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Abstract—We investigated how the properties of interactive virtual reality systems affect user behavior in full-body embodied inter-
actions. Our experiment compared four interactive virtual reality systems using different display types (CAVE vs. HMD) and modes of
locomotion (walking vs. joystick). Participants performed a perceptual-motor coordination task, in which they had to choose among a
series of opportunities to pass through a gate that cycled open and closed and then board a moving train. Mode of locomotion, but not
type of display, affected how participants chose opportunities for action. Both mode of locomotion and display affected performance
when participants acted on their choices. We conclude that technological properties of virtual reality system (both display and mode
of locomotion) significantly affected opportunities for action available in the environment (affordances) and discuss implications for
design and practical applications of immersive interactive systems.
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1 INTRODUCTION

Current research in the field of human-computer interaction (HCI)
places an increasing emphasis on developing a new breed of inter-
active computer systems designed to leverage natural human skills in
performing physical movements and their intuitive understanding of
interacting with real-world environments [25]. A corresponding trend
in cognitive science unifies complex, multidimensional links between
perception and cognition, the physical body, and action in the environ-
ment into a single phenomenon known as embodiment [44, 55]. Draw-
ing on this connection between HCI and cognitive science, Dourish
[12] coined the term embodied interaction.

The strategy of using knowledge of how people interact in the real
world to design interactions in computer-mediated environments has
been explored in a variety of ways [27]. Many embodied interactive
systems rely on metaphorical interpretation of the user’s spatial ges-
tures to trigger certain functions of the computer system [3, 8, 38]. For
example, to initiate a low jump in a video game the user may need to
hop; to initiate a high jump the user may need to hop while lifting her
arms up [38]. However, if the user needs to precisely coordinate her
motion with that of dynamically moving objects, a tighter coupling be-
tween user movement in the real world and in the computer-mediated
environment may be required. This is often the case in fully immersive
virtual reality (VR) systems, which, for example, couple real-world
head movement to viewpoint movement in the virtual environment.

Many applications of embodied interactive systems rely on their
ability to closely simulate real-world interactions. This is particularly
true for VR-based training [32] and human behavioral research [50].
However, poorly implemented “natural” interactions can decrease per-
formance, make available actions less transparent, and cause issues
with user fatigue [37, 10]. Furthermore, a completely accurate repli-
cation of real world interaction is nearly impossible to achieve as indi-
cated by studies showing significant differences between the real world
and the virtual world even at the basic perceptual level. For example,
users often significantly underestimate distances in virtual representa-
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tions of real world environments [21]. This raises the issue of under-
standing how a choice of a particular type of interactive system may
affect the user-environment interaction.

For a metaphor-based interactive system it is important to assess
how well the system matches the tacit knowledge and expectations of
the user, i.e., the intuitiveness of the system [3]. The use of an intuitive
system does not require special training, because the users can rely on
their existing knowledge and can also easily discover available actions.

We argue here that when the user must precisely coordinate her
movement with the movement of dynamic objects in a computer-
mediated environment, it is useful to consider how well the user can
discern what opportunities for action available in this environment best
match her abilities to act. The notion of possibilities for action that
conceptually links the characteristics of the actor and the properties
of the environment is widely used in ecological psychology and was
originally developed by Gibson [18], who coined the term affordances
to describe the concept.

In this paper we apply an affordance-based approach to better un-
derstand how the properties of the interactive system and the interac-
tion technique jointly influence the user-environment interaction. The
study focuses on fully immersive VR systems, where the potential for
the computer system to impact both perceptual and action capabilities
of the user is the greatest. In evaluating the properties of the system
we systematically explore the choice of display type and mode of lo-
comotion.

2 RELATED WORK

2.1 The role of display and interaction technique

Human interaction with dynamically changing environments critically
depends on coupling between perception and action. Warren [53] re-
views several psychological models attempting to describe how such
dynamic behaviors are controlled and outlines his own framework that
treats the agent and the environment as a pair of coupled dynamical
systems, whose interaction gives rise to stable, adaptive behavior.

In VR, perceptual-motor coordination is also impacted by the re-
lationship between the properties of the display and the interaction
technique [10]. Display characteristics directly impact how users vi-
sually perceive the virtual environment, whereas interaction technique
strongly influences user actions and corresponding performance out-
comes. In addition, due to tight link between perception and action,
properties of the VR display can directly impact action-related perfor-
mance, such as motor movements of the arm [49].

