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Abstract
The ever-increasing power of computers and hardware render-
ing systems has, to date, primarily motivated the creation of
visually rich and perceptually realistic virtual environment (VE)
applications.  Comparatively very little effort has been expended
on the user interaction components of VEs.  As a result, VE user
interfaces are often poorly designed and are rarely evaluated
with users.  Although usability engineering is a newly emerging
facet of VE development, user-centered design and usability
evaluation in VEs as a practice still lags far behind what is
needed.

This paper presents a structured, iterative approach for the
user-centered design and evaluation of VE user interaction.
This approach consists of the iterative use of expert heuristic
evaluation, followed by formative usability evaluation, followed
by summative evaluation.  We describe our application of this
approach to a real-world VE for battlefield visualization, de-
scribe the resulting series of design iterations, and present evi-
dence that this approach provides a cost-effective strategy for
assessing and iteratively improving user interaction design in
VEs.  This paper is among the first to report applying an itera-
tive, structured, user-centered design and evaluation approach
to VE user interaction design.   

Keywords: user-centered design, user interfaces, user interac-
tion, user assessment, usability engineering, usability evaluation,
virtual environments, virtual reality, expert heuristic evaluation,
formative evaluation.

1 Introduction and Related Work

Despite the ever-increasing power of computers and hardware
rendering systems, the user interaction components of VE appli-
cations are often poorly designed and are rarely evaluated with
users.  The vast majority of VE research and design effort has
been on the development of visual quality and rendering effi-
ciency.  As a result, many visually compelling VEs are difficult
to use and are, therefore, non-productive for their users.  While
these VEs might make good entertainment applications, their
usability problems prevent them from being useful for effi-
ciently solving real-world problems.

Usability engineering [10] and user-centered design [11] are
newly emerging facets of VE design and evaluation.  VE de-

signers and developers are becoming aware of traditional hu-
man-computer interface (HCI) usability research and are begin-
ning to apply and expand upon those methods for VEs.  A few
efforts have been reported to date; however, user-centered de-
sign and usability evaluation in VEs as a practice still lags far
behind what is needed.

One reported work on user-based evaluation in VEs is
Bowman et al. [1], who investigated an aspect of navigation in
VEs and present a framework for evaluating travel (viewpoint
motion control).  The framework supports a methodology for
evaluating different VE travel techniques and for appropriately
matching travel techniques with virtual applications.  Several
aspects, or quality factors, were identified as being important to
travel: speed, accuracy, spatial awareness, ease of learning, in-
formation gathering, presence, and user comfort.  The authors
acknowledge that task-related factors (task, environment, user,
and system characteristics) can have a greater impact on quality
factor performance than the travel technique selected.  The
evaluation methodology described is intended to be generaliz-
able to a variety of VEs.

Salzman et al. [14] discuss how usability engineering meth-
ods shaped iterative development of a VE designed for educat-
ing students on various concepts associated with Newton’s laws
of physics.  The goal of the design process was to develop a
usable and educational virtual world.  The authors applied us-
ability evaluation to identify and refine early system weaknesses
across three premises: usability, learning, and learning vs. us-
ability.  Both potential users (high school students) and experts
in the field (physics professors) participated in the formative
evaluations, which resulted in changes that improved the final
VE user interaction.

Other research that has reported a limited element of usabil-
ity evaluation includes a study of haptic interfaces [6], and an
investigation of spatial input devices [7].  In addition, Stuart [16]
describes basic methods for evaluating general usability compo-
nents of VEs.

While these efforts provide insights about usability issues of
specific VE technology, most do not provide sufficient breadth
for large, complex VE design and assessment.  Gabbard and Hix
[4] propose a framework of usability characteristics structured to
support usability engineering of VEs.  They present a methodol-
ogy for approaching design and assessment of VE user inter-
faces, which employs a top-down, step-wise refinement of VE
usability space.  This framework was used during evaluation of
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the battlefield visualization VE described herein (see Section 4.3
and Section 5).

Personnel at the Naval Research Laboratory’s (NRL) Virtual
Reality Lab have developed a VE for battlefield visualization,
called Dragon (Figure 1) [3], which is implemented on a Re-
sponsive Workbench [9, 13].  The responsive workbench pro-
vides a natural metaphor for visualizing and interacting with
three-dimensional computer-generated scenes using a familiar
tabletop environment.  Applications in which several users col-
laborate around a workspace, such as a table, are excellent can-
didates for the workbench.  Researchers from NRL, collabora-
tively with researchers from Virginia Tech, are empirically
studying the most important usability parameters of an effective
VE user interface for Dragon.

