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Abstract
Robots are often used by divers in safety critical scenarios and in scientific expeditions
exploring delicate environments. Current underwater robots are often tethered and require
complex forms of interaction through control stations, joysticks, control pads and predefined
gesture commands. This results in divers focusing on the communication language rather
than their surrounding environment. Research on underwater robotics often focuses on
technological developments and as a result the communication language has lacked behind.
The nature of the underwater medium restricts the possibilities of what communication
protocol can be used. Since divers are already accustomed to underwater gesture
communication, gestures as a diver-robot communication language has been selected to be
explored in this study. Hence, an immersive underwater virtual reality environment was
created and developed to work with a head mounted display. Fifteen divers were selectively
recruited, and observed naturally interacting with a virtual robot controlled through a
‘Wizard-of-Oz’ technique in a lab. Motion-sensor data, semi-structured interviews,
questionnaires, video recording and think aloud protocol were used, recorded and analysed to
explore the gestures that were commonly used between participants. Research findings
identified 4 classifications; Locomotion, Gyration, Stopping and Action/Task focused
gestures. This resulted in 6 core gestures forming the taxonomy for underwater diver-robot
communication.
To date, there have been no exploratory studies that have looked into understanding what
natural diver-robot communication protocol is needed underwater. Therefore, this thesis fills
the gap in literature on natural diver-robot communication and presents a gesture taxonomy
that was built by divers for divers. It also, considers possible design recommendations on the
development of autonomous underwater robots from a human-computer interaction
perspective.
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Chapter 1 Introduction
Nature provides inspiration to scientists in many ways. With about 71% of the Earth
covered by the ocean, much curiosity lies in the potential of submersible robots (Domingo,
2012). However, the hazardous nature of the underwater environment has given rise to a
number of complex issues in robotics (Yuh, 2000). Hence, Remotely Operated underwater
Vehicles (ROVs) have been in use for a number of years by scientists to explore reefs and
underwater life. However, some tasks are still “challenging, even to skilled human ROV
pilots” claim Antonelli, Foosen, & Yoeger (2008). An ROV operator will always be limited
by the vision provided by the robot’s cameras. Comparatively, human divers have much
better situational awareness, with the ability to quickly look around and assess a situation.
Hence the ability for a diver to directly interact with a robot underwater would be “highly
beneficial” (Buelow & Birk, 2011). A diver will be able to more delicately control the robot
without doing harm to the environment such as coral reefs. From a safety stand point it is also
important that the robot would be aware of the presence of the diver. Additionally, the diver
should not be solely focusing on controlling the robot while in often precarious situations.
Hence, a natural communication language that divers are comfortable with, needs to be
developed for future Underwater Human-Robot Interaction (UHRI).
Existing work on underwater robots is often driven by the developments in technology. As
a result interaction methods have been restricted to remote control stations (Nonose &
Osanai, 1991), instruction cards (Sattar, Dudek, & Xu, 2007) and underwater tablet
controllers (Verzijlenberg & Jenkin, 2010). This thesis presents an exploratory study that
builds a gesture taxonomy, developed by divers while interacting with a virtual Autonomous
Underwater Vehicle (AUV).
The nature of water as a communication medium restricts the possibilities of
communication languages. Since “gestures are one of the most expressive ways of
communicating” (Xu, Dudek, & Sattar,2008) and divers are already accustomed to the
principles of gestural languages. Gestures have been chosen as the method of interaction to
be explored in this thesis. As presented in the study by (Verzijlenberg & Jenkin, 2010), the
challenge faced is that a failure to properly communicate an instruction to a robot can hamper
the ability for the diver and robot to complete their tasks.
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1.1 Study Overview
This study was run in a virtual reality underwater environment that used a ‘Wizard-of-Oz’
technique to interpret the participant’s gestures and control the virtual robot accordingly. The
advantage of running the experiment in a virtual reality, over a pool or open-sea, is that the
environmental conditions can be controlled and replicated for each participant. Additionally it
allows the study to be run without the costs and constraints of building an AUV. Finally, it
allows rich feedback to be recorded through high-definition video cameras, think aloud
protocol and motion sensors without the difficulties associated with data gathering
underwater. Although a virtual reality cannot replace testing in pools and the sea, it provides
a stepping stone to allow for design iterations to be quickly tested and improved upon.

1.2 Document Structure
Chapter 2 begins the thesis with an overview on the research relating to the technology
associated with wireless communication underwater, a literature review on underwater
robotic studies and a summary on studies that have evaluated the use of full body movement
as a form of interaction.
The process of building the virtual reality environment designed to work with the Oculus
Rift (Oculus VR, 2013) head mounted display is described in Chapter 3. This includes the
research carried out on what an underwater environment consists of and what makes a good
virtual environment. Chapter 4 goes on to describe the experiment that makes use of the
virtual reality environment to evaluate the natural gestures that the diver participants used in
the tasks. The results from the experiment are then presented in Chapter 5, including a
taxonomy of core gestures identified.
Chapter 7 discusses the results in relation to the literature along with recommendations for
the development of diver-robot interaction design.
The conclusion and learning outcomes are presented in Chapter 7 along with areas that
require further research.
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Chapter 2 Literature Review
This chapter presents an overview of the related literature and research. Firstly, the current
state of research on underwater robotics is explored. A discussion on the work that has been
done on body movement for direct interaction ensues. Studies that explored gestures in
human-technology scenarios are then presented. Followed by the challenges and possibilities
associated with the transmission of wireless data underwater.

2.1 Underwater Robotic Studies
One of the first studies looking at underwater robotics dates back to 1991 with (Nonose &
Osanai, 1991), however initial conceptual design started in 1984. Its purpose was to service
offshore oil rigs, carrying out visual inspections and simple maintenance work. The design of
the robot required a support ship to act as a control station and the robot’s locomotion was
controlled through a camera attached to the robot with the feed running through a fibre optic
cable. More recent research has shifted from the concept of controlling the robot from the
surface, towards the idea of having a robot accompany a diver underwater. Buelow & Birk
(2011) discuss the advantages of having a robot controlled in situ by a diver, as opposed to a
remote operator. One advantage is situational awareness, as having a remote control means
that the controller is limited by the field of view of the video feed.
In 2004, work was published on AQUA (Georgiades, et al., 2004), an amphibious robot
that was initially designed to carry out screen inspections on delicate underwater
environments. However, the robot was still tethered and required a controller. As was
established in (Nonose & Osanai, 1991), Georgiades et al. (2004) states that “controlling the
robot using only the forward mounted cameras proved to be a challenge”. Dudek et al. (2005)
improved AQUA by developing a video image processor that identified divers underwater.
This allowed AQUA to autonomously follow a diver by tracking the movement of their fins.
However, a tether was still required linking the robot to a controller to control the robot’s
state of operation. This meant that the robot was not fully autonomous and a human-operator
was still required to be in the loop to initiate events and commands.
Having a tethered controller in the loop raises the following concerns; a remote operator as
discussed earlier is limited by the field-of-view of on-board cameras. Underwater operators
using a complex remote control (Figure 3) tend to focus controls rather than the robot. In both
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scenarios the situational awareness was hindered and hence a language was needed to instruct
the robot without the need of a controller.
To tackle the issue of having an operator in the loop, (Sattar, Dudek, & Xu, 2007)
developed a visual command language called RoboChat. This enabled instructions to be
given to robots underwater using a symbolic visual control scheme, mediated through a
flipbook of images. Each image was a different fiducial marker (Figure 1) which is a
barcode-like image. The image contains encoded data that can be read using image
processing. In RoboChat, each fiducial marker is associated with a command such as “Move
Forward”. In addition, commands might require parameters, for example moving forward
requires the “Duration” and “Speed”. This means that instructions can range from atomic
commands such as “Turn Right”, to complex sequences/concatenations of fiducial markers
constructing higher-level commands such as “Go to the reef 50 feet from the shore and
perform a transect” (Rekletis, et al., 2008). The diver instructs the robot by holding the
flipbook page (with the desired fiducial marker/command) in front of the recognition camera
mounted on the robot. RoboChat fiducial marker recognition was implemented on AQUA,
the amphibious robot. A lab study by (Sattar, Dudek, & Xu, 2007) recorded the time per
command for participants using RoboChat and compared it to the same participants using a
predefined hand gesture based language (Figure 2). The hand gestural language recognition
was not implemented on AQUA and required a ‘Wizard-of-Oz’ operator to comprehend the
gestures and then instruct the robot. A total of twelve participants were tested and were stress
induced to replicate the mental strain of an underwater diver.

Figure 1: Fiducial Marker - 36 bits of
encoded data in an image
Image Source: www.artag.net

Figure 2: Predefined hand gestures used to compare to
RoboChat
Image Source: (Sattar, Dudek, & Xu, 2007)
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The results showed that even with the delay of having a ‘Wizard-of-Oz’, the hand gestural
language was up to three times as fast as the flipbook method. RoboChat faces three main
problems.


Requiring a sequence of fiducial markers means that a large booklet needed to be
carried, impeding the diver as they swim.



There is no natural mapping associated between the fiducial marker and the
associated command, as it is a completely arbitrary barcode-like image.



As a result of the previous issues, the time taken to locate the desired command
from the booklet can be lengthy and inefficient.

Nevertheless this study was one of the first steps that successfully managed to create a
semi-Autonomous Underwater Vehicle (AUV). However, as is confirmed by (Rekletis, et al.,
2008) a lot of work is still left to be done in the area of a truly AUV.

Figure 3: Screenshot of the RoboChat Tablet Interface to control the robot
(The robot is currently facing the controller underwater)
Image Source: (Verzijlenberg & Jenkin, 2010)

A more recent work on RoboChat (Verzijlenberg & Jenkin, 2010) looked to replace the
flipbook of fiducial markers with a waterproof digital tablet. Unfortunately the purpose of the
study was not to measure the communication’s performance; hence it cannot be compared to
the earlier study. However, the tablet interface (Figure 3) shows the complexity of the remote
control, having a total of 30 components and 2 video feeds on a single display designed to be
used by a diver underwater. This type of interface will likely force the diver to focus on the
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tablet as opposed to being aware of the surroundings. Furthermore, the problems identified
with the flipbook are still present.

