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Abstract requires a novel swimming interface to a virtual aquatic

Locomotion interfaces to virtual reality environmentsworld.
present many challenges as well as exciting opportuni- Virtual reality has been demonstrated to be a powerful
ties. Many researchers have examined classes of Hgol which can apply to many work-related applications
man movement such as walking, flying, and bicycling a# distance education, hands-on training, navigation, ori-
means of locomotion in VR. By contrast, little has beeréntation, visualisation, and entertainment[2, 8, 15]. The
explored in swimming. We outline the current state ofact that it permits users to experience and interact with
development of the Swimming Across the Pacific (SAP$ynthetic worlds in a controlled environment provides the
project which aims to replicate the feel of swimming inpossibility to safely experiment in simulated real-life sit-
a virtual environment. Unlike other explorations into vir-uations. It provides immersive experience through con-
tual swimming, SAP centres on the locomotive aspect ofincing visualisations and other sensations and being able
swimming - staying afloat and moving on the surface ofo experience these in a confined space makes it an invalu-
the water. The SAP system is comprised of the swimmingble tool of discovery.
harness and a virtual ocean environment. The harness
suspends the swimmer in a prone position that allows fq
swimming motions, while the accompanying graphic syd
tem renders the scene of sky, sea waves and ocean flg
Sensors on the swimmer’s wrists, legs, and head are u
to synchronise the virtual counterpart seen from the firs
person perspective through a head-mounted display. 14
tial user feedback suggests that our system is capable \
providing a sensation of swimming without highly so-
phisticated hardware.

Key words: Virtual reality, swimming, locomotion inter- {i{§
face. “

1 Introduction

In 1982 an artist performed the great feat of swimming
across the Atlantic Ocean. This artistic endeavour was Figure 1: Swimmer in the SAP apparatus.
accomplished by swimming in the pool of the ocean liner,
Queen Elizabeth I, travelling from South Hampton to A new swimming interface provides new ways to ex-
New York. Almost twenty years later, the next stagelore VR. Locomotion interfaces such as virtual walk-
of this performance art will be bigger and more ambiing, virtual hang-gliding and others are closely tied to
tious: swimming across the Pacific, from San Francisceirtual reality. Hollerbach defines irl[5]: “Locomotion
to Tokyo, in an airplane. This presents the problem: Hownterfaces are energy-extractive interfaces to virtual envi-
does one swim in an airplane? ronments and fill needs that are not met by conventional
One solution is to swim in virtual reality (VR). The position-tracking approaches or whole-body motion plat-
plan is to have the performance artist suspended infarms”. Researchers in VR, such as Durlach and Ma-
swimming apparatus affixed inside an airplane. While heor, particularly advocate ir[8] the development of loco-
swims in a virtual Pacific Ocean environment, his audimotion interfaces because with their improvement come
ence can participate through virtual reality as spectatingany more unrealised applications.
birds, fish and other creatures. To implement this solution Virtual swimming requires the implementation of a



new locomotion interface, which introduces the possibilrich the flying experience. Since these systems were built
ity of new virtual reality applications. One interesting asfor entertainment, the visual displays are game-like: good
pect of our swimming system is that it occurs at the watdlying performance scores points and poor flying results
surface requiring the simulation of the boundary betweeim point deduction. Another flight simulator of note sim-
air and water. This is one of the key issues we addresgates the flying experience from the passenger’s point of
in our system. While we use our swimming apparatus teiew rather than that of the pilot. Built to treat fear of
move in virtual water, it could be used more generally tdlying [T1], such therapy is reported to have had some
move in data spaces that use liquid as a metaphor. A pisticcess with patients.

ture of a user in the SAP apparatus is shown in Fifure 1 Some examples of swimming interfaces include Aqua-

cave [9], which allows virtual interaction with cartoon

2 Background fish characters, and Virtual Divei [3], which is used for ar-

Previous locomotion interfaces have involved walkinglificial reef study. Both appear to be in early stages of de-
bicycling and flying but little has been implemented reVélopment. The Aquacave uses a paragliding harness and
lating to swimming. a pulley system to suspend the diver in a CAVE, wherein a

Sarcos Treadporf[5-12] is a well-developed examplwrtual underwater environment is displayed. The Virtual

