-

water)

4. Finding the current location of a group member (performed underwater)

For the newly added scenario (Scenario 4), users were asked to evaluate the ef-

fectiveness and usefulness of the relative position function. We looked at whether or

not localization of divers’ position could improve location awareness.

8.3.2 Execution

This user study was completed by six PADI certified scuba divers, mostly Dive Mas-

ters and Dive Instructors. We used the same approach as the pilot study where users

were presented with the software prototype and were given time to click around.

Then, users were given the four tasks one-by-one. During this process, users were

asked to “think aloud”. At the end of the study, the users were interviewed and

asked to complete a questionnaire. The interview consisted of three questions (listed

below) and general comments; a sample questionnaire can be found in Appendix F.

1. How do you attract your dive buddy’s attention?

2. If you are leading a dive, how often do you check up on the status of others?

3. Other than airflow, can you think of other group status information that you

might want to know?
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8.3.3 Results

Overall, the results were positive and as expected. No users reported to have any

difficulties in performing any given tasks. All users think that messaging would be

helpful in addition to hand gesture, especially as “our local conditions (cold water

diving) often involve bulky gloves making it hard to make clear signals and they

needed a good way to send message when buddy is not looking directly at you”.

However, two out of six users prefer to have a “message sent” confirmation. While only

five out of six users thought that knowing the approximate position of group member

is useful, especially at low visibility situations, the sixth user answered with “to

effectively supervise, you would want to be able to see them at all times.” A summary

can be found in Table 8.1. Even though most of these questions can be answered

with yes’ and no’s, most users elaborated on their answers. For instance, three users

commented that there should be an option to switch between units displayed.

During the interview, users commented on the general design. One user com-

mented on the usefulness of allowing users to set the direction at the pre-dive stage

because it can help with situations like attempting to swim straight when close to

curvy coast lines. In general, almost all users commented that our design can be

highly beneficial for search and rescue missions, open water dive instruction, and lo-

cations where visibility of low. Another interesting suggestion that arose from the

interview is to include a 2-player game of tic-tac-toe on the computer (to be played

during decompression stops).

8.4 Simulation

For our simulation, we have set the minimum number of nodes as five. This is

because there are three buoys deployed at the surface and we need at least two
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divers to “communicate”. We have run our simulation 45 times for each number of

nodes. Additionally, we have ran the simulation for up to 105 nodes in attempt to

find a network breakage point as well as to show scalability of our design. In all

instances, the simulation time was set as 3600 seconds to reflect a typical underwater

dive duration. The message length was deemed to be a random number between 1

second to 2.5 seconds, with an uniform distribution for the probability of generating

a number within the range. The message length was chosen to be between 1 to 2.5

seconds because the message list can generate different combinations of messages that

all have varying lengths. Since, in general, a node sends a message every 90 seconds

on average (Poisson arrivals) and the average message length is 1.75 seconds, the

traffic intensity 0.006349 per node.

In Figure 8.2, we have shown the average and median package drop rate (detailed

data points are shown in Table 8.2 and Table 8.3 respectively). The drop rate has

included the errors caused by noise (Section 7.3), collision and a long waiting period

for packet delivery. As mentioned in Section 7.3, the number of faults due to noise

that occurred per simulation was set to 10 each time. Therefore, the packet drop error

rate due to noise during each simulation depends on the total number of messages

sent (as previously discussed in Section 7.3); the error rate due to noise can be given

by Equation 8.1. The packet drop error rate due to collisions can be determined by

referring to the average package drop percentage given in Table 8.2, multiplying by

100, and subtracting the error rate of packet drop due to noise (Equation 8.2). If

a non-priority packet is dropped, then there will be no amendment measures. Con-

versely, if it is a priority packet that is dropped, the packet will immediately retry to

resend itself (Section 7.3).

Error Rate (Noise) =
10

Total Number of Messages Sent
(8.1)
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Error Rate (Collision) = V alue from Table 8.2× 100− Error Rate Due (Noise)

(8.2)

Each point on the graph indicates the average percentage of the packet drops

that occurred in the 45 runs for each set of nodes. As we can see, the percentage is

slowly increasing. This is caused by the increased traffic in the network. However,

the percentage is still relatively small as we scale up in the number of nodes.

Figure 8.3 shows the average and median time for packets to be transmitted from

one node to another. In this figure we can see that the transmission time increases

in a linear fashion. It starts from below 0.01 seconds and slowly approaches 0.01

seconds when the number of nodes increase to 10 (i.e. seven divers). We can see that

the median transmission time stays below 0.015 seconds as we scale up to 55 nodes.

All in all, if we take the median as the worse case for transmission time required, all

data can be transmitted in under 0.0308 seconds, which is faster than we expected.

Table 8.4 is a detailed chart of the average transmission times and Table 8.5 is a

detailed chart of the median transmission times.
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Chapter 9

Analysis

To gain feedback about the device, three user studies and one simulation were con-

ducted.