2.2 Full Body Movement Interaction
As explained in (Perzanowsk, Schultz, Adams, Marsh, & Bugajska, 2001), humans use
gestures in everyday communication. For example, the phrase “Go over there” has no
meaning unless it is accompanied with a gesture for direction. Over recent years there has
been increased interest in movement based interaction in Human-Computer Interaction.
Technologies such as the Playstation Eye (Playstation, 2013), Nintendo Wii (Nintendo, 2013)
and the Microsoft Kinect (Microsoft, 2013) are some of the latest technologies that have been
marketed as affordable tracking devices. (Larssen, Loke, Robertson, & Edwards, 2004)
explore the area of physical movement interaction and discuss how our familiarity with
manipulating physical objects makes gestural interaction more naturalistic and engaging.
Moen (2007) explains the unfortunate nature that most studies incorporating movementbased interaction have been technology-driven, meaning that the developments and
technological capabilities defined the scope of the interaction. As was seen in the study by
(Sattar, Dudek, & Xu, 2007), the gestures illustrated in Figure 2 may not actually be the
gestures that a diver would naturalistically use. This is a serious concern as divers may
sometimes need to remember more than 50 different hand gestures (Sattar, Dudek, & Xu,
2007). The approach taken for this thesis is to focus on a human-centred approach to elicit
gestures that are intrinsic to the divers.
Perzanowski, Schultz, & Adams (1998), define two types of gestures. Symbolic gestures,
such as references to objects (for example gesturing the shape of a boat) are arbitrary in
nature and would tend to require a learning period. Natural gestures (for example gesturing to
turn right) often do not require much learning and tend to be simple and relatable. Both types
will likely be used by participants in this experiment as the tasks provided will require a
skillset to navigate and instruct the robot in a delicate environment.
In this study we are looking at gestures from a full-body interaction perspective, and this is
called Kinesthetic Movement Interaction (KMI). This means that any or all of the body can
be involved in the interaction (Fogtmann, Fritsch, & Kortbek, 2008). This moves away from
the concept of only requiring arm movements as is experienced in the PlaystationEye and the
Nintendo Wii.
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2.3 Human-Technology Gesture Communication
Studies that explore gestures as a communication language with underwater robots are
scarce. A study by (Wang, Hsu, & Zeng, 2002) understands the need for a natural gestural
communication between divers and robots due to the safety concerns associated with buttons
and control pads. However, what is proposed in the study is an algorithm to understand
Divers’ Sign Language (DSL). Since their experiment was not exploratory, it is not known
whether the DSL taxonomy of gestures is sufficient for diver-robot communication.
An exploratory study looking at full-body movement as an interaction method for video
games was evaluated by (Norton, Wingrave, & LaViola Jr, 2010). Participants were asked to
play a game called Mirror’s Edge, however they were to control the in-game avatar through
full-body movement. The participant’s gestures were represented in-game through a ‘Wizardof-Oz’ technique, where experiment moderator interpreted the participant’s gestures and
controlled the in-game character accordingly. This allowed the participant to explore a range
of motion without needing development to be done on a tracking system. A semi-structured
interview was held after the experiment, asking why certain gestures were performed, giving
the participants “an opportunity to rationalize their behaviour and give further insight”. Data
was captured from video analysis and the post-experiment interview. The result was a
proposed set of gestures to be used for playing full-body interaction adventure games.
Research that looked specifically at human-robot interaction for Unmanned Aerial
Vehicles is a study by (Jones, Berthouze, Bielski, & Julier, 2010). The study was exploratory
in nature and placed participants in a CAVElike Virtual Reality Environment to control a
swarm of 10 UAVs through gestures and speech commands. As was done in (Norton,
Wingrave, & LaViola Jr, 2010), a ‘Wizard-of-Oz’ technique was used by the experimenter to
interpret the participants’ actions. Tasks were given to the participants that replicated
scenarios that would be carried out by search and rescue robots. Analysis was done through
video data coding as well as the analysis of semi-structured interviews carried out after the
experiment.

2.4 Wireless Underwater Data Transmission
The development of underwater robots, faces many technological challenges and
limitations around the medium of communication in the underwater environment. Cui, Kong,
Gerla, & Zhou (2006) discuss the inability for radio waves to propagate efficiently
14

underwater. Furthermore, turbulence, noise and pressure gradients have negative effects on
acoustic propagation (Liu, Zhou, & Cui, 2008). This means that the wireless transmission of
instructions and feedback between diver and robot is a great challenge, which limited the
development of truly autonomous Underwater Human-Robot Interaction (UHRI).
Modern developments in wireless transmitters have opened opportunities. High bandwidth
modems, such as the one proposed by (Baiden, Bissiri, & Masoti, 2009) and the Ambalux
1013C1 (Ambalux, 2013), claim to offer a throughput of 10 Mbps. By comparison, a report
published by (Ofcom, 2013) states the average broadband in the UK is at 12Mbps in
November 2012. The Ambalux 1013C1 measuring 27cm x 10cm x 10cm and weighing 2.7kg
offers a range of up to 40 meters depending on the underwater conditions (Ambalux
Documentation, 2013). Verzijlenberg & Jenkin (2010) explain the problematic integration of
relatively large and heavy devices, requiring the development of larger robots which will
affect the buoyancy dynamics and energy consumption. From an HCI perspective, having a
large data bandwidth allows gesture motion tracking to be captured through sensors on the
diver as opposed to image recognition on the robot. This means that tracking can be more
accurate while the diver needs not face the robot at all times.

2.5 Summary
Several developments have been made in underwater robotics over the years, from
remotely operated underwater vehicles to semi-autonomous robots. Research is now focusing
on creating truly autonomous robots. However, developments in diver-robot interaction have
lacked behind despite advances in technologies. There has not been any evaluation on the
interaction required between diver and robot underwater. The concept of a flipbook with
barcode-like images was developed to instruct the robot underwater. However, results
showed that gesture interaction was up to three times faster. Furthermore, the gestures were
predefined and not naturally intuitive for the divers.
Some of the challenges associated with underwater wireless data transmission, such as
turbulence, noise, visibility and pressure were discussed. Recent technology in the form of
the Ambalux 1013C1 transceiver supports data throughput of 10Mbps. By comparison, the
average bandwidth of broadband in the UK is 12Mbps. This should suffice the need for
wireless diver-robot communication.
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Relevant literature has shown that the direction taken is often focused on the technological
improvements on the robot. Developments in wireless underwater data transmission now
allow high-bandwidth communication which may allow the data capture from gestures to be
done on the diver directly. This thesis has taken a different path to previous studies in that the
focus of the research is user-oriented. Hence, gestures will be explored as a communication
protocol since humans, and especially divers are already accustomed to using them on a daily
basis. It is time to bring the bodily experience into the interaction design of Underwater
Human-Robot Interaction.
This study will be exploring the natural gestural commands used by divers when
interactive with robots. As was done in (Jones, Berthouze, Bielski, & Julier, 2010), this study
will be run in virtual reality environment using a ‘Wizard-of-Oz’ technique to interpret the
participant’s gestures and move the robot accordingly. As was done in (Norton, Wingrave, &
LaViola Jr, 2010), post experiment semi-structured interviews will be held to gain insight on
gestural behaviours.
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Chapter 3 Building the Virtual Underwater World
A Virtual Reality Environment (VRE) facilitates the control of environment variables
(such as visibility), video recording, ‘think aloud’ protocol and participant safety when
running the experiment. Hence, an underwater VRE was built to understand the interaction
between divers and robots. This enabled future developments to be carried out in a pool and
open seas, having saved on the initial costs of building an experimental design.

Figure 4: A screenshot of the underwater environment.
Looking at the robot on the seabed with a shipwreck in the background.

This chapter discusses the properties and features that make an immersive virtual
environment. The process followed and techniques adopted to build the VRE (Figure 4) are
explained. Finally the environment was tested to ensure it has reached a satisfactory level of
quality to perform the experiment in Chapter 4.
The core framework used to create the VRE was shared with another MSc student,
exploring a different aspect of diver-robot communication. We collaborated on the placement
of artefacts such as the coral in the environment. However, what has been explained in this
chapter is entirely my own work.
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3.1 Factors that make a good VRE
It is important to first understand what a virtual reality is, one definition by (Coates, 1992)
as quoted by (Steuer, 1993) is,
“…electronic simulations of environments experienced via head mounted eye goggles and
wired clothing enabling the end user to interact in realistic three-dimensional situations.”
In fact a VRE provides multisensory congruent information that overwhelms the
individual into believing that they are in another place. As is described by Singer & Hays
(1989), fidelity is the degree of similarity between the real operational environment and the
Virtual Environment (VE). This refers to the quality of the environment and how realistic its
components are, such as the scale of objects (for example rocks, fish, boats). This also
includes the graphics and sound realism which help the user relate it to a real experience.
Fidelity can be subcategorised into the following:
Physical Fidelity

Encompassing the realism of sensual (McCarthy & Wright, 2004) and
visceral emotions (Norman, 2004).

Functional

The extent to which the simulator acts realistically to the user’s

Fidelity

instruction (Hays, Jacobs, Prince, & Salas, 1992); resulting in an
“increased interest, motivation to perform and attention to detail”
(Alexander, Brunye, Sidman, & Weil, 2005).

Psychological

Is the replication of emotions experienced by a diver in the operational

Fidelity

environment. (Gunther, 2010) discusses the importance of adrenaline in
the fight-or-flight response that keeps fighter pilots out of danger. The
affective state is stress which is controlled by the autonomic nervous
system.
Table 1: Fidelity Categorisations (Singer & Hays, 1989)

High-levels of fidelity will likely lead to a strong feeling of presence in the simulated
experience (Alexander, Brunye, Sidman, & Weil, 2005). Draper, Kaber, & Usher (1998)
define three types of presence; simple, cybernet and experiential. The latter is what will be
focused on in this thesis and is defined as “a mental state in which a user feels physically
present within the computer-mediated environment”. In other words, it is the state that once
achieved by the participant will feel as if they are in the virtual world and no longer in the
18

physical laboratory. An affective state that contributes towards a sense of presence is that of
control; influencing factors are the degree of control and immediacy of feedback (Witmer &
Singer, 1998). This means that the delay induced by running the experiment with a ‘Wizardof-Oz’ will need to be reduced as much as possible when running the experiment.
To validate the environment’s realism, a questionnaire proposed in (Slater & Steed, 2000),
will be used to rate the level of presence experienced by the participants. Slater & Steed
(2000) carried out an extensive literature review on different techniques for evaluating
presence in an environment. Questionnaires are the most commonly adopted technique,
followed by observations. Another technique discussed in (Slater & Steed, 2000) involves
measuring Breaks in Presence (BIPs). Measuring BIPs is considered to be the most effective
way of measuring presence and consists of the participant informing the experimenter when
the state of presence is being entered or exited.
Since the aim of this thesis is on building a diver-robot communication language, it would
be inappropriate to shift the participants’ focus onto the environment. Therefore, the
questionnaire alone should sufficiently measure the presence in the environment to inform
plausible results.

3.2 Environment Overview

Figure 5: Screenshot from the environment above the water
Looking at the boat on the surface and the shipwreck can vaguely be seen
underwater to the right of the boat.

In order to create a relatable experience it was decided that the virtual reality environment
experience begins with the participant/diver on a boat (Figure 5). The wooden boat is
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swaying with the waves crashing on either side, up above, the sound of a flock of seagulls
squawking. When ready, the diver will be able to jump off the boat into the water. This
drastically changes the virtual physical environment from overwater to underwater,
overwhelming the participant’s sensorial experience to induce a sense of reality. Underwater,
the environment is setup with rocks, coral beds and a ship wreck in addition to a number of
fish swimming in schools.

3.3 Building the Environment
The virtual environment was developed in C#.Net and JavaScript programming languages
using the Unity3D (Unity Networked Multiplayer, 2013) game engine as the development
platform. Autodesk 3DSMax (Autodesk, 2013) was used as the modelling tool for creating
the three dimensional models and animations. Adobe Photoshop was used to create and
modify the graphics and textures in the environment.
To gain inspiration and understanding of the different aspects of the environment an
ethnographic observation study was carried out in Malta. Several photographs were taken
from the surface and at varying depths below the water. An interesting observation made was
the effect that different sea beds had on the visibility and light reflections above and under
water. The outcome was a rich understanding of effects of vision and sound underwater as
well as a large portfolio of photos. The photos in particular were then used as reference points
in the development process, allowing direct comparisons to be made on the terrain, visibility
and textures.