In the next section, we discuss battlefield visualization in
general, and we describe the Dragon battlefield visualization
VE.  In Section 3, we discuss three important usability evalua-
tion methods that can be profitably applied to VEs: expert heu-
ristic evaluation, formative evaluation, and summative evalua-
tion.  In Section 4 we present our methodological approach for
applying expert heuristic and formative evaluation methods to
Dragon’s design and evaluation, and in Section 5 we describe

and discuss the design iterations that resulted from using this
approach.  In Section 6, we discuss lessons learned from this
work, including evidence that our structured approach provides
a cost-effective strategy for assessing and iteratively improving
user interaction designs in VEs.  We conclude with ideas for
future work, particularly summative evaluation.

2 The Dragon Real-Time Battlefield
Visualization Virtual Environment

2.1. Battlefield Visualization and Dragon

For decades, battlefield visualization has been accomplished by
placing paper maps of the battlespace under sheets of acetate.
As intelligence reports arrive from the field, technicians use
grease pencils to mark new information on the acetate.  Com-
manders then draw on the acetate to plan and direct various
battlefield situations.  Thus, the map and acetate together present
a visualization of the battlespace.  Using maps and overlays can
take several hours to print, distribute, and update.  Historically
(before high-quality paper maps) these same operations were

Figure 1: Screen shot from the Dragon battlefield visualization virtual environment.



Proceedings IEEE Virtual Reality ’99, pages 96–103, IEEE Computer Society Press, 1999.
Awarded Best Paper at VR’99 Conference.

− 3 −

performed on a sandtable (a box filled with sand shaped to rep-
licate the battlespace terrain).  Commanders moved around
small physical replicas of battlefield objects to direct battlefield
situations.  Currently, the fast-changing modern battlefield pro-
duces so much time-critical information that these cumbersome,
time-consuming methods are inadequate for effectively visual-
izing the battlespace.

In Dragon, the workbench provides a three-dimensional dis-
play for observing and managing battlespace information shared
among commanders and other battle planners.  Visualized in-
formation includes a high-resolution terrain map; entities repre-
senting friendly, enemy, unknown, and neutral units; and sym-
bology representing other features such as obstructions or key
battle objectives.  Dragon receives electronic intelligence feeds
that provide constantly updated, displayable information about
each entity’s status, including position, speed, heading, damage
condition, and so forth.  Users can navigate to observe the map
and entities from any angle and orientation, and can query and
manipulate entities.

2.2. Design of User Interaction in Dragon

Early in Dragon’s development, we developed and assessed
three general interaction methods for the workbench, any of
which could have been used to interact with Dragon: hand ges-
tures using a pinchglove [12], speech recognition, and a hand-
held flightstick.  Although an interesting possibility for VE in-
teraction, we found speech recognition still too immature for
battlefield visualization, and we found the pinchglove to be
fragile, time-consuming to pass from user to user, and limiting
in that it requires right-handed users whose hands are approxi-
mately the same size.  In contrast, we found the hand-held
flightstick to be robust, easily handed from user to user, and
applicable to both right- and left-handed users.

Based on these observations, we modified a three-button
game flightstick by removing its base and placing a six degree-
of-freedom position sensor inside.  We tracked the flightstick’s
position and orientation relative to an emitter located on the
front center of the workbench.  We accomplished VE interaction
with a virtual laser pointer metaphor: a laser beam appears to
come out of the flightstick, allowing interaction with the terrain
or object that the beam intersects.

Early in its development, when very little usability evalua-
tion had been performed, Dragon was demonstrated as a proto-
type system at two different military exercises.  In both demon-
strations, an objective was a proof-of-concept for using a work-
bench-based battlefield visualization tool.  Feedback from both
civilian and military VIPs indicated that users found Dragon’s
battlespace visualization to be more effective and efficient than
the traditional method of maps, acetate, and grease pencils.
Following these successful demonstrations, we began intensive
usability evaluations and iterations of Dragon’s user interface.