L : L Biver explores methods of mapping photographs of arti-
of.a walklng_ interface. It comprises a large t.|It|ng tread_ficial reefs onto a 3-D reef model which is then explored
mill placed in front of a CAVE-like visual display[7]. sing a 3-D joystick. There are also many high-end hard-
The walker is attached by a mechanical tether that exerls ' ) )

appropriate force to add to the user’s walking experienc\gyare and software systems that use virtual reality for un-
on a slope. The visual simulation depicts outdoor terrai?.ersea exploration; case studies of today’s marine naviga-

. . jon and positioning technology may be found in [2]. In
Zgg;;;iif;uar;g‘?nére inthe process of being developed eﬂfof the above examples, the focus is on the underwater

S . .. environment itself rather than on a locomotion interface
Bicycling interfaces include the Peloton Bicycling based on surface swimming

Simulator and Trike. The Peloton Bicycling Simula-
tor [4] includes a stationary bike, a computer, afan and@ Design and Implementation

sensor control unit. It provides users with visual and auy r 4oa is to create an environment that feels as close
dio efft_ects. Moreover, users feel pe.dallmg_ reS|st.ance, bia swimming as possible. Our current design has two
cycle tilt, and wind effect_s synch.romsed Wlt!'] their MOVemaior components: the swimming apparatus which sus-
ments over the synthetlc terrain of the virtual Cyc".”gpends the swimmer in a harness, and the graphic system
course. The graphics were developed in VRML, allowing, hich depicts the synthetic Pacific Ocean.

participants to join their friends in the virtual environment o

via the world wide web. Another bicycle example is a3-1 The Swimming Apparatus

“rideable computer” called TrikeJ[1]. It consists a tricycle The swimming apparatus centres around a harness that
with an onboard computer. The visual display is deriveguspends the swimmer in a prone position. Pulleys are
from a head tracker on the rider and a potentiometer cokised to allow rolling of the torso and vertical kicking of
nected to the steering axis of the tricycle. The video outhe legs. In keeping with the fact that swimming quickly
put of the computer is fed to the cyclist's head-mountedepends more on effective streamlining of the swimmer’s
display. The vehicle does not have to be stationary; iRody in the water than it does on rapid stroking [6], the
fact, it is thought that by combining visual display witharms are left free to allow a smooth stroke. The following
non-visual cues generated by real cycling, the subject #£sign parameters were also considered:

less likely to get motion sickness. The idea of generating ,
one’s path based on one’s earlier positions is also a focus
of Trike research.

High-end flight simulators have been used in the air
force and pilot training schools for a long time. Their * The apparatus should be adjustable. It must accom-
features often consist of a realistic visual display and a Modate swimmers of a range of heights and body
Stewart platform mount{14]. There are some low-end  Measurements.
flight simulators available commercially usually for en-
tertainment, such as Dreamality’s DreamGlider, JetPack,
and SkyExplorer, all in[{15], and Ars Electronica’s Bird-
man [10]. They include a head-mounted display or mon- ¢ The swimmer should feel comfortable when sus-
itor for visual cues. Sound, wind, and movement also en-  pended in the harness.

The apparatus should provide a general research
platform. It should be configurable and expandable
as much as possible.

» The swimmer should be able to stroke with ease of
movement during swimming.



» The system should be robust. It must be capable ¢
supporting heavy swimmers.

We also restrict the swimmer’s motions to those of th ey —5mm static cord
front crawl and butterfly stroke, both of which use only - bungee cord
vertical kicking motions and only from a prone position. :

To meet these specifications, an 8ft x 8ft x 8ft woodel ankle brace
box frame was built to support the haress in whicl $2"4ba9 _i . leg of swimmer
the swimmer is suspended (Figufie 2). Its dimensior
are enough to allow most tall people to make wide arr stabilizing static cord
strokes without hitting the frame. It has five horizontal :
beams on top and two at the base, all of which are mo

able, on which pulleys can be mounted. Currently onl
three top beams and one bottom beam are used.

Figure 3: A rear view of the counter-weighted leg sup-
port system.