3.3.1 Lighting
Creating a simulated environment has several challenges in stimulating immersion. Water
environments add a further challenge to VRE design due to the complexity of how light
diffuses in water. The perspective of looking at the water from above and below will be
different as the refractive index is different.
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Figure 6: Example of sunlight, water reflection and diffraction

Particles in the air result in the bending of light rays which is known as diffracted light.
Water in particular presents a challenge, as part of the light is reflected on the surface and
some of it penetrates the water and is diffracted at different angles of incidence through the
waves (Figure 6). An observation made from the study done in Malta was the light drop-off
underwater is faster than in air, meaning that the deeper the dive, the darker the environment
lighting became.
To handle all of the aspects of rendering a realistic environment, shaders were used to
produce the special effects and real time processing of the graphics. A shader is a set of
commands in code that instruct the graphics processor on how the combination of 3D models,
textures and lighting will be drawn. The graphics shader used for the water in this project was
originally developed by (Dvornik, 2013). The shader handles the inner workings, however,
significant adjustments to the fog density, refraction, reflection strength and depth colour was
needed to create a realistic environment. It is important to understand that computer graphics
work with refresh rates, which is the number of times the graphics are drawn to the display.

3.3.2 Is the diver underwater?
Since a number of the special effects are environmental, meaning that they affect the
whole scene, they can only be enabled once the diver has jumped into the water. An example
of these effects is the fog and bloom. To handle this situation a validation function is used to
verify the position of the participant. This was done by checking the Y-axis coordinate of the
participant and comparing it to the Y-axis coordinate of the water plane.
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3.3.3 Building the Robot

Figure 7: Four angles of the 3D robot model

Building the robot started with a concept of what the robot should look like. In reality this
is only a representative model of a robot and does not replicate the shape of a real robot. A
challenge faced when building the robot was to keep the polygon count to a minimum. A
polygon in 3D computer graphics in its simplest form is a triangle (or squares as seen in
Figure 7). In the process of the project the robot was initially built with 21,146 polys and was
reduced to 1,288 polys. Animations were also implemented into the model to allow for the
propeller at the rear to rotate as the robot moves forward. The robot was designed to allow for
the following features, see Figure 9.

Figure 8: 3D render of the robot model (Front view)
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3.3.4 Surface Displacement

Figure 9: Abovewater surface - real photo (left) vs. virtual environment (right)

To recreate the effect of ripples and waves in the ocean, a displacement bump map was
used with the comparative result seen in Figure 9. The water plane is actually a flat surface;
however, because of the reflection and refraction textures being displaced, the result is the
appearance of unsettled water. The effect of moving waves is done by offsetting these
textures at every refresh (rate). The result is the visual effect of moving rippled water. The
same concept with different parameters was used when looking up at the surface from
underwater (Figure 10).

Figure 10: Underwater surface - real photo (left) vs. virtual environment (right)
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3.3.5 Visibility
The visibility underwater (Figure 11) was manipulated through the use of the shader
discussed above, refraction maps, fog density and bloom visual effects. The bloom shader
(Unity Bloom and Lens Flares, 2013) built and integrated by Unity engine provided the blur
and glowing effect on objects that were out of the diver’s focal range. This was controlled by
the intensity and threshold parameters, and was enabled only when the diver was underwater.

Figure 11: Underwater visibility and caustics - real photo (left) vs. virtual environment (right)

Particle emitters (Unity Particle Emitter, 2013) were used underwater to create randomly
moving spores and dust particles. This effect gives the illusion of motion and depth into the
environment as the diver can be swimming through the environment and see a dust particle
brush by their side.

3.3.6 Caustics

Figure 12: First 4 of 59 caustic images used by the projector.
The images are very similar but different so that when shown in sequence flowing movement can be noticed
Image source: (Dvornik, 2013)

(Lynch & Livingston, 2001) explains that caustics are the optical effect on light rays as
they are reflected and refracted on a curved surface such as the surface of the water. The
outcome is a focusing and defocusing of light resulting in bright regions on the surface of the
ocean (Figure 11). Adding the caustic effect to the seabed was very important to the realism
of the underwater environment. This was done through the use of a series of 59 sequenced
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images (Figure 12) being projected as a ‘slideshow’ on the seabed as is described by (Janpec,
2013).
Each image can be considered as a frame and when projected in quick succession, the
illusion will be given of a realistic moving caustic. The images were created in
monochromatic form so that the projectors’ shader can be set to Additive. The additive
shader works with the alpha channel and hence the blacks are transparent and the whites are
accentuated, creating a crisp caustic with bright focus points. To cover the seabed in the
environment multiple projectors were setup in a grid formation so that the edges of each
projection will be just touching.

3.4 Hardware Development
3.4.1 Oculus Rift

Figure 13: Oculus Rift virtual reality headset (left) with control box (right)
Image source: (Oculus VR, 2013)

The Oculus Rift (Figure 13) developed by (Oculus VR, 2013) is a ‘next-generation’ head
mounted display that supports head motion tracking at 1000Hz. This means that as the head
turns, the display inside the Rift turns smoothly at the same rate of rotation. The screen is a
5.6 inch LCD display with a resolution of 1280x800, providing 640x800 resolutions to each
eye. The Rift has independent lenses that sit very close to the eyes and projects two offset
images to the left and right eye separately. This concept is called stereoscopy which adds the
visual illusion of three-dimensional depth. The Rift is only publically available in the form of
a development kit at a cost of $300. The Software Development Kit (Oculus Developer
Center, 2013) released by OculusVR enables direct integration with Unity. In Unity3D 4.0
the outcome is a stereoscopic rendering that is generated through two offset cameras in the
environment, resulting in a split screen effect that is rendered directly into the Oculus Rift
(Figure 14).
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Figure 14: Unity Screenshot showing stereoscopic vision
Notice the slight angle different between the left and right cameras

Since the environment now has two cameras, it means that the environment is now being
rendered twice – requiring more processing power. When run with a frame rate of less than
60 the user would quickly start to feel uncomfortable and ill. Hence, a more powerful
machine was needed to run the experiment. Once this was obtained the environment was able
to run at a stable 60fps with vertical sync enabled. The following (Table 2) is the hardware
specification of the computer used.
Processor

Intel Core i7

Graphics Card

Radeon HD 7970 OC 3GB GDDR5

RAM

16 GB

Operation System

Windows 7 64bit
Table 2: Experiment Computer Hardware Specifications
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3.4.2 Networked Multiplayer
In order to control the robot in a responsive manner required direct manipulation from the
robot’s point of view. For this to be possible meant that the experimenter would control the
movement of the robot from another computer as a ‘Wizard of Oz’. From a development
perspective, this meant that a multiplayer networked framework was needed for the two
computers to communicate. Looking at Figure 15, the participant/diver is Player 1 while the
experimenter is Player 2 acting as the robot.
Server

‘Diver’
Participant

Network Hub
Player 1

Player 2

‘Robot’
Wizard of Oz

Figure 15: Experiment Network and Hardware Setup

The server acts as the host and creates a game session, which is then joined by the two
separate computers on the same network. On connecting to the session, the respective diver
and robot models are instantiated and replicated through all the connected sessions. Having
this setup also meant that the rendering load was distributed for each player and did not rely
on one machine being the host, diver and the robot resulting in improved performance.
The network implementation was done using the feature called NetworkView (Unity
Networked Multiplayer, 2013) built natively into Unity. A NetworkView is a component that
shares data across the network using State Synchronization. This means that objects are
tracked and changes including the positional coordinates are shared to other clients on the
same network. Hence, a NetworkView component was added to the Diver and Robot models,
so that once connected to the server their positional coordinates are automatically
synchronised across clients.

27

3.5 Evaluating the Quality of the Environment
In creating an virtual underwater experience, it is important that a good level of realism is
attained for the results to be plausible. Since the environment was mostly built on the
experience and insight generated through the observational study, it was important to get an
external evaluation. This evaluation was carried out in the form of a website1. As illustrated
in Figure 16, the evaluation process was to give participants exposure to the environment for
60 seconds and then automatically redirect the web browser to an online questionnaire
evaluating the graphics, sounds and overall quality (Figure 19). The website was distributed
through friends and social media websites allowing people to run the study from their
personal computers.
Instructions

60 Second Trial

Questionnaire

Figure 16: Evaluating the environment

3.5.1 Participants
Twelve individuals participated in the questionnaire. The respondents had varying levels
of diving experience ranging from ‘never dived’ to over 11 dives (Table 3). Participants were
not provided with an incentive or compensation.

Experience

Respondents

No. of Dives
Standard
Deviation)

Play video
games

Do not play
video games

Divers

5

5.477
(average = 7)

3

2

Non-Divers

7

-

6

1

Table 3: Respondent’s experience structure

3.5.2 Design
All the respondents started in the same position underwater; however, they were allowed
to freely roam in the environment for one minute. Due to the nature of the study the use of
headphones or speakers for sound could not be enforced. The web based environment was
published to work in any browser on Mac or Windows operating systems. The questionnaire
can be seen in Figure 19, and contains open and closed questions

1

http://lukechircop.com/msc/web.html
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3.5.3 Procedure
The study takes 5 minutes to complete.
Step 1 Participants were requested to follow the instructions (Figure 17) on the website
and proceed with the on screen instructions.
Step 2 On installing and downloading the Unity Web Player App the user has 60
seconds to free roam in the environment (Figure 20).
Step 3 Once the time limit has elapsed the website automatically redirects the user’s
browser to the questionnaire (Figure 21) to report on their experience.

Figure 17: Step 1 – Quality evaluation instructions and consent form

Figure 18: Step 2 – Quality evaluation loading (left) and underwater environment (right)
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Figure 19: Step 3 – Quality evaluation questionnaire
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3.5.4 Results and Analysis
The resultant quality ratings from this study were aggregated and user feedback was taken
on board in improving the environment ahead of the lab experiment. It was also of interest to
see what effect participants’ diving and video game experience had on the feedback. The data
was split into diver and non-diver groups, averaged and compared for each rating (Figure 20).
What can be seen is that respondents with no diving experience recorded higher levels of
realism in the environment for each criterion.

Average Ratings (max: 7)

Divers vs Non-Divers
6
5
4

Graphics

3

Underwater Visibility

2

Audio

1

Overall

0

Divers

Non-Divers

Figure 20: Divers vs non-divers quality ratings

Participants with diving experience were then grouped by gamers and non-gamers (Figure
21). Results indicate that divers with non-gaming experience record higher levels of realism.

Average Ratings (max: 7)

Divers: Gamers vs Non-Gamers
6
5
4

Graphics

3

Underwater Visibility

2

Audio

1

Overall

0

Gamers

Non-Gamers

Figure 21: Diving gamers vs Diving non-gamers quality ratings
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The quotes below are taken directly from the results in the online questionnaire.
Looking deeper into the divers’ responses, the results of video gamers and non-gamers
were compared. Open ended questions in the questionnaire allowed participants to give direct
input on what worked and what hindered the quality of the environment. Positives that were
experienced by most participants “the wreck in the background and the boat at the top - little
details thought out well” and “I could feel the water impairing my movement, and the
lightning helped me understand how poor our senses are at such depths”.
Features in the environment questioned by the participants were the inability to “navigate
up or down” gave the feeling of uncertainty “whether I was actually walking on the surface
of the sea or whether I was moving by floating around”. Another area that received criticism
was the visibility, “The visuals could have been clearer and less dull“. Based on the input
from the respondents, improvements were made on the environment with most focus placed
in the viewing distance and visibility underwater. Movement in the Z-axis (up and down) was
restricted to avoid risking the participants going ill while using the HMD. Experienced diving
respondents claimed that the visibility distance was too far for realistic open sea underwater
diving.