3 Usability Evaluation Methods

User-based evaluation is an essential component of developing
any interactive application, and is especially important for appli-
cations as complex and innovative as VEs.  Three kinds of us-
ability evaluation are particularly appropriate: expert heuristic
evaluation, formative evaluation, and summative evaluation.
We performed the first two types extensively during Dragon’s

development (Sections 4 and 5), and have plans for the third
type (Section 6).

Expert heuristic evaluation [10] is a type of analytical evalua-
tion in which an expert in user interaction design assesses a
particular user interface by determining what usability design
guidelines it violates and supports.  Then, based on these find-
ings, especially the violations, the expert makes recommenda-
tions for changes to improve the design.  In the case of VEs, this
is particularly challenging because there are so few guidelines
that are specific to VE user interfaces.  Thus, users are not di-
rectly involved in expert heuristic evaluation.  Typically, this
type of usability evaluation is more effective if the experts are
not also developers of the user interaction design being evalu-
ated.  This was our situation: the first three authors of this paper,
who were not involved with development of Dragon, did much
of the expert heuristic evaluation described in Section 4.3.

Formative evaluation [8] is a type of empirical, observational
assessment with users that begins in the earliest phases of user
interaction design and continues throughout the entire life cycle.
Formative evaluation produces both qualitative (narrative) and
quantitative (numeric) results.  The purpose of formative eval-
uation is to iteratively and quantifiably assess and improve the
user interaction design.

An important point to note in the formative evaluation proc-
ess, shown in Figure 2, is that both qualitative and quantitative
data are collected from representative users during their per-
formance of task scenarios.  Developers often have the false
impression that usability evaluation is something rather warm
and fuzzy, with no “real” process and collecting no “real” data.
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Figure 2: Formative evaluation process.
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Quite the contrary is true; experienced usability evaluators col-
lect large volumes of both qualitative data and quantitative data.

Qualitative data are typically in the form of critical incidents
[5, 8].  A critical incident occurs while a user is performing task
scenarios, and is an event that has a significant effect, either
positive or negative, on user task performance or user satisfac-
tion with the interface.  Events that affect user performance or
satisfaction therefore have an impact on usability.  Typically, a
critical incident is a problem that a user encounters (e.g., an
error, being unable to complete a task scenario, confusion, etc.).
Section 5 describes the major design iterations that resulted from
hundreds of critical incidents, which we collected during our
formative evaluation studies.

Quantitative data are generally related, for example, to how
long it takes and the number of errors committed while a user is
performing task scenarios.  These data are then compared to
appropriate baseline metrics.  Quantitative data generally indi-
cate that a problem has occurred; qualitative data indicate where
(and sometimes why) it occurred.

Collection of both these types of data is an important part of
the formative evaluation process.  While we focused largely on
qualitative, critical incident data, we also collected some quan-
titative data.

Summative evaluation [8], in contrast, is an empirical assess-
ment with users of an interaction design in comparison with
other interaction designs for performing the same user tasks.
Summative evaluation is typically performed when there are
some more-or-less “final” versions of the interaction designs,
and it yields primarily quantitative results.  The purpose of
summative evaluation is to statistically compare user perform-
ance with different interaction designs, for example, to deter-
mine which one is better, where “better” is defined in advance.
Summative evaluations of Dragon are planned (Section 6).

Best guesses about an interaction design are substantiated or
refuted by many tight, short cycles of heuristic and formative
evaluation.  During the design and assessment of the Dragon VE
user interface, we performed numerous cycles of heuristic and
formative evaluation—some as short as a few minutes (these
were the really bad designs!), others lasting several hours.
Evolution of essentially all decisions about design details came
from many rounds of evaluation.  As discussed in the following
sections, from the heuristic and formative evaluations we have
greatly improved Dragon’s user interaction design, and are now
planning a summative study.

4 Method: Application of Design and
Evaluation Methods

4.1 Focus on Navigation

During our early demonstrations and evaluations, we observed
that navigation — how users manipulate their viewpoint to
move from place to place in a virtual world (in this case, the
map for battlefield visualization) — profoundly affects all other
user tasks.  If a user cannot successfully navigate in a virtual
world, then other user tasks (e.g., involving specific objects or
groups of objects) simply cannot be performed.  A user cannot
query an object if the user cannot navigate through the virtual
world to get to that object.  Although we performed a user task

analysis before our heuristic and formative studies, these studies
corroborated our task analysis and our expectations of what
tasks are most important.