3.2 The Virtual Ocean Environment

The virtual Pacific Ocean environment is generated in
OpenGL. Since the swimmer is swimming on the wa-
ter surface, the environment must show sky, waves and
. ) ocean floor. Figureg 4 andl 5 illustrate views from above
Eﬂﬁl ' ¥ and below the sea surface, respectively. The graphics are
. intended to show a direct representation of swimming;
' — the use of other virtual environments could allow this
[Transmitter gl % 8 Vil interface to be used as a more general purpose locomo-
' tion device. Swimming above or along reefs, shipwrecks,
or aquatic caves are all direct interpretations of a swim-
Figure 2: A profile view of the swimming apparatus. ming locomotion interface. Other interpretations include
the exploration of human anatomy for medical education,
The harness is a modified hang-gliding harness witl Which the subject swims through the bloodstream, or
additional padding for comfort. Two large pulleys onMore abstract environments composed of statistical data
each of two upper beams support the harness at the swiftf-Pased on network topology.
mer’s hips and shoulders; the pulleys allow torso roll dur- The environment is modelled as a sphere encompass-
ing the swimming stroke and can be adjusted for width tég the viewpoint. A horizontal cutting plane splits the
match the swimmer, just as the beams themselves cans$ghere in half, and the top hemisphere is texture-mapped
adjusted to the swimmer’s height. The harness attach@eéth clouds, while the bottom is texture-mapped with
to half-inch static cord with carabiners. rocks. The plane in between is texture-mapped with wave
The legs are supported by a counter-weighted pullgf@tterns representing the surface of the water. Because
system as shown in Figufe 3. Sandbags provide a feelifge Performance of SAP is intended to take place in an
of neutral buoyancy, and can be filled to the appropriat@Plane flying from San Francisco to Tokyo, the expec-
weight of the swimmer's legs. 5mm static cords througition is that the plane will be flying toward the sunset.
low-friction ball-bearing pulleys on the upper and lowerThis effect is accomplished by two light sources: one di-
beams complete a loop between the leg and the countégctional light to simulate the sun and one positional light
weight, while further static cords on the diagonals prot© illuminate the sky hemisphere.
vide stability. In addition, elastic shock cords are incor- To create the impression of water, the sea surface is
porated to restore kicking energy, adding to the buoyaoloured using the OpenGL fog technique. The caustics
feeling of kicking in water. Originally, this setup was ar-€ffect developed by Stam in]13] is also utilised to render
ranged at the swimmer’s knees and ankles, but user teite scene more realistically.
ing showed that only the ankle system was required. The avatar is fixed in the centre of the sphere. By an-




Figure 4: Aerial view of the SAP environment. Figure 5: Aquatic view of the SAP environment.

imating the sea-texture so that it moves backward, the
avatar appears to be moving forward. The speed of
the ocean’s movement also depends on the swimmer's
stroking speed, so the harder the subject swims, the faster

the waves are moving. We are in the process of animating transmitters
the ocean floor. ‘ ‘

3.3 Synchronising the Real World and the Virtual
World
In order to synchronise the movement of the swimmer tg
that of the avatar, we utilise Polhemus Fastrack sensolfy,
for the limbs, head, and body, a head-mounted display"*™ "
for the swimmer, and a tcl/tk user interface for calibra-
tion and adjustment of various environment and avatar
parameters. Figurie 6 shows the placement of the sensgss setting the camera parameters. Once the position and
on the swimmer’s limbs, torso, and head, as well as thgrientation of the head sensor is obtained, the position
position of the transmitter with respect to the swimmerand the orientation of the camera can be easily deter-
The hemisphere shown indicates the range in which thined to create the viewing perspective. The scene is
signals of the transmitter can be picked up by the sensotfen rendered to the head mounted display worn by the
The mapping of sensor data to the avatar involves catwimmer. Since audience participation is desirable dur-
culating the camera view, and the leg and arm positionig the performance of SAP, the tcl/tk interface also pro-
This is a similar problem to that of motion capture in anivides selection of different perspectives of the scene.
mation. The restriction of swimming stroke to front crawl Inverse kinematics is used to determine the leg posi-
and butterfly simplifies the sensor interpretation for théions based on data from sensors located at the swimmer’s
legs because only vertical motion needs to be considereshkles. The vertical restriction of the kick allows us to
We will see, however, that the arm positions are morgssume only one degree of freedom at each of the hip
complex. and knee. This allows the legs to be mapped using just a
The data from the head-mounted sensor is mapped s$traightforward application of the cosine rule to find the
the avatar’'s view using OpenGL's convenient functionsngle of rotation at the hip with respect to sea level. The