3.6 Summary
Building the environment was a time consuming process that required a lot of attention to
detail. It first required an observation to be carried out to photograph the sea from above and
underwater. This gave insight to understand the dynamics of the lighting, terrain and sounds.
The qualities that make a good virtual reality environment were identified with particular
emphasis on the effect of presence. Developing the core parts of the environment were
discussed, looking at the reflection and refraction of water, visibility and caustics. The
process of building the robot was highlighted. The quality of the environment (graphics,
sound, underwater visibility and overall rating) was evaluated through an online study with
12 participants who reported through an online questionnaire. The results indicated that more
work was required to improve the experience. In particular the visibility and locomotion were
questioned. The next steps involved implementing the changes and getting the environment
ready to be run as a controlled simulation in a lab with the Oculus Rift. This experience
showed that although thoroughly helpful in the design and development process, it is hard to
solely rely on photos when developing an environment.
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Chapter 4 Experiment
The study of communication with underwater robots has often been developed from a
technological stand point which has limited the usability of the robots. As discussed in
Chapter 2, this has led to control stations on the water’s surface, to complex underwater
remote controls and command based flipbooks. More recently gestures have been proven to
be an efficient means of communication with robots. However, there has been no research
into what gestures divers require to communicate with robots in an underwater environment.
This thesis places divers of varying experience levels in an underwater virtual environment
(described in Chapter 3). The experiment was exploratory in nature, by observing how divers
naturally interact with an AUV. Requirements and usability issues were elicited using a
think-aloud protocol, post-trial interviews, video and motion capture data analysis. The
results informed a taxonomy of gesture based commands along with the kinematics that
characterise the motion. Furthermore design considerations were formulated for future diverrobot interaction.

Figure 22: Participant and equipment setup

The experiment was carried out with divers in a Virtual Reality Environment (VRE) using
a head mounted display. Running the experiment in a lab (Figure 22) allowed for high quality
video recording of the participant’s gestures without the issues associated with underwater
visibility. Furthermore, it was possible to view exactly what the participant was looking at
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when interacting with the robot.

The VRE also meant that focus was placed on

understanding the command space between divers and robots without the technical
limitations and costs of building an AUV.
The purpose of this study is to achieve a natural collaboration between divers and robots.
The results will inform a wireless communication protocol that will inspire the development
of UHRI. Once proven in the VRE, the gestures will need to be tested in pools and open
waters having saved on costs as it was designed in the safe environment of a lab.
This experiment was run with two experimenters, me and another MSc student who was
evaluating a different aspect of diver-robot communication through a different set of tasks.

4.1 Participants
Participant Diving Experience

Number of
Participants

10
8
6

5m to 10m

4

11m to 20m

2

Over 20m

0
1

2 to 5

6 to 10

11+

Number of Dives
Figure 23: Participant experience compared associated with their deepest dives

An online participant screener (Appendix A) was distributed through social media, UCL
student mailing lists and London diving clubs. Fifteen divers [6 Female, 9 Male] were chosen
from 23 respondents. The criteria for selection was that participants were between 18 and 60
years old, had experience in open sea diving and a good understanding of underwater humanto-human communication protocol. Five of the participants did not play video games, 10
participants played video games (Table 5).
Due to an uneven distribution of participants’ experience (Figure 23), the participants were
divided into Expert and Novice groups as defined in Table 4.
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Group Experience

Description


Expert




Novice



8 participants
o P5, P6, P7, P8, P9, P12, P14, P15
11+ dives deeper than 20m
7 participants
o P1, P2, P3, P4, P10, P11, P13
1-10 dives from 5m to 20m deep

Table 4: Participant Experience Group Distribution

All the participants were shared with another MSc student studying other aspects of diverrobot communication. Participants first did the immersion test followed by my tasks. This
was followed by the other student’s tasks. Participants received £16 as compensation.
Participant
ID

Do you
play video
games?

Where have you dived
previously?

How many times
have you dived?

What was
your deepest
dive?

Are you a
licensed
diver?

P1

No

Open Sea

1

5m to 10m

No

P2

Yes

Open Sea

2-5

5m to 10m

No

P3

Yes

Open Sea

2-5

11m to 20m

Yes

P4

Yes

Swimming Pool, Open
Sea

1

5m to 10m

No

P5

Yes

Swimming Pool, Open
Sea, Lake

11+

Deeper than
20m

Yes

P6

No

Swimming Pool, Open
Sea, Lake

11+

Deeper than
20m

Yes

P7

No

Swimming Pool, Open
Sea, Lake

11+

Deeper than
20m

Yes

P8

No

Open Sea

11+

Deeper than
20m

Yes

P9

Yes

Swimming Pool, Open
Sea, Lake

11+

Deeper than
20m

Yes

P10

Yes

Swimming Pool, Open
Sea, Lake

6-10

11m to 20m

No

P11

Yes

Swimming Pool, Open
Sea, Lake

6-10

11m to 20m

No

P12

Yes

Swimming Pool, Open
Sea, Lake

11+

Deeper than
20m

Yes

P13

No

Open Sea

2-5

5m to 10m

No

P14

Yes

Swimming Pool, Open
Sea, Lake

11+

Deeper than
20m

Yes

P15

Yes

Swimming Pool, Open
11+
Deeper than
Sea, Lake
20m
Table 5: List of experiment participants

Yes
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4.2 Resources
Unity3D was the game engine used to build and run the VRE. This was rendered to the
user through the Oculus Rift (Oculus VR, 2013). The head motion tracking built into the
Oculus Rift allowed participants to freely look around in the environment by physically
turning and moving their head. Icemat SiberiaV2 headphones were used to immerse the
participant with ambient and environmental sounds. Two three millimetre full-body diving
suits (large and small depending on participant’s body frame) were used to restrict the
participant’s motion while adding to the immersion of the VRE. An air conditioner in the lab
was used to regulate the temperature at around 16°C. A Playstation3 joystick controller was
used to control the movement of the diver in the environment during the immersion task.
Two GCDC X8M-3 (Gulf Coast Data Concepts, 2013) accelerometer data loggers were used
to record the acceleration of each of the participant’s arms while gesturing. These were
placed inside two Active2 elastic adjustable wrist straps (Figure 24), thus securely holding
them in place. The button on the wrist band was used to turn the robot ‘On’ and ‘Off’.

Figure 24: EA Sports Active 2 wrist bands used to securely hold the
Image Source: (Slash Gear, 2013)

36

Figure 25: Video recording camera setup

Two cameras were used as shown in Figure 25. A web camera linked up with Morae
Recording (TechSmith, 2013) software allowed a picture-in-picture recording to be made.
The Oculus Rift was connected to the computer through HDMI and the display was
duplicated across the monitor and the Oculus Rift. Hence, Morae Recording captured the
screen (what the participant was looking at through the Oculus Rift) along with their body
movement and gestures through the web camera (Figure 26).

Figure 26: Picture-in-picture recording snapshot from MoraeRecorder software

A secondary Sony HDR-CX220E Full HD video recorder (Sony, 2013)(Figure 27) was
used in the experiment; this was focused solely on the participant. This camera was at a
different angle to ensure video recording, should the participant turn away from the primary
camera while in the VRE. Both cameras had built-in microphones used for audio recording.
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Figure 27: Photograph of a participant in experiment

GCDC X8M-3 (Gulf Coast Data Concepts, 2013) motion sensors were attached under a
wrist strap on the participant, for each wrist. The motion sensors measure the acceleration in
the X, Y and Z planes and store the values in flash memory as a .CSV file (Figure 28). The
motion sensor sample rates were set at 50Hz for the duration of the experiment.

Figure 28: X8M-3 CSV motion sensor data snapshot for P1

38

4.3 Materials
4.3.1 Fidelity and Presence Questionnaire
Participants were asked to mark on Likert scales from 1 (lowest) to 7 (highest) for all the
questions (Figure 30).
Part 1 has questions rating the fidelity of the environment based on graphics, audio and the
overall rating. Participants were asked if they felt unwell during the experiment and if it
affected their experience.
Part 2 of the questionnaire has the presence questions proposed in (Slater & Steed, 2000).
These questions were used to measure presence in the participant as was discussed in section
3.1.

4.3.2 Post-Experiment Semi-Structured Interview
Timings, error counts and notes on gestures were recorded for each participant. Postexperiment questions were then formed from the notes and the questions in Figure 29.

Figure 29: Data Collection Sheet and Post-Experiment Semi Structure Interview
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Figure 30: Fidelity (Part 1) and Presence (Part 2) Questionnaire
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4.4 Design
The experiment is a between-subjects design, where all participants completed two tasks.
Task 1 focused on the accuracy of navigating the robot on a predefined route, similar to
diving in a cave. In Task 2 the diver was only given the final destination, replicating the
scenario of open water roaming.
The participants were given complete freedom in choosing the appropriate gestures for the
tasks at hand. Movement in the environment was controlled by walking on the spot in the real
world (due to cable length and room size limitations). There was no tracking system
implemented to replicate their motion in the virtual environment. Instead, the participant’s
motions were translated into the virtual environment by a Wizard-of-Oz method (Buxton,
2007). Experimenter 1 would interpret the participant’s gestures and move the robot
accordingly. Experimenter 2 would observe the participant’s locomotion and move the diver
in the environment.

4.4.1 Precision Task

Figure 31: Precision task route layout (shown in environment)
The black line is the route that the robot needs to accurately follow
as per the participant’s instructions.

The participants were shown a route (Figure 31) that consisted of acute and obtuse angles
that gave insight to the gestures a diver may use for different types of angles. Participants
started at the opening and instructed the robot to follow the path counter-clockwise as quickly
as possible but to avoid any coral or rocks in the environment. The route was visible in the
environment, allowing the diver to see the path the robot needed to follow. The time taken to
complete this task was recorded along with the number of errors. An error was considered to
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be an instruction that moved the robot off the route or hit an object (e.g. coral or rock) in the
environment.

4.4.2 Collaboration Task

Figure 32: Collaboration task route start and end points (not shown in environment)
The circle is the starting point and the X is the destination

Starting from the red circle, the diver and the robot were to swim towards the red X. This
time, the route to be taken was not rendered in the environment, allowing the diver to follow
any path desired. The participants were once again told to avoid contact with all coral. Once
at point X, Experimenter 2 informed the diver to proceed with picking-up a sand sample. For
this task, the errors are recorded along with the time taken to complete the task.
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4.5 Procedure
4.5.1 Setup
The experiment lasted a total of 30 minutes. To reduce the risk of participant illness, use
of the HMD was limited to a maximum of 10 minutes at a time. Communication with the
participants was maintained throughout the session ensuring the participant was not feeling
ill. The experiment would be stopped immediately if the participant felt sick. Following this
explanation, the participant read and signed the information sheet and consent form
(Appendix F & G) before the experiment commenced.

Figure 33: Diver Equipment Setup

The participant was briefed on how the experiment’s purpose was to evaluate the diverrobot interaction. The only predefined communication protocol was a button on the wrist
strap to turn the robot ON and OFF. The reason for this ‘trigger’ was due to an issue raised
from the pilot study. The pilot was unsure of when they were and were not controlling the
robot. Participants were asked to ‘think-aloud’ when instructing the robot, thus informing the
experimenters what they were gesturing. The participants were assisted to wear the diving
suit, headphones, HMD, wrist straps and motion sensors (Figure 33).
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4.5.2 Presence and Fidelity Test
The participants were given two minutes to experience the environment for the first time.
The diver controlled his movement in the environment using the Playstation3 joystick. The
recordings on both cameras were started. The diver found himself on a boat next to a small
island and could jump off the boat when ready to begin the dive. No communication was
done with the diver through these two minutes, allowing them to take in the experience. Once
the time elapsed the diver was informed and the HMD, headphones and controller were
removed.
A semi-structured interview ensued discussing their experience. Participants were asked
what they liked and did not like about the environment, and how it related to their real diving
experiences. The fidelity and presence questionnaire (Section 4.3.1) was then provided to the
participant.