Further, our observational studies revealed several other ge-
neric tasks performed by users of battlefield visualization VEs,
including object manipulation, object selection, object querying,
query response, and object aggregation.  These user tasks will
become the focus of possible future research for us and for oth-
ers.  Again, without having performed the expert and formative
usability evaluations, we would only be able to guess at our
assumptions about user tasks.

4.2 Methodology

We used the basic Dragon application as an instrumentable test-
bed, modified as needed for our heuristic and formative usability
evaluation purposes.  We performed extensive evaluations over
a nine-month period, using anywhere from one to three users for
each cycle of evaluation.  From a single evaluation session, we
often uncovered design problems so serious that it was pointless
to have a different user attempt to perform the scenarios with the
same design.  So we would iterate the design, based on our ob-
servations, and begin a new cycle of evaluation.  We went
through four major cycles of iteration (Section 5).

Based on our task analysis and early evaluations, we created
a set of scenarios comprised of benchmark user tasks, carefully
considered for coverage of specific issues related to navigation.
For example, some of the tasks exploited an ego-centric (user
moves through world) navigation metaphor while others ex-
ploited an exo-centric (user moves the world) navigation meta-
phor (see Section 5).  Some scenarios exercised various naviga-
tion tasks (i.e., degrees of freedom: pan, zoom, rotate, heading,
pitch, roll) throughout the virtual map world.  Other scenarios
served as primed exploration or non-primed searches [2], while
still others were designed to evaluate rate control versus position
control in the virtual world.  We thoroughly pre-tested and “de-
bugged” all scenarios before presenting them to users during an
evaluation session.

4.3 Expert Heuristic Evaluations

During our expert heuristic evaluations, various user interaction
design experts worked alone or collectively to assess the evolv-
ing user interaction design for Dragon.  In our earliest heuristic
evaluations, the experts did not follow specific user task sce-
narios per se, but engaged simply in “free play” with the user
interface.  All experts knew enough about the purpose of Dragon
as a battlefield visualization VE to explore the kinds of tasks
that would be most important for users of Dragon.  During each
heuristic evaluation session, one person was typically “the
driver,” holding the flightstick and generally deciding what and
how to explore in the application.  One and sometimes two other
experts were observing and commenting.  Much discussion oc-
curred during each session.

As mentioned earlier, the first three authors of this paper
were often the experts assessing the current design.  Their as-
sessment and discussions were guided largely by their own
knowledge of interaction design for VEs, and, more formally, by
a framework for usability characteristics of VEs [4], discussed in
Section 1.  This framework provided a more structured means of
evaluation than merely wandering around at random in the ap-
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plication, and provided guidance on how to make modifications
to improve discovered design guideline violations.  The major
design problems uncovered by the expert heuristic evaluations
were: 1) poor mapping of navigation tasks (e.g., pan, zoom,
pitch, heading) to flightstick buttons, 2) missing functionality
(e.g., exo-centric rotate, terrain following), 3) problems with
damping of map movement in response to flightstick movement,
and 4) graphical and textual feedback to the user about the cur-
rent navigation task (e.g., pan, zoom, etc.).  These problems, and
how we addressed them, are discussed further in Section 5.
After our cycles of expert heuristic evaluation had revealed and
remedied as many design flaws as possible, we moved on to
formative evaluations.

4.4 Formative Evaluations

During each of six formative evaluation sessions, we followed a
formal protocol of welcoming the user, giving them an overview
of the evaluation about to be performed, and then explaining the
responsive workbench and the Dragon application.  We were
careful to not explain too many details of the Dragon interaction
design, since that was what we were evaluating.  Then the user
was asked to play with the flightstick to figure out which button
activated which navigation task (e.g., pan, zoom, etc.).  We
timed each user as they attempted to determine this, and took
notes on comments they made and any critical incidents that
occurred.  Once a user had successfully figured out how to use
the flightstick, we began having them perform the scenarios.  If
about 15 minutes passed without a user figuring out the flight-
stick and its buttons (this happened in only one case), we filled
in details that they had not yet determined and moved on to sce-
narios.