A number of previous studies have examined the coupling between
the type of display and the interaction technique. For example, Bow-
man et al. [9] explored the effects of using different display systems (a
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3-sided CAVE vs. a head-mounted display or HMD) and two interac-
tion techniques (physical vs. joystick-controlled rotation) on the task
of navigating through a virtual reality tunnel with many turns. They
found that user preferences for one interaction technique vs. another
depended on the type of display. In the HMD setup, which allowed
a full 360 degrees rotation, users largely relied on physical turning.
In their CAVE setup, which did not allow full physical rotation and
therefore created situations where users would need to switch from
physical to joystick-controlled turning, users preferred consistent use
of the joystick.

Steed and Parker [48] compared the use of two interaction tech-
niques for object selection and manipulation in both a 3-sided CAVE
and an HMD. Their data showed that performance in selection and
manipulation tasks depended significantly on both the choice of in-
teraction technique and characteristics of the display. Noting the link
between interaction technique and display type, the authors argued in
favor of tailoring the interaction technique to the available display.

McMahan et al. [34] evaluated the relationship between display
and interaction fidelity in a virtual reality gaming task. They used a
2 x 2 factorial design to investigate the extremes of low and high fi-
delity for both display and interaction scales. On the display scale,
the high-fidelity systems used a six-sided CAVE system that fully sur-
rounded the user with computer-generated graphics; the low-fidelity
systems used a single large projection screen (one side of the CAVE).
On the interaction scale, the high-fidelity conditions used a “human
joystick” technique based on physical rotation and naturalistic move-
ment to control locomotion; the low-fidelity conditions relied on a key-
board and joystick. The results of the experiment demonstrate an in-
teraction between effects of display and interaction fidelity. Based on
performance data and observations during the experiment, the authors
conclude that in combination display and interaction fidelity can affect
both performance and game strategies.

All of these studies explore the effects of display types and interac-
tion techniques primarily in terms user performance measures. How-
ever, performance measures alone may not be able to fully capture the
relationship between the user and the environment, because they do
not explicitly reflect choices users make about opportunities for ac-
tion. In the current study we explore an approach based on the notion
of affordances from ecological psychology that provides an explicit
framework for conceptualizing how choices emerge from the relation-
ship between the user and the computer-mediated environment.

2.2 Using affordances to study VR systems
An affordance [18, 5, 13] is a possibility for action that depends on
both the characteristics of the actor and the properties of the environ-
ment. Body-scaled affordances describe possibilities for action that
arise from the relationship between the geometric scale of the human
body and the environment. For example, the possibility of climbing
a stair step can be determined by the ratio between the height of the
step and the length of the person’s leg [51]. Action-scaled affordances
extend this definition to include kinematic and kinetic abilities of the
body to act in dynamically changing environments, such as the possi-
bilities of catching a baseball or crossing through a gap in traffic [15].

The concept of affordance can be extended to synthetic virtual re-
ality environments. For example, participants in a virtual reality ex-
periment [43] judged body-scaled affordances of standing on sloped
virtual surfaces in a manner qualitatively similar to studies in the real
world.

In order to determine what action-scaled affordances are available,
individuals need to accurately perceive properties of the environment
relative to their own action capabilities. In response to continuous
change in action capabilities of the body and the properties of the en-
vironment, people update this information through a continuous cali-
bration process [5]. A change in properties of the environment or in a
person’s action capabilities should result in changes in the available af-
fordances. For example, walking on ice or wearing a heavy backpack
can lead to significant change in affordances [33].

Humans are generally quite good at assessing available opportu-
nities for action. However, when faced with a new environment or an

unfamiliar task people may misjudge their action capabilities, which in
turn leads to inaccurate perception of action-scaled affordances. Tra-
ditionally, ecological psychology considers the accurate perception of
affordances and the execution of action as two separate problems: an
affordance problem and a control problem [52]. However, more recent
accounts emphasize the importance of the reciprocal relations between
affordance and control problems [14, 16], suggesting that some com-
bination of information about one’s own action capabilities and the
state of the environment may be needed to both perceive action-scaled
affordances and guide the control of the action.

