
























































Figure 9. Time comparison for the local-level subtask.

Different interactive techniques in the control of eye-level and step-size were
also found to have a significant impact on the completion time of the overall
task. The BOTH-COUPLED treatment led to a faster result than the BOTH-
SEPARATE (t19 = 4.52,p < 0.001), as seen in Figure 7.

Such performance difference seems not related to the number of key strokes.
Compared with the BOTH-SEPARATE treatment, the BOTH-COUPLED
treatment reduces the total number of key strokes for scale and movement
speed control by half. Thus, subjects could spend less time pressing keys in
the BOTH-COUPLED treatment. However, the difference in total key strokes
between these two treatment was not found significant (19 = 0.20,p = 0.42).

For the global-level task the difference between these two techniques was
not significant (t19 = 0.37,p = 0.72) (Figure 8), but performance in the
BOTH-COUPLED treatment was significantly better than that in the BOTH-
SEPARATE in completing the local-level subtask (¢;9 = 6.23, p < 0.001) (Fig-
ure 9).

Figure 10 shows the medians of perceived helpfulness of the five treatments, in
a seven-level Likert scale (1-extremely unhelpful, 7-extremely helpful). Error
bars specify their inter-quartile ranges. Results from Wilcoxon signed ranks
tests indicated that the BOTH-COUPLED treatment was perceived signifi-
cantly better than all other treatments (Zzoru courrep vs. Two-rixep= 3.886, p <

00017 ZBOTH—COUPLED vs. STEP-ONLY— 2318,]) == 002, ZBOTH—COUPLED vs. EYE-ONLY=—

2.001,p = 0.045), except the BOTH-SEPARATE treatment (Zsors-courLen
vs. BOTH-SEPARATE=— 1.502,]) = 0.133).
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Figure 10. Medians of perceived helpfulness of the five treatments. Error bars indi-
cate their inter-quartile ranges.

5 Discussion

5.1 Nauvigation as a Multiscale Progressive Process

Experiment results seem to confirm that a multiscale progressive approach
serves users better in exploration-oriented navigation tasks in which users
try to locate a target by relying on its descriptive information at different
scales, rather than its spatial coordinates. The better performance for the
overall task in the BOTH-COUPLED treatment than all other treatments, as
seen in Figure 7, indicates that users can benefit from multiscale navigation
tools that couple spatial knowledge and movement and progressively refine the
granularity of spatial information and movement across scale. Not surprisingly,
our results showed it is important to have easy access to spatial information
at different levels (Fy 76 = 22.61,p < 0.0001) and flexible control on movement
(Fi76 = 90.76,p < 0.0001) (Figure 7) in navigation tasks. This implies that
different spatial knowledge and movement speed and accuracy may help better
complete navigation that involves subtasks at different scales.

Such a progressive approach is also perceived better by subjects. Subjects
preferred the ability to control eye-level and movement speed across scale.
However, statistic result seems to indicate that coupling eye-level and move-
ment was not perceived significantly better than the separate control (Zzoru
COUPLED vs. BOTH-SEPARATE= 1.502,]) = 0.133) (Figure 10), shown in Figure 10.
This may be due to two reasons. First, multiscale tools were new to sub-
jects. Most subjects said they were excited about the new design. Such a
positive feeling towards multiscale tools may make the difference between the
BOTH-COUPLED and BOTH-SEPARATE control less significant. Second,
we suspect that the simple test scene may also contribute to the result, be-
cause the benefits of BOTH-COUPLE for navigation cannot be fully realized
and appreciated in a simple scene.
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5.1.1 Global-Level Task

The t-test result for the global-level subtask, t;9 = 0.37 and p = 0.72 (Figure
8), seemed to indicate that the coupling of spatial knowledge and movement
is less critical to the global-level subtask. Figure 8 shows that as long as
subjects were allowed to control eye-level to get an easy access to global spatial
information, the global-level subtask could be easily achieved. We suspect
that the simplicity of the test scene in the study may contribute to such
results, because the simple spatial structure in the scene allowed subjects
to quickly glimpse the environment to get a good understanding the space.
Moving around to explore the space became unnecessary. Had the test scene
been more complicated and demanded more observation of the structure from
different perspectives, coupling spatial knowledge and movement might have
been more beneficial to navigation.

5.1.2 Local-Level Task

The significantly less time spent in the local-level subtask in the BOTH-
COUPLED treatment than in the BOTH-SEPARATE (t19 = 6.23,p < 0.001)
(Figure 9) may imply that the coupled design can improve movement accuracy.
This may be due to the match between spatial knowledge for planning and
that for assessing. Under other treatments, subjects were observed to either
have to make great efforts to obtain proper spatial knowledge for assessing
action results, such as in the EYE-LEVEL ONLY treatment, or without such
knowledge, adopt a time-consuming, trial-and-error strategy, such as in the
TWO-FIXED treatment and the STEP-SIZE ONLY treatment.

It should be noted that as Figure 9 shows, those changeable eye-level treat-
ments, except the BOTH-COUPLED one, led to worse performances than
their counterpart fixed eye-level treatments in the local-level task. This is due
to a longer distance a subject needed to travel in changeable eye-level treat-
ments, which allowed the subject to find a target building afar. In those fixed
eye-level treatments, a subject could only find a target building by going to
each building and counting its sides. Thus, when a target building was identi-
fied, the subject was actually close the final target box with a shorter traveling
distance.