The first user study that was conducted focused on the usability aspect of the

device. Through feedback from the users, it was shown that the graphics size are

proportional and they appeal to the audience. The graphics are simple and self ex-

planatory while the things that need a larger space for clarity, like analog information,

were given maximal space. Overall, it was felt that the dive computer design is easy

to understand.

There were two main concerns that were raised from the discussion:

1. The clarity of the compass – the amount of checker marks on it make it hard

to distinguish exact information.

2. The complexity of the vertical direction representation that is currently used.

As an additional support to the safety precaution, we can include an emergency

light such that it emits light along with sound when the emergency button is pressed.

By having both features, we can increase the chance of divers locating the diver in

distress faster and easier.
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The second user study focused on the design of the device, specifically the collab-

orative aspect. Subjects were asked about three topics, awareness, communication

and safety precaution. Through analyzing the evaluation results from user studies,

all subjects showed a positive feedback towards our design.

In the area of awareness, the feedback towards the positioning system providing

presence awareness and identity awareness, which is a dominant feature in the collab-

oration system, was all positive. The positioning system helps install an extra sense

of security in divers and provides a communication method to deal with emergencies,

should one arise. The knowledge of the whereabouts of other group members enables

divers to feel more safe and secure and if an emergency occurs, divers can immediately

find out the location of the emergency and whether or not help is being provided. The

system can also be used by groups of all sizes since initials, rather than full names,

are used to identify people thus allowing larger dive groups.

A preference towards a vibration alert over an on-screen blinking light alert

emerged amongst the feedback. However, using a vibration alert for every incom-

ing item brings up a safety issue. If every alert caused a vibration, then divers would

become desensitized to incoming alerts thus compromising their safety; a safety alert

could potentially be ignored by a desensitized diver.

Results from interviews on the subject underwater communication suggested that

communication can be improved if the messaging system is integrated with position

information. Feedback also pointed out that there are three essential components

needed in the messaging system: content, identity and position; four out of five testers

also mentioned the possibility of using preset messages underwater. To improve the

design’s flexibility, the possibility of using default messages combined with customized

messages set using accompanying software above water was considered.
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The use of initials on the position screen helps the receiver immediately identify

the sender thus processing the message faster; in a underwater situation where emer-

gencies can occur in a heartbeat, processing messages faster will help increase the

communication and safety of all divers. Initially, the usefulness of combining position

information with a message was not realized until a tester suggested the integration

of the two (see Figure 9.1). The necessity of this function is evident as some mes-

sages, such as “Follow me!”, would have insignificant meaning without the position

information of the sender.
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5
0

Figure 9.1: The suggested message alert screen.

The design’s modified safety precautions cannot be evaluated because the subjects

interviewed were all non-divers. Since the design also involves lights, sounds and

vibrations, all things which a paper prototype cannot do, evaluation of this potion of

the design would not be undertaken in this study.

The third user study also focused on the collaborative features of the device but

this time, focus was put onto the practicality of the device. Through the positive feed-

back from the user in this study, we confirmed our conclusion drawn from the second

user study which is that our design can provide awareness and the warning functions

can increase the overall safety, while satisfing our criteria for user satisfaction.
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Through the analysis the results obtained from the simulation, it is clear that an

improved version of the current technology can foster communication in our setting.

The major issue is the size and weight of the current acoustic modems.
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Chapter 10

Conclusion

In this thesis, we have focused on: (1) looked at the need for better dive computers; (2)

demonstrated how current technology can be integrated into a better dive computer;

(3) given some initial ideas on how dive computers can be improved in the areas of

usability, information display, and wireless networking.

Our initial goal was to provide an alternative means of computer supported un-

derwater interaction that would improve underwater collaborative work, safety and

communication. Hence we have focused on areas that can drastically affect these

three things. It is important to observe what current technology can be integrated

into our system as using existing technology to build a better dive computer would

bring it one step closer to reality as well as keeping the cost to a relative minimum.

If we were to invent a new type of technology to be used in the dive computer, its

distance from becoming a real object would be further as the time and cost needed

to build new technology would be higher than using existing technology. Observing

downfalls of current dive computers and making suggestions to improve a device is an

essential part of the evolution of technology. It is only through the process of noting

and trying to improve a device that better devices are created. Our initial suggestions
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and ideas may be improved in the future which would lead to further increases in the

quality of computer supported underwater interactions.

In the current world, we have moved from lollipop looking trees in the Nintendo

64 to realistic looking trees on the Wii and PS3. With all this advanced technology,

there are no excuses to not provide an elegant visual solution because we are in a

water-filled setting. Our user studies have brought us a step further in providing this

visual solution such that, we have move from text-only to something that is easier to

be comprehended by our brain. Additionally the simulation has shown the viability

of such mobile communication.

We have gained considerable insight into what is required to build a fault tolerant

underwater mobile communication system, as well as demonstrating the overall feasi-

bility of utility of our design. However, there are still many questions to be answered.

The following four directions are the first that need to be pursued to take our design

to the next stage:

• It would be important to look at alternative methods of visually presenting

information when we scale up our system.

