Chapter 7

Conclusions, Contributions, and
Future Research

In order to enhance human navigation performance in virtual environmenis, i
necessary to understand the navigational requirements of the partiask to be
performed, within the framework of limitations of human information esstng
capabilities. An extensive literature survey was conducted dteffiening of this project
to learn about the complex domain of navigation in VEs. As a constacggs of route
planning and moving about in a space, successful navigation frequemlyegethe
correct understanding of “where am 1?”, “where should | go?”, and ‘tewl get from
my current location to the next immediate destination?”. Thesgtiqne reflect the two

challenges users typically face during VE navigationcognitive challenge, which
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involves the checking and updating of one’s position relative to other slgedtto the
world, and aphysical challenge, which requires the navigator to locomote from one

location to another.

Following the model of frames of reference for navigation (Whekand Prevett, 1995),
it is possible to identify the supportive relationship between thernrdtion about
different frames of reference and the two navigational chggenDynamic viewpoint
tethering was introduced and investigated in this study with the ajo(1) seamlessly
integrating information from both egocentric and exocentric feanigeference, and (2)
overcoming some of the functional limitations of current navigaticligplay systems

and facilitating efficient navigation in large scale virtual environments.

The concept of dynamic viewpoint tethering and the mathemati&sdrigtion of a
dynamic tether have been explained in Chapter 3. Modelled as a & d#gireedom
mass-spring-damper system, a dynamic tether has three mapmegpars: spring
constant, damping coefficient, and tether length. A three dimensiynamic tether
space was formed by mapping these three tether parameterbreetintiependent axes.
Three experiments were conducted in this study to explore desigtraiots in the
dynamic tether space, by investigating the effectivenesdynémic tethered display
parameters in comparison with conventional display formats. lcaa#ts, an effort was
made to identify the optimal parametric tether configuratimrsstipporting efficient

navigation.
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7.1 SUMMARY OF EXPERIMENTAL FINDINGS

Experiment 1 was a base-line experiment, in which an empiricaliginally-defined
dynamically tethered viewpoint was contrasted with three cororaitiviewpoint
formats: egocentric, exocentric, and rigidly tethered viemtgopiusing a virtual tunnel
flying task. Participants’ performance was measured ingerioth local guidance and
global awareness. The results revealed that the egocentric ambttethered viewpoint
conditions generated better local guidance performance. Globalresaren the other
hand, didn’'t reveal any significant difference across viewpoirtingst No significant
performance differences were found between the two tetheregaiigs. In terms of
subjective preference ratings, the two tethered displays relckigher scores than both

the egocentric and exocentric displays.

The results of experiment 1 generally confirmed the usefulnesswpoint tethering for
supporting navigation. Although the theoretical advantage dfyreamically tethered
viewpoint was not explicitly demonstrated in the results, it vpesdated that a better
configured tether might in fact outperform the conventional viewgmmntitions. Other
results identified in Experiment 1 included a significant tunnfecefand a significant
display tunnel interaction. Further analysis revealed that a ylartitinnel used in the
test was more difficult than the rest tunnels due to the constiaipbsed by the input
device. The significant display-tunnel interaction was mainiysed by the inconsistent

performance transition on the exocentric display compared with the rest threggis
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Experiment 2 focused on identifying optimal dynamic tether prigserihe combined
effects of tether rigidity and viscosity on viewpoint behaviour wanalyzed. The
implications of the parameters defining the dynamic setting tether, i.e. its spring
constant and damping coefficient, were investigated. The primeng fof Experiment 2
was twofold: (1) to investigate how local guidance performanceaffacted by tethered
viewpoints with different tether damping ratios, and (2) to iderthfy optimal tether
rigidity for supporting local guidance. The virtual tunnel flying stemwas used again
in the testing, and performance in local guidance and global awareres contrasted
for two groups of tether settings, A & B. The results found a fstgmit performance
difference between high and low frequency tunnel conditions. It htseexl that, at least
for one rigidity level, a critically damped tethered viewpoint preduthe best local
guidance performance relative to its under-damped and over-dampedrgadsieA
second comparison among a group of critically-damped tethered vigwpaliso
identified a significant performance improvement under low frequémenel condition
as opposed to high frequency tunnel conditions. The results revealeéithat the rigid
tether nor the very loose tether produced the best local guidanoenante scores for
high frequency tunnels, but an optimal tether of intermediate tygigipeared to exist.
Significant tunnel effect and display-tunnel interaction were foarbth display groups.
Further analysis identified the significant tunnel effect ara dignificant interaction
were greatly influenced by data from a limited numberiafs. It was suggested that a
more stringent experiment control would be used in future experimanicipants’

performance on the global awareness task did not reveal anficsighidifferences
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across the tested tethered viewpoints, which suggests that gleaedness is primarily

affected by tether length, a factor that was not tested in Experiment 2.