4.5.3 Gesture Experiment
Participants were given the instruction sheet (Appendix H) for both tasks. The tasks were
performed in sequence and separated by three claps. This allowed the sensor data to be
separated by task in the analysis. The video recorders were started at this point and remained
on until the end of the experiment. Since the two tasks were done in sequence, the experiment
was timed to ensure that the 10 minute limit when using the Oculus Rift was not exceeded.
As explained in section 4.3, the participant’s movement in the environment was controlled
by walking on the spot and replicated in the environment by a Wizard-of-Oz, thus freeing
their arms for communicating with the robot. On commencing the experiment, the diver did
not need to jump off the boat again. They were already underwater with the robot, waiting to
be turned ‘On’ from the wrist strap.
As explained in the instruction sheet, communication with the robot was initiated by the
diver by pressing the button on either wrist controller. Feedback was given through a light on
the robot which indicated amber as idle, and green as an active and listening state. This meant
that when amber, the robot did not react to the diver’s gestures.
Timing for the Precision Task was started when the diver was ready, and stopped when the
route was completed by the robot. The diver was then instructed to clap three times. At this
point, the participant was reminded about the objective of the Collaboration Task. When
ready, the diver started the task and the experimenter began timing accordingly and stopped
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once the task was complete. On completion of the tasks the motion sensors were turned off
and the diver removed the equipment. A semi-structured interview (Section 4.3.2) gauging
their perspective on the tasks followed. Including a discussion on gestures used and
misunderstandings experienced when communicating with the robot.

4.6 Analysis
4.6.1 Fidelity and Presence Analysis
This questionnaire can be found in section 4.3.1. Results for fidelity (Part 1) will be
analysed and compared with the results obtained from the pilot web-browser test (section
3.5). The comparison will illustrate the impact of the changes to the environment carried out
after the pilot test.
The results for the presence (Part 2), will be aggregated according to the Novice and
Expert user groups to understand what effect diving experience has on presence. The purpose
of this analysis is to ensure that a satisfactory level of presence has been obtained.
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4.6.2 Video Analysis
The gestures will be analysed through video and motion sensor data. Gestures will be
illustrated using a 3D avatar created in 3DS Max, and renders of the gesture will be placed in
the data collection form (Table 6). The participant’s think aloud and post-experiment
interview comments will be added to the respective gestures under the comments column.
Quotations from the think aloud will be in quotes. Quotations from the post-interview will be
in square brackets.
Illustration
Command [Body Parts]

Stroke(s)

Straight
Direction

Multiple,
Repeated

…

Arm, Flat
Palm and
Fingers
…

…

Acceleration (m/s2)
X
Y
Z

Environmental
Context
Comments

4.5

“I want it
Targeting a
point that is far to go
away.
straight”

…

-6.8

…

1.3

…

…

…

Table 6: Video Analysis Data Collection Sheet Sample

4.6.3 Motion Sensor Data
The X8M-3 sensors attached to the participant’s wrists captured the arm acceleration data.
The device captures raw data in ‘counts of acceleration’ for each axis and their corresponding
timestamps in seconds from time the device was turned ON (Table 7). The X8M-3 was
calibrated by (Gulf Coast Data Concepts, 2013) so that 1024 counts is equivalent to 1g which
is the rate of change of velocity. International System of Units for acceleration is m/s 2. Hence
transforming the raw data from the sensor into acceleration was done as follows (Equation 1).

Equation 1: Converting counts to acceleration
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Time (s)

Ax

Ay

Az

1.211

280

-840

324

1.23

116

-720

368

1.249

180

-752

360

Table 7: P1 Top 3 rows data sample

Each row in Table 7 is a sample of raw data (counts) that is recorded from the digital
accelerometer for that particular time. The reason that data is recorded in counts is to reduce
the processing load on the device, allowing for a higher number of recordings per second. To
calculate the average acceleration of gestures, the average acceleration for each axis over the
duration of gesture is used. Hence the generic equation used is the following, with N being
the number of rows and R1 representing the first record.
(

)

Equation 2: Generic Average Acceleration Formula
When applied to the data from Table 7 and assuming the gesture started at 1.211s and
ended at 1.249s, then the following functions can be used to calculate the average
acceleration for each axis:
{

}

{

}

{

}

Equation 3: Calculating the average acceleration for each axis
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If a gesture started and ended with a perfectly stationary hand and maintained a constant
velocity throughout, the values should integrate to zero. However since rotation also affects
the acceleration it is very difficult to obtain zero average acceleration. The average
accelerations noted in the datasheet (Table 6) are only a reference point and more focus
should be placed on the actual acceleration fluctuations from the respective graph (Figure
34).
The following is a graph generated from the raw data extracted for a repetitive gesture. As
can be seen the gesture starts at roughly 10:15:07 and ends at 10:15:16. Nine repetitions are
observed at almost identical oscillations however there is an increase in amplitude on the 5 th
cycle.

Figure 34: Graph of motion sensor’s raw data for a repeated gesture
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Sensor Calibration
Positive and negative values of g indicate the direction of motion on that particular axis.
The device needed to be calibrated so that it could be understood that a negative acceleration
in the X-axis would mean acceleration away from the body. This was done by moving the
device in vertical and horizontal straight lines followed by an analysis of the data, resulting in
the following orientation:

Figure 35: Motion Sensor Device Axis Orientation

The devices were attached to the participant as follows:

Figure 36: Motion Sensor Device Orientation on Participants
Image generated using a 3D avatar in 3DS Max

4.7 Summary
After a pilot test, fifteen diving participants tested the experiment in a lab and were split
into Expert and Novice groups based on their diving experience. Data gathering was done
using video recording, think-aloud protocol, semi-structured interviews, questionnaires and
motion sensor data. The results from all the participants will be evaluated and analysed in the
next chapter.
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Chapter 5 Results
Results from the experiment enabled the compilation of a communication protocol
familiar to the diver’s expectations. The data captured through the motion sensors was also
used to understand the frequency and patterns of gestures used throughout the experiment.
This chapter will first be evaluating the results from the realism and presence questionnaire.
Analysis of the data obtained from the experiment will then follow, finding a core set of
gestures that were used by the Novice and Expert diver groups.
As explained in section 4.1, the participants were divided into two groups according to
their diving experience (Table 8).
Group Experience
Novice

Description



Expert




7 participants
o P1, P2, P3, P4, P10, P11, P13
1-10 dives from 5m to 20m deep
8 participants
o P5, P6, P7, P8, P9, P12, P14, P15
11+ dives deeper than 20m

Table 8: Participant Experience User Grouping

5.1 Fidelity and Presence Test
This section illustrates the results obtained from the presence and fidelity questionnaire
(Section 4.3.1). Unfortunately P6 felt unwell during the experiment, however all the tasks
were completed. When asked if “Did being uncomfortable affect your experience?” - P6
recorded a 5 out of 7. Therefore, P6’s results have been omitted from this section.
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5.1.1 Presence Questionnaire
Presence was measured using Part 2 of the questionnaire. Results have been aggregated
according to the responses from the Novice and Expert user groups. The questions are listed
in Figure 37. Results can be seen in Figure 38 and Figure 39. The higher the rating for each
question indicates a higher sense of presence.

Q1

Q2

Q3

Q4

Q5

Figure 37: Presence questionnaire questions
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Novice Users Presence Results
7

7

6

6

5

5

4

4

3

3

2

2

1

1
Q1

Q2

Q3

Q4

Q5

Figure 38: Box plot showing mean and range of responses from the novice user group
across all five presence questions

Expert Users Presence Results
7

7

6

6

5

5

4

4

3

3

2

2

1

1
Q1

Q2

Q3

Q4

Q5

Figure 39: Box plot showing mean and range of responses from the expert user group
across all five presence questions
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Question

Novice Mean

Expert Mean

Q1

5.57
(1.13σ)

4.43
(0.53σ)

Q2

5.14
(1.07σ)

4.29
(1.25σ)

Q3

5.14
(1.07σ)

4.14
(1.46σ)

Q4

5.14
(0.69σ)

4.14
(1.68σ)

Q5

5.43
(0.98σ)

4.14
(1.57σ)

Overall

5.29

4.23

Table 9: A comparison of means between the two user groups for each question on presence

Looking at the figures in Table 9, it can be seen that participants from the novice group
experienced a higher average level of presence than the expert users. Although both results
are reasonably high (5.29/7) 76% presence for Novices and (4.23/7) 60% presence for
Experts; more work analysis is needed to understand the discrepancy.
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5.1.2 Fidelity Questionnaire
In order to get an understanding on the realism and fidelity of the virtual reality, the
participants were asked to rate the environment on graphics, sound and overall quality. Since
fidelity contributes to presence, the analysis of these results might provide insight into the
difference in presence identified in Table 9.
Novice Users Fidelity Results

Expert Users Fidelity Results

7

7

7

7

6

6

6

6

5

5

5

5

4

4

4

4

3

3

3

3

2

2

2

2

1

1

1

1

Overall

Graphics

Overall

Audio

Graphics

Audio

Figure 40: Box plots for Novice and Expert users for the Fidelity questionnaire results

Figure 40 illustrates a pattern that has emerged in the fidelity of the environment that is
common between Novices and Experts. This is once again confirmed in the data in Table 10
with a negligible rating difference of ~0.3 in all criteria. This has shown that the weakest
dimension evaluated is the graphics, although it is not clear if it is the graphics above or
under water.
Question

Novice Mean

Expert Mean

Average

Overall

5.71
(1.11σ)

5.43
(0.79σ)

5.57

Graphics

5
(1.63σ)

4.71
(0.95σ)

4.86

Audio

6.29
(0.76σ)

6
(0.82σ)

6.15

Table 10: Mean and Standard Deviation results for the fidelity questionnaire results compared between
novice and expert user groups.
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To understand if the tweaks carried out after the pilot evaluation were successful; the
Experiment results were directly compared with the responses from the Pilot evaluation
carried out in section 3.5. It is important to note that the participants in the pilot and
experiment studies were different individuals.
Gamers
7
6

Rating

5
4

Pilot

3

Experiment

2
1
0
Graphics

Audio

Overall

Figure 41: Bar graph showing the average fidelity ratings achieved in the pilot and
experiment by the gaming participants

Non-Gamers
6
5

Rating

4
3

Pilot

2

Experiment

1
0
Graphics

Audio

Overall

Figure 42: Bar graph showing the average fidelity ratings achieved in the pilot and
experiment by the non-gaming participants

As can be seen in both Figure 41 and Figure 42, the average rating in each criterion
increased in the Experiment results. This could possibly be a result of the improvements to
the environment made after the pilot. It is also likely that the experiment’s setup, environment
and hardware, including the HMD, influenced the fidelity rating results in a positive way.
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5.1.3 Post-Presence Test Interview
Perception of Depth
The participants were asked how deep they think the underwater environment was. This
test was to understand the participants’ perception of depth in the environment, relative to
their real diving experiences (Figure 43). Since the participant’s depth experience was
gathered in ranges (e.g.: 5m-10m), the lower bounds of the brackets (5m, 11m and 21m) were
used as reference points. The actual depth of the environment was at around 15 meters,
varying slightly due to the contours in the sea bed.
Environment Depth Perception
Perceived Depth

Dive Experience Depth

30

Depth (m)

25
20
15
10
5
0
9

3

14

12

7

13

8

4

5

10

11

6

15

2

1

Participant Number
(15m - Actual Depth)

Figure 43: Participant environment depth estimates

The average response was at 14 meters (6.70σ). With such a high standard deviation, there
does not seem to be a relationship between diving experience and depth perception in the
VRE. This could also be related to the need for improved graphics as identified in Table 10.
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Participant Quotes
To give further insight to the presence and fidelity results discussed above, the semistructure interviews were analysed and coded into the following categories. Below are some
examples of the quotes that were identified, highlighting issues that can affect presence and
fidelity. Some of the quotes have been adjusted with to give further context.
Key

n

Examples

Graphics

10

“Looking up at the boat really worked well with the shadow of the
boat and the lighting.”
“I liked that it was a first person viewing and not like a game [third
person]”
“I could see the fish from on top of the boat so I wanted to jump in, it
was realistic.”
“That’s how we see things when we are diving. But I knew it was a
virtual reality.”