Time to perform the set of scenarios ranged from about 20
minutes to more than an hour.  We timed user performance of
individual tasks and scenarios, and counted errors they made
during task performance (quantitative data).  A typical error was
moving the flightstick in the wrong direction for the particular
navigation metaphor (exo-centric or ego-centric) that was cur-
rently in use.  Other errors involved simply not being able to
maneuver the map (e.g., to rotate it) and persistent problems
with mapping navigation tasks to flightstick buttons.  Again,
these are discussed further in Section 5.  We also carefully noted
critical incidents, especially related to errors, and constructive
comments users made about the design (qualitative data).

During each session, we had at least two and often three
evaluators present:  one was the “leader” who ran the session
and interacted with the user; the other one or two evaluators
recorded timings, counted errors, and collected qualitative data.
While both the expert heuristic evaluation sessions and the for-
mative evaluation sessions were personnel-intensive (with two
or three evaluators involved), we found that the quality and
amount of data collected by multiple evaluators greatly out-
weighed the cost of those evaluators.  After each session, we
analyzed both the quantitative and qualitative data, and based
our next iteration on our results, as explained in the next section.

5 Results: Iterations of the Dragon User
Interaction Design

Table 1 summarizes the four major iterations of the Dragon user
interaction design over an approximately one-year period.  It

gives a high-level description of each iteration (including both
visual and flightstick characteristics), and indicates the major
usability findings for each iteration.  (Space does not permit us
to explain all the information in this table in detail.)  Our find-
ings, shown in rows of the table, fell into four categories:

General Description.  For each iteration, we give a brief de-
scriptive title in the top four cells of Table 1.  A general descrip-
tion of each iteration’s most salient features is shown beneath,
along with the approximate date when the iteration was com-
pleted.

Interaction Description.  This category describes some specif-
ics of how a user interacts with each design iteration.  We ex-
perimented extensively with variants of two different navigation
metaphors (described below): exo-centric and ego-centric.  We
visualized the virtual laser pointer (see Section 2.2) by drawing
a beam coming out of the flightstick and intersecting the envi-
ronment.  In the first (“Virtual Sandtable”) iteration, we also
drew a skeletal hand “holding” the beam to visualize the user’s
hand (lower edge of Figure 1).  This category of Table 1 also
shows the degrees of freedom used by the flightstick tracker.

Device Description.  This category defines the mappings from
the three flightstick buttons (left, right, and trigger) to degrees of
freedom; examples are explained below.

Evaluation Results.  This category indicates which evaluations
were performed on each iteration, and summarizes major
strengths and major flaws of each.  The last row of Table 1
summarizes our user interaction design modification recommen-
dations to Dragon’s programmers.

During early design, we implemented two navigation metaphors:
exo-centric (or map-centric) and ego-centric (or user-centric).
An exo-centric navigation metaphor is based on how a user
would interact with a real physical map on a table.  Different
buttons are used for navigation tasks such as pan, zoom, and
pitch.  The map mimics the motion of the flightstick, so that the
map acts as if it is stuck to the laser beam; user movement of the
flightstick in any direction causes the map to move in that same
direction.  The magnitude of a user’s gesture controls the dis-
tance of the map’s movement in the virtual world (this is also
called zero-order motion).  This means that, for example, when
panning from side to side of a zoomed-in map, a user must make
repeated panning gestures, each of which translates the map a
distance equivalent to the length of the user’s gesture.

An ego-centric navigation metaphor is loosely based on the
concept of a user flying above the map as if in an airplane.
Various button combinations are again used for navigation tasks.
The magnitude of a user’s gesture controls the velocity of the
map’s movement (also called first-order motion); for example, a
user can fly from one side to the other of a zoomed-in map with
a single gesture.

The first iteration, “Virtual Sandtable”, was based on the
sandtable concept briefly described in Section 2.1, and was the
version demonstrated in the military exercises mentioned in
Section 2.2.  So in addition to expert heuristic evaluation, we
had feedback from the demonstrations.  A key finding of this
iteration was that users wanted a terrain-following capability,
allowing them to “fly” over the map.  Based on observations of
users interacting with maps in a combat center, we had initially
thought that a battlespace visualization application only required
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an exo-centric navigation metaphor.  In reality, the workbench-
based Dragon creates a very rich environment, in which users
can do much more than just move a map.  They can actually
experience the environment by visually sizing up terrain fea-
tures, entity placement, fields of fire, lines of sight, and so forth.
Exo-centric navigation worked well when globally manipulating
the environment and conducting operations on large-scale units.
However, for small-scale operations, users wanted the “fly”
capability.  The logical approach to designing this into Dragon
was an ego-centric flying capability.  We found that the map-
ping of flightstick buttons to navigation tasks shown in Table 1
(i.e., trigger and left button pressed simultaneously produced
combined pan and zoom; trigger and right button together pro-
duced combined heading and pitch) worked well for users.