The primary concern of Experiment 3 was to investigate theteffiethe length of a
tether on overall navigational performance. As one of the majar§adetermining the
nominal viewpoint location, the length of a tether affects thativel centricity of a
viewpoint. With an increase of a tether's length, performanceowepnents in global
awareness and performance deterioration in local guidance wezetes. Six tethered
viewpoints with varying tether lengths were contrasted in ttpg@ment, using the same
airplane flying scenario. The results confirmed the advantdga longer tethered
viewpoint for supporting global awareness. As an apparent trade-bifedre the
available preview information and the spatial resolution of the alisghe best local
guidance performance was observed for an intermediate lengthretetiiewpoint.
Significant tunnel effect and display-tunnel interaction were &wsind. A follow-up
Tukey pair-wise comparison found that a particular tunnel generatget larrors than
two other tunnels. Considering performance with respect to both localngaidand
global awareness, therefore, overall navigational performance @ased to be best

supported by an intermediate length critically damped tethered viewpoint.

The highlights of the results can thus be summarized very briefly as follows:

1. Modeled as a mass-spring-damper system, dynamic viewpdietitgt provides a

wide design space for characterizing display efficiencye@yloring the dynamic tether
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space, tethered viewpoints with various configurations can be coestruct

accommodate different navigational task requirements.

2. As a way of seamlessly integrating information from egtzeand exocentric frames
of reference, dynamically tethered viewpoints appear to suppdrtidcl guidance and

global awareness navigational subtasks simultaneously.

3. Local guidance performance is greatly affected by thertdim@amic parameters, i.e.
the tether spring constant and its damping coefficient. An optetfaér setting appears
to comprise a critically damped configuration with a rigidityueain the intermediate

range of its rigidity spectrum.

4. Performance in both local guidance and global awarenesgaifecantly affected by
the length of a tether. With an increase of tether length fitsmminimum value,
improvements in global awareness and reduction in local guidancermarice are
observed. The overall best navigational performance appears sopperted by an

intermediate length dynamically tethered viewpoint.

Collectively the series of analyses and broad exploratory iexgets in this thesis have
convincingly supported the theoretical advantages of dynamic viewpsihwring for
enhancing user navigation performance. Design guidelines genfmatethis study are

expected to provide general support for navigational display systenenmaptation.
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Furthermore, the experimental data should advance our understanding ah hum

navigation behaviour in virtual environments.

7.2 LIMITATIONS

Although the test environments and tasks were carefully designedaitttain their
representativeness and reduce the likelihood of a total disconnedhiamal world, as
a common problem faced by most scientific laboratory experimdrgdack of real life
variability and the absence of a real-life context in thengsnay arguably diminish the

Impact of the experimental conclusions.

The winding tunnel-like 3D virtual environment used for navigation lintlaree
experiments is not very similar to most geographical envirotsneith which most
people are familiar. The lack of landmarks and the irregulantatien of the tunnel-like
space thus limit the transferring of subjects’ real life gation experiences to the testing
conditions. Although this tunnel-like environment is suitable for the aepitlying
scenario used in the testing, it is worthwhile to conduct follow-uprerpats employing
other types of navigation metaphors, such as a walk-through metaphor,irmmnatasr

forms of virtual environments, such as a city-block type of environment.

The tunnel-like virtual environment has another implication on the umegs of
participants’ global awareness. Due to the simplicity of therenment, the current
global awareness task (i.e. tunnel shape recognition) arguabbeceompleted by direct

perceptual mapping, especially for exocentric viewpoints whiabwafarticipants to
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view the entire virtual environment directly. With a reducing ofwiig distance,
tethered viewpoints are less susceptible to this problem. Howewander to completely
resolve this problem, it is necessary to adopt complex environment sniode¢he
simulation. Then it is possible to introduce other types of globarewess measures,
such as judging distance or estimating directions between twonklamadmarks, which

will yield more accurate performance results.