Audio

5

“[I] was adjusting my breathing according to the in game sound“
“Slightly adjusting [my] breathing”
“The sound of hearing your own breathing was really realistic.”

Wetsuit

2

“The suit was realistic in that it restricted my movement.”
“The suit helped with the movement because it’s a very specific
feeling.”

Memory Triggers

3

“That was actually quite real and reminded me of a wreck in the Reef
[I had visited]”
“It felt very good and was similar to an experience I had when
jumping [into the water] off a cliff”

Locomotion

12

“It felt weird that I can only move in the direction that I was facing
and had to turn my whole body.”
“Felt like walking on the bottom of the ocean”
“When I was down it’s like I was actually walking instead of
swimming.”
“Dropped like a stone to the bottom of the sea [when I jumped off the
boat]”
“I wanted to swim up and down.”

General

7

“It is very immersive, much more than I thought it would be.”
“I did not realise immediately that I was actually not weightless“

Table 11: Participant Responses
(n = number of participants that gave responses to the category)

It is evident that the overall feedback was good. However, there were a number of factors
that limited the realism in the environment. The category mainly affected was locomotion,
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which could partially be down to the experiment setup being a participant standing in a lab,
while swimming in a VRE. Another issue with the locomotion was the feeling of ‘walking on
the seabed’, however, this was a known limitation in the design to reduce the risk of
participant motion sickness. Jumping off the boat at the beginning of the experiment resulted
in too fast of a descent and broke the experience, 9 out of 15 participants mentioned this
issue, a much slower descent is needed.

5.2 Gesture Analysis
Video analysis and motion sensor data was incorporated into incorporated data collection
sheet explained in section 4.6.2. A sample of the data recorded can be seen in Table 13. This
was done for each participant and the rest of the data can be found in Appendix I. Each
participant session went through the following analytical process to extract the gestures used
by each participant. The start and end of gestures were identified by timings and ‘thinkaloud’ recorded from the video. A gesture would often end with the commencement of the
next gesture or with the turning off of the robot.
Due to the VRE requiring movement in the real world, participants were sometimes giving
their backs to the main camera. When this happened, the auxiliary video camera’s recording
was then used to analyse those gestures.

5.2.1 Motion Data Analysis

Figure 44: Line graph illustration of the motion data captured for the whole experiment for participant 2

58

As can be seen from Figure 44, since motion sensor data is recorded at 50Hz the data set
associated with each participant is cumbersome. However, since participants were asked to
clap 3 times at the start of each task, the video and data from the motion sensors was
synchronised by noticing patterns such as the one seen in Figure 45.

Figure 45: Line graph illustrating the pattern of 3 distinct claps by the participant
3 claps can be seen between10:05:09 and 10:05:11 as vertical lines

Once this is done, it is possible to identify the kinematic data associated with gestures
observed in the video recordings, such as the cyclic gesture identified in Figure 46.

Figure 46: Line graph showing a cyclic gesture used by P3, instructing the robot to keep on moving
forward

The graphs help illustrate which parts of the raw data extracted from the motion sensors
are needed. Hence, once the position of a gesture is found, the average acceleration in each
direction of a gesture can be calculated as explained in section 4.6.3.
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5.2.2 Gesture Illustrations
The gestures used by the participants were recreated in 3DS Max (Autodesk, 2013) using a
rigged avatar. Table 13 is the full set of 19 models created from the gestures analysed. Some
gestures were repeated by different participants and hence the same illustration was used. In
some cases when gestures were similar but had slight differences, the avatar was adjusted and
a separate rendering was created. The purpose of these avatars is to illustrate the gestures
used and help find commonalities between participants.

Table 12: Full set of 19 gestural-avatars created from the participant’s gestures for illustration purposes
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Data Collection for Participant 15

Video
Time
mm:ss

00:36

Data
Timestamps

10.19.34
to
10.19.38

Command

Illustration
[Body Parts]

Move in this
direction

Average
Acceleration
(m/s 2)

Environmental
Context

Stroke(s)

X

Y

Z

1 Stroke
then Held

1.89

8.47

4.23

Moving in a
straight line on
the path

[Comments]
“Think-Aloud”
(Post-Interview)

“I want it to go that
way (pointing)”

[Right Arm]

“Stop”
00:40

10.19.39
to
10.19.40

Stop

1 Stroke
then Held

1.65

1.22

8.77

Robot in at a
corner on the
route

Repeated

-3.9

7.3

0.57

Robot went off
the path

[Gesture was bent
at the arm and not
fully extended]

[Right Arm]

02:26

10.20.25
to
10.20.29

Come Back

[Right Arm]

“Come back
towards me”

03:20

10.22.22
to
10.22.26

Buddy pairing
and follow
me

Sequence

-0.82

8.8

1.68

At the beginning
of task 2.

“you… stick with
me.. We are going
over there”

[Both Arms]

03:45

10.23.25
to
10.23.27

Pickup Sand
Sample

1 Stoke

-3

5.6

[Right Arm]
Table 13: Participant 15 gesture data collection sample
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4.6

[Similar gesture to
picking up an object
with a clenched
fist.]

5.2.3 Post-Experiment Interview and Results
After the experiments a discussion was held with the participants about the gestures they
used and issues they encountered in the experiment. This section will also be aggregating
measures that were recorded during the experiment.
Which was the most difficult task?

Number of Participants

12
10
8
6
4
2
0
Task 1

Task 2

Both

Figure 47: Bar chart showing the participant’s opinion for the most difficult tasks

Most participants agreed that Task 1 was the most difficult (Figure 47). The reason for this
was that Task 1 required the robot to accurately follow the path, and participants found this
challenging even though visibility was reasonably high. On average participants made 3.8
(2.04 σ) errors on Task 1 and 1.06 (1.33 σ) in Task 2.
Participants were allowed to move towards the robot in Task 1 to confirm that their
instructions are keeping the robot on the path. Results showed that 13 participants moved
closer to the robot while two participants (P6, P9) decided not to move. As a result their
errors for task 1 recorded above average and the SD (Table 14).
Participant

Task 1 Errors

P6

5

P9

6

Table 14: Participants that did not move closer towards the robot in task 1 error rates

5.3 Building the Gesture Taxonomy
In this section, the gestures will be separated into the Novice and Expert groups. Gestures
will be associated by category and the number of participants using the gesture will be
counted as well as the variations observed. Hence a list of common gestures with counts for
each user group will be compared and a gesture taxonomy will be created. Post-experiment
interview results will also be discussed, highlighting the divers’ experiences when
communicating with the AUV.

5.3.1 Gesture Classification
As a result of the video analyses, the gesture categories have been identified and the
breakdown is as follows:
Classification

Number of Gestures

Number of Variations

Locomotion

12

8

Gyration

3

2

Stopping

4

3

Action

5

4

Table 15: Breakdown of the number of gestures and variations identified per classification

The full-set of 24 classified gestures identified through the analysis can be found in
Appendix I. Similar gestures are considered to be gestures that follow the same path. An
example of a variation is a gesture done with one or two arms. These are considered to be two
separate gestures, but variations of each other. Each gesture is given a Gesture Identification
for example L1.3, L is for Locomotion, 1 is the gesture number and 3 is the variation number.
Gestures are then counted for occurrences by each participant. That is, if two participants
use the same gesture it is recorded as two counts. Counts for Novice and Expert users are
recorded separately. A single participant may use more than one gesture in the same category
but for similar/different purposes.
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5.3.2 Locomotion Gestures
Locomotion gestures are associated with instructing the robot to move in a particular
direction and may be relative to the robot or the diver.

Locomotion Gestures
9
8
7
User Count

6
5
4
3
2
1
0

L1.1

L1.2

L2.1

L2.2

L3.1

L3.2

L3.3

L3.4

L4

L5

L6

L7

Experts

1

1

1

2

4

1

1

1

0

5

1

0

Novice

1

0

1

1

4

0

1

0

1

1

0

1

Figure 48: Bar chart showing the frequency of occurrences for each locomotion gesture identified

As can be seen from Figure 48, some gestures are clearly used more than others. However
where and when the gestures were used must be taken into consideration (Table 16).
Observed Usage

IDs

Movement and Direction

1.1, 1.2, 3.1, 3.2, 3.3, 3.4, 4, 6, 7

Recall
(often after making a mistake)
Robot Collaboration

2.1, 2.2
5
Table 16: Gesture use case observation

Picking the gesture with the most user counts for each observed usage, results in three
main gestures for locomotion (3.1, 2.2 and 5).

65

Movement and Direction Gesture Specification
Usage

Instructing the robot to move in a straight line in the direction that
the hand is pointing towards.

Illustration

Gesture Description

Step 1 Right arm is bent towards the face.
Step 2 Fully extended away from the body with all 5 fingers kept
straight. Hold this position.

Typical Kinematic
Data

Avg. Acceleration

Avg. Acceleration

Avg. Acceleration

X

Y

Z

-0.62

-8.54

4.08

(0.37 σ)

(0.91 σ)

(2.33 σ)
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Recall Gesture Specification
Usage

Instructing the robot to come towards the diver in a straight line.
Gesture is repeated until required.

Illustration

Gesture Description

Step 1 Right arm is fully extended with the palm facing the
diver.
Step 2 Arm is pulled toward the chest.
Step 3 Repeat from Step 1.

Typical Kinematic
Data

Avg. Acceleration

Avg. Acceleration

Avg. Acceleration

X

Y

Z

-3.9

7.3

0.57

(0.52 σ)

(2.3 σ)

(1.14 σ)
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Collaboration Gesture Specification
Usage

Instructing the robot swim with the diver (as a buddy) in follow /
close formation.

Illustration

Gesture Description

Step 1

Right arm is fully extended with index finger pointing at
the robot (target)

Step 2

Both arms are bent inwards with the palm facing down.
Both hands are touching by the thumbs and are in parallel.

Step 3

Right arm is bent inwards pointing at self with index
finger.

Typical Kinematic
Data

Avg. Acceleration

Avg. Acceleration

Avg. Acceleration

X

Y

Z

-0.82

8.8

1.68

(0.84 σ)

(2.3 σ)

(0.87 σ)
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5.3.3 Gyration Gestures
Gyration gestures are associated with the turning and changing direction of the robot and
are often relative to the robot.

Gyration Gestures
2.5

User Count

2
1.5
1
0.5
0

G1.1

G1.2

G2

Experts

1

0

0

Novice

1

1

1

Figure 49: Bar chart showing the frequency of occurrences for each gyration gesture identified

As can be seen in Figure 49, only 4 participants used this gesture resulting in 3 different
gestures, two of which are variations. The use for such a gesture is likely to be in a place
where the robot must turn on the spot and not move forward. Since the tasks in this study did
not put the participant in this situation. Hence, most participants used the Movement and
Directional gesture to turn the robot. G1.1 and G1.2 have been selected as the gesture for this
classification since they are variations of each other.
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Gyration Gesture Specification
Usage

Instructing the robot turn on the spot at the rate and diretion at
which the arms are being rotated at.