Certainly, this long-traveling distance issue could be addressed by integrat-
ing tools like logarithmic functions (Mackinlay et al., 1990) or Image-Plane-
Manipulation (Pierce et al., 1997) as long as a target building is visible.

22



5.2 Limits of the Multiscale Progressive Model

The multiscale progressive model has some limits. First, this model primarily
concerns with navigation in virtual environments in which the destination tar-
get is not clearly known and exploration experience is needed. If the target is
known, tools like Image-Plane-Manipulation (Pierce et al., 1997) or logarith-
mic functions (Mackinlay et al., 1990) can be applied. If exploration is not a
concern, system-driven navigation or even teleportation can serve users well.

Second, this model does not consider the role of systems in assisting users to
find ideal interaction scale levels and identify optimal coupling methods for
spatial knowledge and action. Given the complexity of navigation behaviors
and the diversity of virtual scenes, users may find it a challenge to figure
out what the best strategy could be on their own. Then, users may go back
and forth between different scale levels in navigation and scaling control may
impost additional cognitive load in navigation, compared with traditional nav-
igation tools. One way to address this issue could be to use “cognitive agents”
(Fan et al., 2006) to capture a user’s action context and then provide naviga-
tion guidance.

Furthermore, the progressive process and the coupling mechanism are primar-
ily designed for navigation in virtual environments, where both locomotion
speed and view level can be easily manipulated across scale. Directly applying
this process model into the real world may be problematic, given the fact that
human beings can hardly perceive objects and act on them beyond our normal
interaction scale range (roughly from millimeters to hundred of meters).

Although coupling viewpoint and movement in the real world is not as easy
as in virtual environments, it is viable to integrate multiscale technology into
digital maps or PDA-based navigation tools (Brachtl et al., 2001) to help
people access spatial knowledge in a gradually refined fashion. For example,
GPS navigation systems for cars can provide drivers with a list of subtasks
at different scale levels, and then show them maps with different levels of
details based on what subtasks have been achieved. Compared with turn-by-
turn driving direction currently available in most GPS navigation systems,
a design based on the multiscale progressive model can provide drivers with
geographic information that gives them a better understanding of driving goals
and the targeted area (Zhang, 2007).
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6 Conclusion

Navigation in virtual environments is an inter-disciplinary research issue con-
cerning spatial cognition and technical designs. The landmark-route-survey
model from cognitive psychology and geography has had great influence on
designs, although there are still unaddressed issues that concern the integra-
tion of spatial knowledge and spatial action and their relationship. Virtual
environment technologies offer opportunities to deepen our understandings on
these issues and to develop and test richer models on the process of applying
spatial knowledge in guiding navigation tasks.

This paper proposed a multiscale progressive model on navigation that in-
volves spatial knowledge and spatial action at different scale levels. This model
considers not only different kinds of spatial knowledge required in navigation
and spatial tasks, but also the association between them. Coupled spatial
knowledge and spatial tasks across different scale levels can benefit navigation
in large virtual space. An experiment was conducted to study the consequences
of such a coupling and easy transition on a two-stage navigation task in a mul-
tiscale virtual environment, which allows the coupling and easy transition of
spatial knowledge and movement. Results of the experiment indicated that
users can improve their performances in navigation involving subtasks at dif-
ferent scale levels if they can couple spatial knowledge and movement together
and move them easily across scale. Thus, navigation design in virtual environ-
ments should focus on not only helping users access spatial knowledge, but
also tailoring the presentation of spatial knowledge according to users’ action
level and making it easy for users to move between different forms of spatial
knowledge.

Our future research efforts will be made to advance the understanding of the
benefits of coupling spatial knowledge and action for spatial cognition and re-
lated spatial actions. In this study, we focused on the efficiency of navigation
activities. We are also interested in the impact of the coupling on spatial cog-
nition in complex environments, such as the acquisition of spatial information
at different levels and the integration of spatial information across scale into
coherent cognitive maps.

The easy control over spatial knowledge also provides opportunities to study
the complexity of the construction of spatial knowledge by going beyond the
traditional views of spatial knowledge as sequential and leveled processes.
It has been argued that the construction of spatial knowledge may involve
various forms of spatial information and various techniques (Montello, 2001;
Tversky, 1993; Hirtle & Hudson, 1991; Presson & Montello, 1988). In mVEs,
users can easily control what spatial knowledge should be present and in what
sequence (e.g., in a global-to-local direction or a local-to-global direction).
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Such flexibility in interaction with multiscale virtual space allows us to observe
how different kinds of spatial knowledge and different techniques to access
spatial knowledge may affect the understanding of space. Thus, multiscale
technology could be a valuable tool to deepen our understanding of users’
spatial behaviors in virtual environments, and then shed some light on spatial
knowledge acquisition in the real world.

One challenge in using multiscale technology in the real world is to create
multiscale maps that can provide people with geographic information that
better suits people’s navigation tasks at different scale levels. Although we
can find maps at different scales, our understanding of the cognitive impli-
cations of maps at different scales for human actions is still poor (Mark et
al., 1999). In multiscale user interfaces, the same structure can be displayed
with different representations at different scales. These representations differ
from each other not only in geometric size, but also in semantic features. Such
scale-based semantic representations (Perlin & Fox, 1991; Bederson & Hollan,
1994; Zhang & Furnas, 2005a) can be a good tool to visualize spatial struc-
tures with different models that concern different conceptual abstractions of
spatial information (Remolina et al., 1999; Timpf, 1999), but it is still unclear
how such multiscale representations can benefit human navigation activities
cognitively in the real world. We are also interested in studying this issue.
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