Users immersed in a virtual environment are dealing with alter-
ations of both available perceptual information and their action abil-
ities. The choices users make about opportunities for action reveal
how they estimate their abilities in a computer-mediated environment.
When users choose opportunities for action that fit their abilities, they
should generally be able to complete the actions successfully. If users
have difficulties determining their abilities to act, it may lead to in-
creased chance of poor performance or downright failure. For exam-
ple, the users may experience an action breakdown, when they sud-
denly realize that the selected action it is not appropriate in the current
environmental context [17]. Instances of poor performance, such as
action breakdowns, may point to system-specific usability problems
experienced by the users. To better understand how users perceive dy-
namic affordances in computer-mediated interactive systems, it is im-
portant to consider the impact of the properties of the VR system both
on how users choose opportunities for action and on how effectively
they act upon these choices.

3 THE CURRENT STUDY

The current study aims to explore how different configurations (i.e.,
the technological properties) of a VR system may affect user behavior
in a perceptual-motor coordination task. More specifically, the study
was designed to systematically explore the effects of display type and
mode of locomotion (the interaction technique used in this task). The
study relies on an affordance-based approach that combines the anal-
ysis of participants’ choices of boarding opportunities, performance
when acting upon these choices, and failures to successfully accom-
plish action to provide an in depth understanding of how the display
type and mode of locomotion influence behavior. The assessment of
the usefulness of the affordance-based approach is the secondary re-
search aim of the study.

In contrast to [34], we did not attempt to gauge how different lev-
els of display and interaction fidelity influence performance. Further-
more, we did not attempt to perform a comparative benchmark analy-
sis of the effectiveness of specific display types or modes of locomo-
tion. We were more interested in the interaction of display type and
mode of locomotion with respect to participants’ behavior rather than
individual scaling of the effectiveness of each and therefore aimed to
compare VR setups that were sufficiently different from each other
rather than clearly ordered on the fidelity or performance scale.

To that aim we selected two display types and two locomotion tech-
niques that had clearly distinct properties and were also representa-
tive of the typical VR setups commonly used in practice. The dis-
plays were a large-screen projection display setup with three side walls
and the floor projection labeled as CAVE and a head-mounted display
labeled as HMD. The modes of locomotion were physical walking
(Walking) and joystick-controlled locomotion (Joystick).

Methodologically, the current study was modeled after an exper-
iment by Grechkin et al. [20], which was designed to explore how
child and adult bicyclists perceive dynamic affordances in a complex
road-crossing task. Their task involved crossing two lanes of traffic
moving in opposite directions, creating a situation where participants
needed to shift their attention between spatially separated moving ob-
jects. Similarly, the current study used a divided attention task that
required participants to attend to two temporal sequences in order to
select an opportunity for action. The details of the task are discussed
below.
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Fig. 1. Train boarding task. The top row shows a participant boarding the train by physically walking in the CAVE. The bottom row shows the virtual
train and the gate in Early (bottom left) and Late (bottom right) configurations.

4 METHOD

4.1 Task

The task immersed participants in a virtual environment representing
a train station 1. At the beginning of each trial the participant was
standing on a train station platform facing the railroad tracks with a
see-through sliding gate located close to the edge of the platform. A
freight train was passing by the station at constant speed. The train
was composed of two types of railroad cars: a flat platform car and a
tall freight car. The participant was instructed to wait for a situation
when she could pass through the open gate and then move forward to
board a flat platform car directly in front her (Figure 1).

The gate was located approximately 2.44 m (8 ft) in front of the
participant (this distance was selected based on CAVE dimensions to
maximize walking distance and ensure that the gate was fully visible
on the front screen). The gate periodically opened and closed at reg-
ular intervals. Each gate-opening interval (from the moment the gate
started to open to the moment when it was completely closed again)
was 1.5 s long. There was a 3.0 s pause until the next opening.

The train was moving with constant speed in such a way that each
train car passed the participant in 3.0 s (the flat platform cars and tall
freight cars had the same length of approximately 2.74 m (9 ft)). The
motion of the train and the gate opening cycle were synchronized so
that they produced one of the following three spatio-temporal config-
urations between the platform and the gate:

1Our virtual environment did not faithfully replicate real-world scale of ob-
jects. In addition, due to a programming error the viewpoint in virtual envi-
ronment was set approximately 1 ft below the actual height of the participants.
However, we believe these anomalies did not affect our results because all com-
parisons were performed between conditions consistently using the same envi-
ronment.

• Closed - the gate remained closed the entire time that the plat-
form was passing in front of the participant.