• It would be interesting to extract the ideas presented in this thesis, such as

network design, and apply them to other situations with high noise interference.

• Building and testing a physical prototype

• Investigation of the newly developed Underwater Global Positioning System [56].

• Psychology studies should be done to decide on the most effective way to attract

divers’ attention.

Our expectation is that further development of the overall design whose feasibility

we have demonstrated in this thesis can lead to a patentable device.
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Appendix A

Simulation Information

There are multiple options for routing protocols and transfer protocols in the NS2

simulator. In this appendix, we present a list of alternate protocols that are available

in NS2.

Other than the AODV routing protocol which we chose for our design, Dumb-

Agent, Destination-Sequenced Distance-Vector Routing (DSDV), and Dynamic Source

Routing Protocol (DSR) can also be used. DumbAgent is used when one wishes to

disable ad-hoc routing. DSDV routing protocol is commonly used for mobile ad

hoc networks. It is a table-driven protocol and every node distributes information

throughout the network at irregular intervals. Similar to the DSDV, DSR is also

used for mobile ad hoc networks [57]. Similar to AODV, DSR operates in a reactive

manner (see Section 4.2). This protocol is designed to handle a maximum of 200 high

mobility nodes [57]. Because our design is an ad hoc network that is purely reactive

when underwater, DumbAgent and DSDV are not a suitable candidates. While, DSR

is very promising, its maximum limit for the number of mobile nodes supported does

not suit our scalable design.
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The alternate choice to the TCP transfer protocol is UDP. The major differ-

ence between UDP and TCP is the resend after a failed delivery. As mentioned in

Section 7.3, TCP ensures data delivery whenever possible; whereas, UDP does not

reattempt the delivery even if the delivery failed. Due to the safety-critical nature of

our system, the use of UDP is unacceptable.
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Appendix B

Software Flow
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Appendix C

Paper Prototype

(a) (b)

50 mins10 m

13:00

Start Date 29 December 2006

120 bar

(c) (d)
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(e) (f)

(g) (h)

(i) (j)

(k) (l)
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Appendix D

HCI Software User Study

Evaluation Questionnaire

Please circle the appropriate categories.

Age: <20 20-29 30-39 40+

Gender: Male Female Others

Certification: Open Water Advanced Open Water

Others(please specify):

1. Do you currently use a dive computer? Why or why not?

2. Compare the current devices that you are using (i.e. the regular console, other

dive computers) with “Dive Buddy”. What are the advantages and disadvan-

tages of each?

3. How do you feel about the overall organization and layout of Dive Buddy (e.g.

are the order of actions in a logical order)?

4. Is each of the graphics in Dive Buddy easy to read (i.e. the functionality of the

graphic is understood just by observation)? If not, how can they be improved?
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5. Are there missing features that you think should be included?

6. Other Comments:
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Appendix E

CSCW Paper Prototype

Evaluation Survey

1. Did you encounter any difficulties performing any of the tasks described in the

use cases?

2. Do you think it is effective to have preset messages rather than using hand

gesture?

3. Do you find the preset messages a good option that will save time or would you

use an on-screen keyboard to type custom messages if the device supported it?

4. Can you check other divers status while swimming without having to pausing

for too long?

5. Is it useful to know the approximate position of your buddies? Why?

6. Would you find it distracting or useful to have multiple alerts like sound, vibra-

tion, text messages, and blinking lights?
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7. If you have seen a conventional dive computer do you think this is a more

effective way to check status?
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Appendix F

CSCW Software Prototype

Evaluation Survey

Please circle the appropriate categories.

Age: <20 20-29 30-39 40+

Gender: Male Female Others

Certification: Open Water Advanced Open Water

Others(please specify):

1. Did you encounter any difficulties performing any of the tasks described in the

use cases?

2. Do you think it is effective to have preset messages in addition to hand gesture?

3. Do you find the preset messages a good option that will save time or would you

use an on-screen keyboard to type custom messages if the device supported it?

4. Can you check other divers status while swimming without having to pausing

for too long?

5. Is it useful to know the approximate position of your buddies? Why?
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6. Would you find it distracting or useful to have multiple alerts like sound, vibra-

tion, text messages, and blinking lights?

7. If you have seen a conventional dive computer do you think this is a more

effective way to check status?
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Appendix G

NS2 Implementation Details

Wireless Interface (unstate variables are left as default):

CSThresh : 5.5735e-11
RXThresh : 9.5081e-11
bandwidth : 2.1728515625e3
freq : (26.77e+3 + 44.62e+3) ÷ 2

Node Configuration:

Channel Type : Channel/WirelessChannel
Propagation Model : Propagation/TwoRayGround
Network Interface Type : Phy/WirelessPhy
MAC Type : Mac/Simple
Interface Queue Type : Queue/DropTail/PriQueue
Link Layer Type : LL
Antenna Model : Antenna/OmniAntenna
Max Packet in Interface Queue : 50
Error Model : MultistateErrorProc
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