One technical limitation in the experiments had to do with the couleglce, the
Spaceball. Although only rotational degrees of freedom (i.e. pitch, ral,yaw) were
allowed in the flying trials, and extensive training was givepddicipants prior to the
testing, manoeuvring in certain degree of freedom, in particolar was frequently
reported by participants to be unnatural and awkward, due to the meadtsdructure of
the Spaceball. Other types of input devices should thus be incorporatedure

experiments to reduce the severity of these control difficulties.

Another possible limitation of this research is the relativélgrtsparticipant exposure
time to the virtual environments. In theory, longer immersion irvitieal space should
allow the use of more complicated environment models and enable paatgito
develop more complete cognitive maps about the environment. However, doe to t
various restricting resources of the study (i.e. time and fghdia relatively simple
environment had to be used in all three experiments. The longesy testls lasted for

about five minutes. In future studies, the simulation of more compliggegraphical
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environments may allow longer VE immersion, thus making it possil#edmate more

fully-developed spatial knowledge on the part of participants.

7.3 CONTRIBUTIONS

This research has yielded significant contributions to both theondy real world

applications. First of all, the concept of dynamic viewpoint taigeprovides a
theoretical framework for display viewpoint definition, in the serms thost existing
viewpoint formats can be regarded as examples of generalibedetbtviewpoints with
particular tether settings. Serving as a high level absimctinis framework therefore
makes it possible to interpret the scattered experimentatsdsuin various viewpoint
studies in the literature in a systematic way, and thigetttify the functional limitations

of different viewpoint formats and explore potential design spaces.

Secondly, the design guidelines generated from the experimerdaigs in this study
provide many insights for directing the implementation of future gaignal viewing
systems. Human navigation in real and virtual environmentsasn@lex process, which
involves both cognitive and physical challenges. The critersaofessful navigation are
task-dependant, and there is no single optimal viewpoint solution foraeitjational
systems. Following the concept of dynamic viewpoint tetherings ipossible to
determine a range of appropriate viewpoint settings to fitiipeéask requirements and

thus achieve maximum navigation efficiency.
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In addition to supporting navigation in VEs, the framework of dycameéewpoint
tethering also serves as a starting point for potential rés@arthe area of simulator
sicknesses. In the study reported here, minor symptoms of sickmemseseported by
participants under certain viewpoint conditions in the pilot studisgelned at that point
users were susceptible to sickness symptoms under some viewpaliioosn such as
the abrupt scene changes caused by viewpoint oscillations for somedangsd
tethered viewpoints. As a consequence of that finding, all the tathéitions used in
this study were carefully selected to avoid simulator sickddgsugh this phenomenon
is out of the scope of the current research and has not been eXyestsigied under the
framework of dynamic viewpoint tethering, quantitative analg$isimulator sicknesses
caused by extreme viewpoint behaviour now becomes possible. Furthermeof2] $
software developed for this research fully incorporates viewpaamtipulation based on
the concept of viewpoint tethering. Not only does it serve as deratostsoftware for
the effectiveness of the viewpoint tethering, but also can uiskd as a testing platform

for future research into this theme.

The research has also contributed knowledge to the body of litecaturavigation and
orientation. Successful navigation in virtual environments is crifitalasks such as
remote vehicle control, telemanipulation, endoscopic surgery, virtaialirtg systems,
and certain Computer Aided Design (CAD) systems. In terms ef shanbers, perhaps
the greatest potential impact of the present research is ardheof video games. In all
cases, it is important to employ visual display parametetsatieacompatible with the

operators command inputs, without imposing excessive mental workloadanAs
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engineering thesis, the results of this study provide usefdetjues for the design of
such displays. The use of well designed dynamic viewpoint tethbas the potential to
reduce local control errors in navigation, as well as the operateesl to perform
difficult mental transformations, by maintaining appropriate alignitbetween display
and control reference frames. By incorporating the viewpoint tatherinciple into the
various applications listed above, it is expected to improve the wgaidikuch systems

and thereby enhance users’ navigational performance.