• Early - the gate started to open when the front of the plat-
form passed the participant and closed approximately half-way
through the platform passing (1.5 s after platform arrival).

• Late - the gate started to open half-way through the platform
passing interval (1.5 s after platform’s arrival) and closed when
the back of the platform was about to pass the participant.

The Early and Late configurations represented two distinct oppor-
tunities that both afforded boarding; the Closed configuration did not
afford boarding because the gate did not open as the platform passed.

The algorithm for adding cars to the train maintained synchroniza-
tion between the gate-opening cycle and the passage of the train. Each
platform was followed by a tall freight car so each opportunity to board
the train was visually and logically distinct. The three possible con-
figurations between the platform and the gate opening were uniformly
randomly distributed across the train.

To visually mark the end of each experimental trial the train stopped
as soon as the participant boarded. Because we were interested in how
people used visual information to guide their movements, participants
were provided with visual, but not auditory information.

4.2 Experimental design
The experiment used a 2 x 2 between-subjects design. The two factors
were the display type (CAVE or HMD) and the mode of locomotion
(physical walking or joystick-controlled locomotion). In combination,
these factors produced the following four experimental conditions:

1. CAVE+Walking - participants performed the task with the CAVE
display and physical walking
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2. CAVE+Joystick - participants performed the task with the CAVE
display and joystick-controlled locomotion

3. HMD+Walking - participants performed the task with the HMD
display and physical walking

4. HMD+Joystick - participants performed the task with the HMD
display and joystick-controlled locomotion

4.3 Apparatus and materials
For the HMD conditions we used an nVIS nVisor ST system. The
HMD contained two small LCOS displays each with resolution of
1280 x 1024 pixels. Convergence distance for the HMD was set by the
manufacturer to 10 meters. The HMD displayed stereoscopic imagery
with 40.5 degrees vertical and 49.5 degrees horizontal fielw-of-view.

For the CAVE conditions we used three 10-feet-wide x 8-feet-high
vertical screens placed at right angles to one another, forming a three-
walled room. Three projectiondesign F1+ projectors displayed 1280
x 1024 pixel images onto the front and side screens, providing par-
ticipants with approximately 224 degrees horizontal field-of-view of
non-stereoscopic, immersive visual imagery. The floor screen was
front-projected by a Sanyo PLC WXE45 projector with the same res-
olution.

A 6 DOF Ascension trakStar electro-magnetic tracker with ex-
tended range transmitter was used to determine position and orien-
tation of participant’s head in the environment. This allowed us to dy-
namically adjust the viewpoint for each participant, enabling motion
parallax.

In order to anchor the joystick-controlled locomotion to the real
world we set the nominal speed of the simulated locomotion to be
equal to the average brisk real-world walking speed of 1.5 m/s (or
3.35 mph). The speed of joystick-controlled locomotion changed in-
stantaneously without an acceleration phase.

We scaled the translational motion by a factor of 2 to enable par-
ticipants in the CAVE setup to reach a target they initially observed
on the front screen without physically running into the screen surface.
To maintain consistency the scaling was applied uniformly to all four
conditions. For Walking conditions this meant that participants visu-
ally moved twice as fast as they did in the real world; for Joystick
conditions the nominal speed of joystick-controlled movement dou-
bled. The VR literature suggests that people are capable of navigating
virtual environments even when their motion is scaled by a factor of
10 relative to normal [26, 54].

4.4 Calibration
In order to ensure accurate position and orientation measurements the
tracker and displays were calibrated before the experiment. The cali-
bration procedure was derived from procedures developed in [21, 29].

In both setups the tracker point-of-origin represented to the origin
of the coordinate system in the virtual environment. Therefore, initial
positional calibration required simply placing the tracker at the desired
location relative to the rest of the setup.

When performing rotational calibration in the CAVE conditions, we
decided to align the axes of the tracker coordinate system with the co-
ordinate system of the virtual environment. Therefore, initial calibra-
tion required only a one-time alignment of tracker axes with the axes
of the CAVE setup.