In designing the second iteration, “Point and Go,” we used
the framework of usability characteristics of VEs [4] (see Sec-
tion 1) to suggest various possibilities for an ego-centric naviga-
tion metaphor design, such as WIM [15] and eye-in-hand [17].
We ultimately designed a “point and go” metaphor, in which we
attempted to avoid having different modes (and buttons) for
different navigation tasks (pan, zoom, etc.) because of known
usability problems with moded interaction.  Further, we based
this decision on how a person often navigates to an object or
location in the real world; namely, they point (or look) and then
go (move) there.  Our reasoning was that adopting this same
idea to ego-centric navigation would simplify the design and at
least loosely mimic the real world.  So in this iteration, a user
simply pointed the flightstick toward a location or object of
interest, and pressed the trigger to fly there.  We found through
our expert heuristic evaluation that the single gesture to move
about was not powerful enough to support the diverse, compli-
cated navigation tasks inherent in Dragon.  Furthermore, a single
gesture meant that all degrees of freedom were controlled by
that single gesture.  This resulted in, for example, unintentional
rolling when a user only wanted to pan or zoom.  Essentially, we
observed a control versus convenience trade-off.  Many naviga-
tion tasks (modes) were active simultaneously, which was con-
venient but difficult to physically control.  With separate tasks
(modes), there was less convenience but physical control was
easier because degrees of freedom were more limited in each
mode.  In addition to these serious problems, we found that us-
ers wanted to rotate around an object, such as to move com-
pletely around a tank and observe it from all sides.  This indi-
cated that Dragon needed an exo-centric rotate ability, which
was added.  This interesting finding showed that neither a pure
ego-centric nor a pure exo-centric metaphor was desirable; each
metaphor has aspects that are more or less useful depending on
user goals.

In the third iteration, “Modal,” we went from the extreme of
all navigation tasks coupled on a single button to a rather oppo-
site design in which each navigation task was a separate mode.
Specifically, as a user clicked the left or right flightstick button,
Dragon cycled successively through the tasks of pan, zoom,
pitch, heading, and exo-centric rotate.  Once a user had cycled to
the desired task, it was enabled and thus accessible from the
trigger, and the task name appeared in a small textual indicator.
We observed that, as we expected, it was very cumbersome for
users to always have to cycle between modes, and it was obvi-
ous that we still had not achieved a compromise between con-
venience and control.  Again using the framework of usability
characteristics of VEs [4] for guidance, for our fourth iteration

of the Dragon interaction design, “Integrated Navigation,” we
decided to couple pan and zoom onto the flightstick trigger,
pitch and heading onto a single button, and exo-centric rotate
and zoom onto the third flightstick button, as indicated in Table
1.  Our fourth generation design appears to have achieved the
desired convenience versus control compromise.  In our final
evaluation studies, we found that at last we had a design for
navigation that seemed to work well for most users.  The only
problem we observed was minor: damping of map movement
was too great and needed some adjustment, which we made.

6 Lessons Learned and Future Work

A key finding of our research is the successful progression from
heuristic to formative to summative evaluations as a very cost-
effective strategy for assessing and improving a user interaction
design.  Far too often, summative studies are conducted on ap-
plications whose interaction design has had little or no heuristic
or formative evaluation.  This situation is unfortunate because it
is often the case that very expensive summative evaluations are
comparing “good apples” with “bad oranges”.  That is, the dif-
ferences between two interaction designs may occur because one
design is inherently better, in terms of usability, than the other.
If both designs have been heuristically and/or formatively evalu-
ated, then experimenters can have confidence that the interaction
designs are essentially equivalent in terms of their usability: they
will be comparing “good apples” to “good oranges”.  And it is
therefore much more likely that any differences found in a
summative comparison are truly due to differences in the nature
of the applications, and not in their user interaction designs per
se.