ure 6: Locations of the sensors and transmitter on the



angle of the knee is interpolated from the angle of the hip, The avatar itself is of simple construction, being im-

which dictates how deep the leg is in the water. plemented with rectangular prisms and spheres. It is
The arm has much more mobility than the hip, effecmodelled in a hierarchical fashion that includes the torso,

tively having three degrees of freedom at the shoulddread, legs, and feet. When the inverse kinematics prob-

and two at the elbofly The arm is also very important in lem of the arms is solved, the arms will be added to the

swimming: Counsilman explains ifl[6] that arm strokedierarchy.

are the main propelling component, whereas kicking only We are looking at better sensor placement to make

serves to keep the body afloat. This shows how importattie inverse kinematics simpler and more appropriate for

the arm strokes are in swimming. swimming. This will facilitate the use of the swimming
The position of the swimmer’s arms is determined withinterface as a general purpose interface.

a sensor at each wrist and a sensor on the torso between

the shoulders. Our original algorithm used inverse kine4 User Testing

matics, as with the legs, to calculate the angle associatefls far, only informal testing has been done to evalu-
with each the five degrees of freedom of the arm. Howyte the swimming apparatus. The subjects included seven
ever, though theoretically sound, the calculations are Uy mates, two of the three main SAP performance artists,
derdetermined and even with simplification proved to bgng several volunteering lab guests, all of whom had vari-
too sensitive to minor inaccuracies in calibration and seny, s |evels of swimming experience. The majority of users
sor values to create a realistic impression. responded that they experienced the feel of swimming
when suspended in the swimming apparatus. The rope-
pulley system provides appropriate resistance as well as
buoyancy during kicking, and the harness is comfortable
to wear, although a little heavy. In terms of the graphics

virtual shoulder environment, users suggested having more objects in the
h"o“! scene to make the swimming environment more interac-
T ‘eo tive and engaging. Although the head-mounted display
"*n‘/‘\ in use was unreliable due to hardware driver difficulties
toOrso Sensor wrist sensor on our Linux mac_hme, users using the monitor felt that
T environmental objects serving as landmarks would help
virtual elbow navigation.

5 Discussion and Future Work

) o ) , The SAP project has been well-received by those who
Figure 7:  Sensor positions on swimmer’s arm, along  pave tried it. The harness is comfortable if worn cor-
with extrapolated shoulder and elbow positions. The dot- rectly, though rolling is not as easy as it could be. The
ted line depicts the interpolated upper arm. leg system is sufficient in its current state. Haptic feed-

_ back is desirable on the arms, which are currently unen-

A simpler, though less accurate, method was chosen gmpered. The graphics are good as a starting point, but
display the arms; it just connects the positions of shoukertainly need improvement for SAP to be used as a gen-
der, elbow, and wrist with links. The wrist position is grg| VR interface. Other possible improvements involve
known from the wrist sensor, and the shoulder is knowgne engagement of the swimmer’s other senses, such as
to be a certain offset from the torso sensor. The e|b0Wearing or taste.

is calculated simply as an offset from the wrist, making The harness required very litle modification from
it effectively disconnected from the shoulder, as shown igg original form as a hang-gliding harness. Some of

Figure[T. With the three positions known, links are drawqhe straps and support points required adjustment, and
between the shoulder and elbow and between the elb dding was added to improve comfort, but otherwise

and wrist; no joint angles need to be calculated. The ifpe namess serves very well. Unfortunately, the harness

accuracy lies in the fact that the upper arm can changg,esn't allow as much rolling motion as we would like; a
length if the shoulder and elbow offsets are Incorrecméolution for torso roll needs to be found. Improving the

gﬁ:it?/rated. Careful calibration can overcome this diffi—quality of the pulleys supporting the torso helped the roll,

but the harness could still be improved.

1The rotation of the forearm can be considered to be a rotation at the The leg rig .prO\./ides a close approximation to the sen-
elbow. sation of kicking in water, though we were surprised to
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