Rotational calibration for the HMD conditions was performed for
each participant in two steps. First we wanted to ensure that HMD
screens were centered relative to the participant’s eyes. We displayed a
test-pattern image (cross hairs in the middle and a nested set of colored
thin rectangular “rings” at the outer portion of the screen) and directed
participants to use the top and back HMD fit adjustment knobs so that
device was snug and they could see the same color at the extreme top
and bottom of their view. Next participants were told to close one eye
and use an inter-pupillary distance (IPD) adjustment knob to adjust the
visible screen so that the same color appeared at the right and the left
edges of the display. This was then repeated for the other eye. This
step accounted for differences in both IPD and the HMD positioning
on the head. Second, to properly align the axis of the tracker and the

virtual environment the participants were asked to visually match two
markers. The first marker (grey cross) was placed in a fixed position in
the virtual environment’s coordinate systems. The second marker (or-
ange cross) was attached to the tracker coordinate system and rotated
with rotational motions of the participant. Participants were asked to
rotate their head to align the two markers. When the two markers were
visually aligned, the tracker’s orientation measurements corresponded
to the rotational offsets between the two coordinate systems. By press-
ing a button on the keyboard the experimenter recorded the offsets and
initialized the correction of alignment.

4.5 Procedure
Each experimental session started with a briefing about the task. After
signing the informed consent form, participants were shown the ap-
paratus for the appropriate experimental condition and were asked to
perform the required calibration.

To familiarize participants with the scaled motion through the vir-
tual environment, each experimental session included a familiariza-
tion phase. The participants were placed in an indoor environment
(waiting hall inside the train station) with regularly spaced tables and
chairs. They were asked to physically walk forward or use the joystick
to move until they were standing between the nearest pair of chairs.
Then the screen was blanked and the participants were asked to return
to their initial position. This procedure was repeated three times.

Next, participants were placed on the platform of the virtual train
station. They again received the instructions detailing the task. We en-
couraged the participants to visually explore the environment by look-
ing around. We also asked them to observe the passing of several train
platform cars to gain some understanding of interaction between the
train and the gate. Finally, the participants completed a practice trial
by attempting to board the train. The experimenter provided verbal
feedback to ensure that participants fully understood the task.

The participants then completed 20 boarding trials. A trial was con-
sidered complete when the participant reached the train. At the end of
each trial the screens turned black and participants returned to their
initial position before commencing the next trial.

The experimental session concluded with a short debriefing.

4.6 Participants
A total of 63 undergraduate students taking an introductory psychol-
ogy course at a Midwestern university participated in this study. There
were 16 participants in the CAVE+Joystick condition (7 male, 9 fe-
male), 15 participants in the CAVE+Walking condition (7 male, 8 fe-
male), 16 participants in the HMD+Joystick condition (8 male, 8 fe-
male), and 16 participants in the HMD+Walking condition (8 male, 8
female). The data for an additional participant in Cave+Walking con-
dition was discarded due to issues with data recording. Each of the
63 participants completed 20 boarding trials for a total of 1260 trials.
Due to data recording errors, 5 trials were missing; therefore, the total
number of boarding trials included in final analysis was 1255.

5 RESULTS

The data analysis focused on three main areas. First, we explored how
participants chose an opportunity to board the train. Second, we ana-
lyzed the likelihood of failure while acting upon these choices. Finally,
we studied performance (speed and timing) during the successfully
completed boarding actions.

5.1 Choice of boarding opportunity
To take into account the length of time before boarding, the analysis of
how participants chose an opportunity to board was conducted using a
group of statistical techniques called survival analysis (see [2] for an
overview).

During each boarding trial participants sequentially evaluated a se-
ries of options presented to them. Using survival analysis terminology
each boarding trial concluded with an event of selecting an opportu-
nity for boarding. All trials continued until choice was made, so there
was no censoring. The number of boarding opportunities that partici-
pants observed before making a choice naturally represents the timing
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Fig. 2. The process of choosing a boarding opportunity over time rep-
resented as a “survival function” [2]. The plot shows the proportion of
boarding trials relative to the number of boarding opportunities evalu-
ated before a boarding decision was made (i.e. the proportion of trials
in which the participant saw n or more opportunities to board). Thus,
100% of the time participants saw 1 or more opportunities, 30% of the
time participants saw 2 or more opportunities, 10% of the time partici-
pants saw 3 or more opportunities, etc.