Illustration

Gesture Description

Step 1

Both arms are used as if turning a large circular object and
hands are kept at opposite points the circle at all points.

Step 2

Rotate the arms in clockwise or anti-clockwise in the
direction that the robot needs to be turned.

Typical Kinematic
Data

Avg. Acceleration

Avg. Acceleration

Avg. Acceleration

X

Y

Z

-0.57

-9.03

2.437

(0.04 σ)

(0.14 σ)

(0.5 σ)
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5.3.4 Stopping Gestures
Used to stop the robot at the point at which it currently is, this includes any commands it is
currently executing.

Stopping Gestures
10
9
8
User Count

7
6
5
4

3
2
1
0

S1.1

S1.2

S1.3

S2

Experts

5

2

1

0

Novice

4

1

1

1

Figure 50: Bar chart showing the frequency of occurrences for each stopping gesture identified

The data illustrated in Figure 50, clearly shows S1.1 as the most frequently used stopping
gesture.
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Stopping Gesture Specification
Usage

Instructing the robot to stop movement or executing any command.

Illustration

Gesture Description

Step 1

Right arm is held upwards at shoulder level. The arm
should be half extended and the palm facing away from
the body.

Typical Kinematic
Data

Avg. Acceleration

Avg. Acceleration

Avg. Acceleration

X

Y

Z

-2.46

8.38

-4.34

(0.64 σ)

(2.71 σ)

(0.42 σ)
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5.3.5 Action Gestures
Action gestures are considered to be instruction to the robot to perform a particular task.
These are often domain specific tasks such as picking up a sample from the sand from the
ground.

Action Gestures
12

User Count

10

8
6
4
2
0

A1.1

A1.2

A2

A3.1

A3.2

Experts

1

0

1

5

2

Novice

0

1

1

5

0

Figure 51: Bar chart showing the frequency of occurrences for each action gesture identified

Figure 51 illustrates a clear preference of gesture (A3.1) by the participants, for picking up
a sample of sand. All the participants in the post-experiment interviews agreed that gesturing
to pick up something from the ground is something they never did as a diver. Hence none of
these gestures are standard diving signals. It is therefore impressive that such a staggering
difference has been observed.
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Action Gesture Specification
Usage

Instructing the robot to pick up something from the ground.

Illustration

Gesture Description

Step 1 Arm is facing down at shoulder height.
Step 2 Arm is moved down vertically until the arm is at full
extension.
Step 3 The fist is clenched and arm is moved upwards again to
the starting position.

Typical Kinematic
Data

Avg. Acceleration

Avg. Acceleration

Avg. Acceleration

X

Y

Z

0.84

5.6

-3.4

(0.3 σ)

(1.04 σ)

(0.72 σ)

74

5.4 Summary
The users were split into Novice and Expert user groups and the results were compared
accordingly. For the fidelity and presence questionnaire, Novice users recorded higher levels
of presence than the Expert users. On the fidelity front, both user groups were very similar,
rating audio as the most realistic aspect in the environment. Some participants even
mentioned subconsciously adjusting their breathing according to the in-environment
breathing sound. The post-presence interview highlighted issues in the environment, most
notably with the movement of the diver underwater, with participants wanting to swim in one
direction and look in another.
The gestures were analysed by classifications. The most commonly used gestures formed
the gesture taxonomy which consisted of 6 gestures; Movement and Direction, Recall,
Collaboration, Gyration, Stopping and Action gestures.
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Chapter 6 Discussion
The goal of this study was to evaluate the use of naturalistic gestures used by divers to
communicate with robots underwater. No exploratory research has been conducted to date on
the interaction of diver-robot communication language. This study used a virtual reality to
display an underwater environment in which divers can be observed communicating with a
robot. Data gathering was done through questionnaires, motion sensors and interviews which
allowed the gestures formed to be explored. The result is gesture taxonomy of the most
commonly used commands across all participants from novice to expert users.
This chapter discusses the results from Chapter 5. Challenges and limitations of the study
are then discussed, followed by future improvements.

6.1 Findings
This section will be looking at the findings and discuss possible design recommendations.

6.1.1 Are they standard diving signals?
The findings from this study have formed a core set of six gestures that can be used for
robot:


Movement and Direction



Recall



Collaboration



Gyration



Stopping



Action.

The last gesture classification, Action, shows how some gestures need to be task focused.
When asked if the gestures used were standard diving signals, 9 participants in the study said
yes, except for the task that involved picking up a sample from the sand (Action
classification). One of the participants mentioned that they “naturally fell back on what they
know when” presented with a robot.
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The other 6 participants denied using standard diving signals for the following reasons:


Diving language is mainly focused on safety critical gestures such as ‘I am running
out of air’



There was no diving brief agreed with the other diver/robot so the participant did
not feel comfortable using standard diving signals.

When compared with standardised hand signals as defined in (Council Recreational Scuba
Training, 2005) the Collaboration and Stopping classification commands are actually diving
signals. However, Movement and Direction, Recall and Action each acquired the large
majority of counts for their respective classifications meaning that they are very likely valid
diving signals but are not official standard signals. Hence, it is not uncommon for divers to
subconsciously build an ‘unofficial’ set of gestures and still comprehend each other
underwater.
Although the participants seemed to agree with the gesture for the Action classification, it
is important to understand that task specific gestures will often be focused and need to be
evaluated with divers

6.1.2 Was it natural?
In the study by (Sattar, Dudek, & Xu, 2007), participants were given time to accustom
themselves to the predefined gestures. This study placed divers directly in an environment
with the robots. Results showed that all participants managed to complete the tasks without
exceeding the 10 minute time limit set due to possible HMD motion sickness.
Although some participants needed reminding to think-aloud, others mentioned that it did
not affect their experience as they often think in that manner when gesturing underwater.
Thus, apart from informing the ‘Wizard-of-Oz’ experimenter, using the protocol helped the
participants themselves comprehend what the gesture instructions are being given to the
robot.
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6.2 Design Considerations
6.2.1 Robot Feedback
When underwater, two divers may communicate an instruction to each other using gesture
based commands. Once finished, both divers are expected to give the OK, to indicate that
they have both understood the task/instruction. When it came to communicating with the
robot in the VRE, the approach taken was for commands to be immediately interpreted and
executed by the robot.
A common request by participants was for a feedback mechanism to be implemented that
will show the robot comprehending the instruction, before executing the command. This
would also act as a safety ‘switch’ in the event of an incorrect gesture being performed. The
participants also accepted that this would slow down the whole process as a confirmation is
required for each instruction.

6.2.2 Control Button and State Feedback
Divers were instructed to turn the robot ON and OFF by pressing the button on the wrist
strap. Although all the participants agreed that it was necessary, two issues were identified
from this protocol:


The two colours used, Amber and Green were quite hard to differentiate
underwater by some participants.



Some participants often forgot to turn ON the robot, or turn OFF the robot and start
swimming.

Other placements of the control button should also be considered. Having the control
button on the wrist meant that one of the hands needed to ‘stop’ gesturing to turn the control
OFF. Since this study was run by a ‘Wizard-of-Oz’, motions that involved moving the arm to
operate the control button were not replicated in the environment.

6.2.3 Speed Control
In this study the robot in the environment would always move at a constant speed. Divers
requested more control on the speed, saying that it “went a bit too fast, and I wanted it to
slow down”.
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6.2.4 Diver Proximity
Thirteen out of the 15 divers moved with the robot as it was being instructed to move
around the set route. Hence, robot designs needs to consider the close proximity of a diver at
any point in the dive. Position wise, divers were often in front of the robot and instructed to
robot to approach him (Recall Gesture) or behind the robot and instructed to move in the
pointed direction (Movement and Direction Gesture).

6.3 Challenges and Limitations
The biggest challenge of the study was that an underwater experiment was run in the lab.
The physics of water invoke a sense of weightlessness in a diver, as well as the external
forces acting on the body such as surge and underwater currents force the body to counter
balance itself. The experiment went some way in inducing this through the use of a head
mounted display. Participants were also asked to wear a full-body wetsuit to restrict their
bodily movements. None of which fully reflect the restrictive movement experienced
underwater.
One of the main challenges experienced in this study was in building an underwater VRE
that would immerse the participant. A steep learning curve was experienced in building the
environment, learning several skills and techniques along the way. Additionally, individuals
often approach technology with expectations. It was important to try and exceed their
expectation in order for them to not focus on the details in the environment.
Since the robot was controlled using a ‘Wizard-of-Oz’ technique, interpretation and
reaction times were tried to be kept to a minimum. Additionally the gesture interpretation
relied on the experimenter understanding what the participant was implying with the gesture,
in conjunction with the think-aloud. For both situations, experience improvement of the
experimenter as the study progressed was inevitable.
The Oculus Rift’s inbuilt motion tracking system was only used for rotational and tilting
head movements. With more time, the vertical position of the motion tracker would have
been integrated. This would mean that participants can crouch down or stand up high and it
would be reflected in the environment.
Full body motion trackers like the Microsoft Kinect were not able to be used. Participants
were able to physically turn due to the HMD and this would have meant that participants
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could turn away from the Kinect, thus stopping the motion tracking from capturing data.
Hence, wearable motion sensors were used and only captured wrist movement.

6.4 Future Improvements
6.4.1 Improving the VRE and full body motion tracking
As mentioned in the limitations, full body movement was not enabled within the
environment. Future work should look to implement a 3D avatar that is controlled from the
first person camera. This would allow participants to see their own hands, body and legs in
the environment, as real-world movement would be represented in the environment through
motion trackers.
Another aspect that can be explored is by hoisting the participant in the air from a harness.
This would allow for a full range of movement to be explored by the participant. This could
inform more plausible gestures with higher levels of presence in the environment. Possible
concerns could be that the participant may feel ill at a quicker rate due to being fully
suspended in air.

6.4.2 Understanding Motion
More analysis needs to be done on the kinematics associated with the gestures. The graph
currently provides more information than was processed for this study. When it comes to
building the robot to comprehend the gesture, timings between cycles of a gesture may need
to be analysed. Furthermore, a parser can be built to analyse the number of times a particular
gesture was used in a single experiment, by going through the raw data.
One such aspect that could be evaluated further was what effect the speed had on the
meaning of a gesture. Two gestures of similar trajectories might be performed at different
accelerations and speed, which could effectively result in two separate commands entirely.

6.4.3 Pointing for gestures
If two points are at different distances to the diver, what effect does that have on the
pointing gesture instructed to the robot? Is there an angle difference in the arm gesture? Can
it be computed and differentiated between other commands?
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Chapter 7 Conclusion
Research on underwater robotics often focuses on technological developments and as a
result the diver-robot communication language has lacked behind. The purpose of this study
was to explore the command space of diver-robot interaction in a virtual environment.
Gestures were chosen as the communication language to be explored because of the limiting
nature of the underwater medium as well as divers being already accustomed to underwater
gesture communication.
After building an immersive underwater virtual reality environment divers were
selectively recruited and instructed to complete two tasks with a virtual robot. The data
captured from the experiment was analysed and a set of 24 different gestures was identified
from 15 participants. These gestures were then classified into four groups, Locomotion,
Gyration, Stopping and Action. Further analysis on these classification resulted in a
taxonomy of six gestures that was common between participants. The gesture taxonomy
includes detailed specifications of the gestures including the kinematics that constitute the
motion.
In the discussion, it was found that some of the gestured used by the divers were standard
human-human diving gestures. This meant that divers were not afraid to overlap diver-diver
and diver-robot gesture languages, which was also confirmed in the semi-structured
interviews. For the Action classification, specialised gestures will need to be developed that
are relevant specifically to the task at hand.