7.4 RECOMMENDATIONS FOR FUTURE RESEARCH

The three experiments reported in this dissertation are justamring point for
investigating the concept of dynamic viewpoint tethering on enhguiciman navigation
performance in virtual environments. During the discovery processy melevant
interesting issues have surfaced. Although these unresolved isstgeswi of the scope
of the current research, the same general paradigm used stutthyscan be followed to
tackle some of these issues. More studies are expected to foitolme of research; two

immediate possibilities are proposed here:

1. Experiments comparing tethered viewpoints with different fields of view.

The primary interest of the current study was focused on thandig tether, not the
viewpoint. Thus, a set of fixed viewpoint parameters, in particugéd bf view, were
used for all testing display conditions. As discussed in Chaptend® 8ie field of view

(FOV) of a viewpoint also affects the amount of preview infaromaof a display, it will
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be interesting to see how different FOV settings will dffgerformance, in particular,

how the changes of FOV will affect local guidance and global awareness.

The results from Experiment 3 showed a change of performaneduastion of tether
length for a fixed FOV. In a proposed follow-up experiment, it woulcthteresting to fix

the length of a tether but vary the viewpoint field of view. For adhyramic task, i.e.
for a zero or very low frequency input forcing function, these tases would be
essentially equivalent. For dynamic inputs, on the other hand, the nesgittsbe quite

different. Furthermore, since a small FOV limits the previefermation available to the
users and a large FOV introduces edge distortion, it is expéetedr optimal viewpoint
FOV will be found, subject to particular task requirements. Tkealte from such an
experiment should give us some insight into designing an adaptive vigwpbich

might be incorporated with a dynamic tether model to furtheamcdnusers’ navigational

efficiency.

2. Experiments comparing tethered displays with different nominal viewpointop@sit
The importance of nominal viewpoint position on affecting display fafldiew was
discussed in Chapter 6. For a tethered viewpoint, the nominal viewpditeisnined by
the elevation and azimuth angles, as well as the length oéttiner.t The effect of tether
length on users’ navigational performance has been investigatedxperifient 3.
However, in that experiment the azimuth and elevation angles ofi¢lagoint were

fixed at a constant O degree of azimuth and 30 degree of elevatiaall ftethered
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viewpoints. Further experimentation is proposed to investigate naviggperiarmance

with respect to different viewpoint elevation and azimuth angles, resggctive

Considering the facts that (1) elevation angles outside the @ng® to 90 degrees
(following the definition of elevation angle presented in Figure 3.8) imtroduce
display/control reversals, which theoretically will burden usetls mental rotations, and

(2) elevation angles within the range of -90 to 0 degreedeceerather unnatural viewing
situation (i.e. looking up from a position below the controlled avathe),proposed
elevation angle range for future tests is from 0 to 90 degfeestwo extreme conditions,

i.e. 0 and 90 degree elevation angles, correspond respectively to conakeBD profile

and top-view displays, which are known to be favourable for distance judgment. It will be
interesting to see how performance will change with variat@ngewpoint elevation

angles between these extremes.

A similar analysis can be performed on the azimuth anglesladmwfeture experiments,
one can thus fix the length and dynamic property of a tether vahigmging the
viewpoint azimuth settings. Besides the dependent measures usegnedent research,
distance judgment in 3D space can be included as an additional poistitator of
users’ awareness performance. Performance variations atiorelto the different
viewpoint angles may thus provide new insight for generating desigtelmes for

configuring optimal viewpoint settings.
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7.5 CLOSING REMARKS

Examining human-computer interaction through the lens of human atalidevelop
cognitive models and enhance interface design is, | believe, patiicapt and
potentially fruitful. In this study, human navigation ability was stigated on the basis
of interaction between users and a large scale virtual environment. It tookaf tbtetly-
six participants, 216 testing hours to complete all three scheduledineepts.
Experimental findings enrich the body of literature on navigation amehtation
researches. Design guidelines will add to the database for thienentation of
navigational viewing systems. Beyond the realm of this particuladyslie more
sophisticated conceptual models and developing algorithms. | would encoeaaigesr

who are interested in carrying research further to expand upon and refine thislapproa

As with any project, this one has its weak points and boundarieser&@anovements
have been extensively studied in movie industry for more than a hundred years.eStrateqgi
of camera settings for enhancing story-telling have been estblished in the
cinematography (Malkiewicz, 1989; Metuchen, 1987). Those stratdggs once
inspired the computer game designers to improve virtual camarat#on in the virtual
game space. They also provide abundant resources for viewpoint optimiza
navigational viewing system design. The lack of communication bettéireeacademic
research and the industrial development limited the pace in offguiality function and
interfaces in this research. However, the applying of the cond¢aptdel of dynamic
viewpoint tethering into these areas is a natural extensionfuiime holds more work

and more promise.
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