Table 1. Fixed effects tests for binary logistic model for choosing a
boarding opportunity

Effect F Ratio p-value
Display F(1, 1906) = 2.01 0.156
Mode F(1, 1906) = 4.38 0.037
Display * Mode F(1, 1906) = 1.9 0.168
Configuration F(2, 1906) = 166 <0.001
Display * Configuration F(2, 1906) = 2.3 0.1
Mode * Configuration F(2, 1906) = 26.38 <0.001
OpportunityN F(1, 1906) = 7.21 0.007
Trial F(1, 1906) = 0.39 0.534

of the events. Successive boarding opportunities had different config-
urations, so boarding configuration was a time-dependent covariant.
Trials in which participants boarded after observing the same number
of boarding opportunities were classified as tied events.

Figure 2 illustrates the relationship between the event of choosing a
boarding opportunity and time. In particular, it shows that in approxi-
mately 70% of all cases participants selected the first option they saw
and in 90% of all trials they evaluated no more than 3 opportunities.
However, in some boarding trials participants evaluated as many as 11
boarding opportunities.

To explore factors that influenced the decision to select a particu-
lar boarding opportunity we used a binary logistic model with random
effects. For each boarding opportunity observed by participants, the
model used a binary indicator to distinguish between the event of se-
lecting the opportunity for boarding and a non-event (passing up an
opportunity to board). The model included the following predictor
variables:

• Trial - the sequential order of trials for the participant

• OpportunityN - the sequential order of an opportunity within the
boarding trial (a measure of time)

• Display - type of display used by participant

• Mode - mode of locomotion used by participant

• Configuration - type of boarding configuration available (Early,
Late, or Closed)

The model also included all possible 2-way interactions between Dis-
play, Mode, and Configuration. Correlations between trials made by
the same person were modeled by including Participant as a random
effect. There were a total of 1977 boarding opportunities observed by
participants. The model was fitted in SAS 9.3 using PROC GLIM-
MIX. Table 1 summarizes the fixed effects tests for the fitted model.
The relative size of effects in logistic models can be compared using
odds ratios (ORs) reported below, for which the value of 1.0 corre-
sponds to absence of the effect (i.e., equal odds) and larger values
correspond to larger effects.

The model indicates that Configuration had a large and statisti-
cally significant effect on the decision to choose a boarding oppor-
tunity. The odds ratios suggest that participants were substantially
more likely to choose a Late configuration than a Closed configuration
(OR = 58.82). They were also more likely to chose an Early configu-
ration than a Late configuration (OR = 44.29) and by extension more
likely to choose an Early configuration than a Closed configuration.

The sizable (OR = 2.52) and statistically significant effect of Mode
indicates that mode of locomotion affected the likelihood of selecting
a boarding opportunity. This effect is easier to interpret in the context
of a significant interaction present in the model presented below.

The statistically significant interaction between Mode and Configu-
ration indicates that the likelihood of choosing a boarding opportunity
with a particular configuration depended on the mode of locomotion
used by participants. To test for associated differences, the following
four contrasts were estimated using a Bonferroni correction for multi-
ple comparisons. The first contrast compared the likelihood of choos-
ing a Late configuration between Walking and Joystick participants.
The results indicate that Joystick participants were more likely to se-
lect a Late configuration (F(1,1906) = 27.47, p < 0.001, OR = 9.95).
The second and the third contrasts compared the likelihood of choos-
ing an Early configuration over a Late configuration for the Walking
and Joystick conditions respectively. The results indicate that the like-
lihood of selecting an Early over a Late configuration was higher for
both Walking (F(1,1906) = 178.91, p < 0.001, OR = 41.013) and
Joystick (F(1,1906) = 40.33, p < 0.001, OR = 47.832). The fourth
and final contrast compared the likelihood of erroneously choosing an
opportunity with a Closed configuration between Walking and Joy-
stick conditions. The results indicate that Walking participants were
more likely to select a Closed configuration compared to Joystick par-
ticipants (F(1,1906) = 8.78, p = 0.012, OR = 5.291).

The OpporunityN effect indicates that the likelihood of making a
choice increased with each successive opportunity presented to partic-
ipants within a single trial. Odds ratio (OR = 1.19) indicates that odds
of event increased by 19% for each successive opportunity.

The effects of Display (OR = 1.84) and interactions involving Dis-
play were relatively small and not statistically significant, indicating
that participants using CAVE and HMD were making choices in a sim-
ilar manner.

The small (OR = 1.009) and statistically non-significant effect of
Trial indicates the absence of learning effects over the course of the
experiment.

Figure 3 illustrates the actual outcomes of the selection process ob-
served in the experiment; it shows actual proportion of Early, Late,
and Closed configurations selected for boarding in each experimental
condition.