7.1 Further research
This study is the first to focus on using exploratory techniques to understand what gestures
are needed by divers to communicate with autonomous robots underwater. Thus, creating a
gesture taxonomy with kinematic data recorded during the execution of these gestures. A
number of factors of this study require further research.
In the study by (Sattar, Dudek, & Xu, 2007), predefined gestures were used and compared
with RoboChat, a flipbook based instruction language. The results showed that the gestures
were up to three times faster than RoboChat as a communication language. Further work on
this study, could involve comparing the new gesture taxonomy to RoboChat to understand the
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time taken per command. This would help us understand what effect a more naturalistic
gesture language has on performance.
Postural analysis while executing the gestural commands could also be explored. This
area would involve evaluating the postural strain of executing and holding the gestures for
periods of time underwater. As mentioned earlier, water has effects of surge which might
place further stress on the participant’s arms when holding gestures for lengthy periods of
time.
The gesture taxonomy created needs to be tested with more participants to understand how
quickly it can be learnt. Additionally, it needs to be taken to a pool and open-seas as the
different environment might affect the gesture possibilities. Testing in the water will also
inform improvements that can be carried out on the VRE to make results more plausible.
Although a taxonomy of gestures has been developed it is still early days in the
development of a naturalistic gesture based human-robot underwater communication
language. Further testing and evaluation is required to drive forward the need for naturalistic
diver-robot interaction.
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Chapter 9 Appendix
A. List of Abbreviations
HCI

Human Computer Interaction

UHRI

Underwater Human-Robot Interaction

ROV

Remotely Operated Vehicle

AUV

Autonomous Underwater Vehicle
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F. Information Sheet
This study has been approved by the UCL Research Ethics Committee (Project ID
Number): UCLIC/1213/017
Data Protection Registration Number: Z6364106/2013/06/32

We would like to invite _______________________________ to participate in this
research project.

Researchers: Jithin Radhakrishnan and Luke Chircop

An appropriate language of gestures will support divers communicating with underwater
autonomous vehicles/robots, for example when carrying out coral reef surveys. Divers with
varied levels of experience are being recruited to participate in a virtual underwater study. If
you agree to take part, there will be a series of virtual underwater experiments involving
performing gestures to control a virtual robot. This includes wearing motion sensors (fitted to
arms) and video recording. If you decide to take part you will be given this information sheet
to keep and be asked to sign a consent form and the statement of risk and liability. If you take
part you do so at your own risk.
Please discuss the information above with us if there is anything that is not clear or if you
would like more information.
It is up to you to decide whether to take part or not; choosing not to take part will not
disadvantage you in any way. If you do decide to take part you are still free to withdraw at
any time and without giving a reason.

All data will be collected and stored in accordance with the Data Protection Act 1998.
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G. Informed Consent Form
Please complete this form after you have read the Information Sheet and/or listened to an
explanation about the research. This study has been approved by the UCL Research Ethics
Committee (Project ID Number): UCLIC/1213/017.
Data Protection Registration Number: Z6364106/2013/06/32
Thank you for your interest in taking part in this research. Before you agree to take part,
the person organising the research must explain the project to you. If you have any questions
arising from the Information Sheet or explanation already given to you, please ask the
researcher before you to decide whether to join in. You will be given a copy of this Consent
Form to keep and refer to at any time.
Participant’s Statement
Y
I have read the notes written above and the Information Sheet, and understand
what the study involves.
I understand that if I decide at any time that I no longer wish to take part in this
project, I can notify the researchers involved and withdraw immediately.
I consent to the processing of my personal information for the purposes of this
research study.
I understand that such information will be treated as strictly confidential and
handled in accordance with the provisions of the Data Protection Act 1998.
I agree that the research project named above has been explained to me to my
satisfaction and I agree to take part in this study.
I understand that my participation will be taped/video recorded and I consent to
use of this material as part of the project.
I give permission to use video or photos taken during the experiment for
publication in academic papers or resources, and presentations in conferences.
I have read and understand the risks associated with Virtual Reality environments
using the Head Mounted Display.
Signed

________________________________

Name

________________________________

Date

________________________________

96

N

H. Instruction Sheet
On diving into the water, you will find a robot waiting for your instruction. Kindly talk
aloud throughout the experiment to let me know what you are thinking and trying to
accomplish.
Initiate communication with the robot by pressing the control signal button on your wrist.
You can stop the communication channel with the robot by pressing the signal button again.
The robot’s light will turn orange when in control mode, and green when awaiting a
command.
Task 1
There is a layout projected onto the ground, you are requested to instruct the robot to
follow the path accurately. It is your duty to avoid the robot colliding with the coral at all
costs. You can move around the environment as you wish by walking on the spot in reality.
This task is completed when the robot navigates around the whole pattern. You are to
complete this task as quickly as possible.
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Task 2
You are to ask to robot to accompany you towards the wreck from the CIRCLE. Swim
together and pick up a sample from the sand next to the wreck at point X. The robot will
flash the lights from amber to green twice to indicate that a sand sample has been picked up.
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I. Gesture Classification
Locomotion Gestures

ID

Gesture Description

Stroke
Repeated
Strokes in
Sequence

L1.1

Command
Move straight
in the
direction that
is being
faced.

“ThinkAloud”
[PostInterview]
[It was like I
was pushing
the robot
around.] - P1

User
Group
Counts
1 Novices
1 Experts
2 Total

1. Both arms are bent
inwards towards the
chest, with the palms
facing away from the
body.
2. Arms are pushed away
from the body.
Repeated
Strokes in
Sequence

[Still a move
forward
command but
with more
speed] – P8

L1.3

0 Novices
1 Experts
1 Total

1. Right arm is bent
towards the body.
2. Right arm is pushed
away.
Repeated
Strokes in
Sequence

Move
towards the
diver.

“Come towards 1 Novices
me.” – P1
1 Experts
2 Total

L2.1

1. Both arms are fully
extended with the palm
of the hands facing the
diver.
2. Arms are pulled in
towrads the chest.
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ID

Gesture Description

Stroke

Command

“ThinkAloud”
[PostInterview]

Repeated
Strokes in
Sequence

User
Group
Counts
1 Novices
2 Experts
3 Total

L2.2
1. Right arm is fully
extende with the palm
facing the diver.
2. Arm is pulled toward
the chest.
Single
Stroke and
then Hold

Step 1 Right arm is bent
towards the face.
Step 2 Fully extended away
from the body with all 5
fingers kept straight.

L3.3

Same as L3.1

Reinforcement to keep on
moving in that direction.

[Twists in my
4 Novices
hand would
indicate slight
4 Experts
changes in
direction.] – P6 8 Total
"I am trying to
show the robot
the direction"
- P9

L3.1

L3.2

Move straight
in the
direction that
is being
pointed.

Two
Strokes and
then Hold

Repeated
Strokes in
Sequence

“I am pointing
in the direction
I want it to go
from my
perspective"
– P14

0 Novices

"Keep going,
do not stop"
– P2

1 Novices

1 Experts
1 Total

1 Experts
2 Total

L3.4

0 Novices

Left OR Right arm was
used depending on the
direction relative to the
diver.

1 Experts
1 Total
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ID

Gesture Description

Stroke

Command

“ThinkAloud”
[PostInterview]

Repeated
Stokes

Keep on
moving
forward/back
wards in the
direction the
robot is
facing.

"The speed at
which I am
rotating my
hands should
reflect the
movement of
the robot" – P3

1 Novices

Target(robot)
should swim
with me
(diver)

"You… buddy
pair…with me,
and swim with
me" - P5

1 Novices

L4

User
Group
Counts

0 Experts
1 Total

Both arms are semiextended and palms are
facing the diver. Hands are
rotating in a vertical circle.
Single
Sequence

5 Experts
6 Total

L5

"you… with ..
Me, follow my
path" – P6

1. Right arm is fully
extended with index
finger pointing at robot.
2. Both arms are bent
inwards with the palm
facing down. Both
hands are touching by
the thumbs in parallel.
3. Right arm is bent
inwards pointing at self
with index finger.

“You... Follow
me... Close...
Side by side”
– P11
“I want us to
move together.
& set of in the
direction of the
wreck" – P14
Repeated
Sequence

Keep on
moving
forward

0 Novices
1 Experts
1 Total

L6
Arms are moved from
beside the hips to in front of
the body at full extension
throughout. The palms of
the hands are forward face.
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ID

Gesture Description

Stroke
Single
Stroke and
Held

L7
Both arms are stretched out
and are kept in parallel
while pointing with the
index finger.
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Command
Move straight
in the
direction that
is being
pointed at by
both arms.

“ThinkAloud”
[PostInterview]

User
Group
Counts
1 Novices
0 Experts
1 Total

Gyration Gestures

ID

G1.1

Gesture Description

Stroke

Command

Repeated
Stoke

Turn until
instructed to
stop.
Direction is
informed by
clockwise or
counterclockwise
rotation.

Both arms where used as if
turning a large circular
object, but the hands were
always opposite with palms
each other on the ‘horizontal
circle’.

“ThinkAloud” or
(PostInterview)
(The rate of
turning the
hands reflects
the rate of
rotation.) – P8

User
Group
Counts
1 Novices
1 Experts
2 Total

1 Novices
G1.2

Same movement but the
fingers are pointing upwards
to form the circle.

0 Experts
1 Total
Repeated
Stoke

G2

With the arm bent upwards
and finger pointing
upwards. Finger is moved in
a circular motion.
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Turning 180°
or 360° (antior clockwise)
depending
on finger
rotation.

(The amount I
moved my
hand meant
180° or 360°)
– P2

1 Novices
0 Experts
1 Total

Stopping Gestures

ID

Gesture Description

Stroke
Single
Stoke and
Held

Command
Stop any
actions

“ThinkAloud” or
(PostInterview)

User
Group
Counts

"I want it to
stop at that
point" – P4

4 Novices

“Stop” – P7

9 Total

5 Experts

S1.1
Right arm is held upwards
close to the body. Palm of
hand is facing away from
the body.
Single
Stoke and
Held

Stop any
actions

1 Novices
2 Experts
3 Total

S1.2
Right arm is fully extended
with palm facing away from
the body.
Single
Stoke and
Held

Stop any
actions

“Stop” – P3

1 Novices
1 Experts
1 Total

S1.3
Both arms fully extended
away from the body. Palm
of hand is facing away from
the body.

S2

Stop was
instructed by
turning the
robot off.

No Gesture
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1 Novices
0 Experts
1 Total

Action Gestures

ID

Gesture Description

Stroke
Single
Stroke

Command

“ThinkAloud” or
(PostInterview)

Pick up
something
from the
bottom

User
Group
Counts
0 Novices
1 Experts
1 Total

A1.1
Left palm is facing upwards.
Right hand is motioning to
grab something from the left
hand by moving down
towards it.
Single
Sequence

Pick up
something
from the
bottom, next
to the boat.

"Pick up…
from boat"
– P2

1 Novices
0 Experts
1 Total

A1.2
1. Same as A1.1
2. Standard boat diving
signal. Two hands, palm
upwards and parallel to
each other.
Single
Sequence

Pick up
something.

1 Novices
0 Experts
1 Total

A2
The gesture started off as a
clap-like motion then ended
with the two palms grabbing
each other close to the chest.
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Single
Sequence

Pick up
something.

5 Novices
5 Experts
10 Total

A3.1
1. Arm is facing down and
is moved down wards
until fully extended.
2. Fist is clenched and arm
is moved upwards again.
0 Novices
A3.2

Both arms were used to do
the same gesture motion.

2 Experts
2 Total
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