Further, the cost of performing these three types of evalua-
tions typically ranges from lowest for expert heuristic evalua-
tions to highest for summative evaluations, as shown in Figure
3.  So if expert heuristic evaluations are not performed prior to
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   Figure 3: Types of usability evaluation and their cost.
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formative evaluations, the formative evaluations will typically
take longer and require more users, and yet reveal many of the
same usability problems that could generally have been discov-
ered by less expensive heuristic evaluations.  Thus, expert heu-
ristic evaluations can reduce the cost of formative studies, and
formative studies produce interaction designs that are truly com-
parable in summative studies for uncovering differences be-
tween applications.

Our future work will focus on summatively evaluating our
current navigation design.  During our expert heuristic and for-
mative evaluations, we discovered many different variables that
affect navigation usability in VEs.  We have narrowed this (ini-
tially large) list to five variables, based on the framework of
usability characteristics [4], our observations during heuristic
and formative evaluations, and our expertise in VE interaction
design.  We feel these five variables have the greatest effect on
navigation, and are therefore the most important candidates for
summative evaluations:

1) navigation metaphor  (ego- vs. exo-centric),

2) gesture control (controls rate vs. controls position),

3) visual presentation device (workbench, desktop, CAVETM),

4) head tracking (present vs. not present), and

5) stereopsis (present vs. not present).

An expected result of these planned studies is empirically de-
termined guidelines for navigation design in VEs.

To summarize, our research has produced results at three levels:

1) important navigation improvements in Dragon,

2) recommendations for navigation design in VEs, especially
workbench-based VEs, and

3) evidential substantiation of a structured approach for user-
centered design and evaluation of VEs.

Virtual Sandtable Point & Go Modal Integrated Navigation
General Description sandtable metaphor one gesture moves anywhere

on map
all navigation tasks sepa-
rated into discrete modes

modes mapped to all three
flightstick buttons

Approximate Date June 1997 November 1997 January 1998 April 1998

Interaction Description
Navigation Metaphor exo-centric (map-centric) ego-centric (flying) primarily ego-centric, except

for exo rotate
primarily ego-centric, except
for exo rotate

Laser Pointer Visual
Representation

laser pointer & skeleton hand laser pointer laser pointer laser pointer

Supported Degrees of
Freedom

x, y, z, heading, pitch x, y, z, heading, pitch, roll x, y, z, heading, pitch x, y, z, heading, pitch

Device Description
Button Mappings trigger & left→pan & zoom

trigger & right→heading &
pitch

trigger→pan &  zoom & pitch
& heading & roll

left and right buttons cycle
modes: pan, zoom, pitch,
heading, exo rotate

trigger→pan & zoom
left→pitch & heading
right→exo rotate & zoom

Evaluation Results
Evaluations
Performed

heuristic heuristic heuristic and formative heuristic and formative

Major Strengths of
Iteration

• easy to pan/zoom
• good for overview tasks

• modeless navigation • easy navigation to any
location with single mode

• easy navigation to any
location

• easy to switch between
navigation tasks

Major Flaws of
Iteration

• skeleton hand orientation
did not match user hand
orientation

• terrain following difficult
• pan gesture parallel to floor

not workbench screen

• hard to travel to non-visible
location on map

• could travel underneath
map

• trigger overloaded with too
many degrees of freedom

• many navigation tasks
resulted in unintentional
rolling

• too cumbersome to switch
between modes

• too much damping; user
movement too slow

• zoom gesture parallel to
workbench screen, not floor

Recommendations to
Programmers for
Interaction Design
Changes

• support terrain following • fine-tune damping and
acceleration

• add collision detection with
map

• remove ability to roll
• add exo-centric rotation

• couple modes so that only
three navigation modes
because then can map to
three buttons on flightstick

• couple pitch and heading
• couple pan and zoom

• fine-tune damping and
acceleration

Table 1: Major iterations of Dragon user interaction design.
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This paper is one of the first to report using expert heuristic
evaluation followed by formative usability evaluation as a
structured approach to the iterative, user-centered design and
evaluation of VE user interaction components.  Our use of this
approach with a real-world battlefield visualization VE has re-
sulted in a VE for which we have empirical evidence of effec-
tiveness and usability.
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