5.2 Failures to board
In order to board successfully participants needed to first select an
appropriate boarding opportunity, then pass through an open gate,
and finally board the train while a platform car was crossing their
line of travel. A systematic relationship between the failure to board
and a particular experimental condition may indicate that participants
had difficulties accurately perceiving and acting upon available affor-
dances.

The previous section evaluated the how the likelihood of choosing
a Closed boarding opportunity was related to experimental condition.
A choice of a Closed configuration automatically precludes the par-
ticipant from boarding the train successfully. Overall, there were 50

600 IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 20, NO. 4,  APRIL 2014



Fig. 3. Proportion of Early, Late, and Closed configurations selected
for boarding in each experimental condition. Error bars represent 95%
confidence intervals.

trials where participants failed to board the train due to their choice
of boarding opportunity; notably, 37 of these trials were in the two
Walking conditions.

In cases where participants made a successful choice, there was still
a possibility of failure due to performance problems. There were 74
trials with performance-related failures of one of the following three
different types.

First, a trial was classified as a failure due to boarding prior to gate
opening when participants started their movement towards the plat-
form while the gate was still closed and arrived at the gate before it
opened. The majority (21 out of 26) failures of this type occurred
when a Late configuration was selected for boarding. Fisher’s ex-
act test for proportions confirms that probability of failure for Late
configuration was significantly higher compared to boarding in Early
configuration (p < 0.001). To compare the probability of failure due
to boarding prior to gate opening across conditions, we first com-
puted a count of failures for each participant. A logistic model com-
pared failure counts for each participant across a full-factorial of Dis-
play and Mode combinations. A likelihood ratio test failed to reject
(χ2(3) = 7.008, p = 0.07) the global null hypothesis indicating the
absence of statistical evidence that the failure of this type was more
likely to occur for any particular combination of display and mode of
locomotion.

Second, failures due to boarding after gate closing occurred when
participants started their movement towards the platform while the
gate was still open and arrived at the gate after it closed. There were
a total of 42 failures of this type. These failures occurred predomi-
nantly in HMD+Walking condition (41 out of 42), particularly when
attempting to board in Early configuration (38 out of 42). Fisher’s ex-
act test shows that the probability of error in HMD+Walking condition
was significantly higher compared to all other conditions combined
(p < .001) and that the probability of error was higher when boarding
in Early configuration (p < 0.001).

Third, there were 10 trials where participants were hit by the on-
coming train car that was following the platform; all 10 occurred
while boarding in the Late configuration. Four of the hits occurred
during boarding after the gate was closed and six hits did not overlap
with other kinds of failures. Similar to the previous group of fail-
ures hits occurred predominantly in HMD+Walking condition (9 out
of 10). Fisher’s exact test indicated that the probability of a hit in this
condition was significantly higher compared to all other conditions
combined (p < .001) and that the probability of a hit was significantly
higher when boarding in Late configuration (p < .001).

5.3 Performance analysis

The following analyses explore how participants performed successful
boarding actions by focusing on the performance measures of speed
and timing. All statistical models for performance measures were fit-
ted using JMP 10.0.

Fig. 4. Representative trajectories in a Walking condition trial (blue) and
a Joystick condition trial (red). Shaded areas represent time intervals
when the gate was open. Dotted horizontal line shows position of the
gate; solid horizontal line represents the edge of the platform.

Table 2. Linear model for effects of display, mode of locomotion, and
selected boarding configuration on top speed

Effect F Ratio p-value η2

Display F(1, 119) = 35.78 <.001 0.059
Mode F(1, 119) = 972.97 <.001 0.755
Display * Mode F(1, 119) = 35.95 <.001 0.06
Configuration F(1, 119) = 1.59 0.067 0.003

5.3.1 Speed

Participants’ trajectories during boarding generally followed simi-
lar profiles - a short period of acceleration to maximum speed, fol-
lowed by a movement with near-constant speed until the platform was
reached. Figure 4 shows two representative trajectories illustrating this
pattern for physical walking and joystick movement.

In this situation top speed can serve as a good summary measure of
the dynamic profile. For each boarding trial top speed was estimated
as the average speed of locomotion between the gate and the platform
(i.e., the ratio of the distance between the gate and the platform to the
time it took the participant to cover this distance). To maintain con-
sistency between physical walking and joystick locomotion the per-
formance measures were based on visual speed of motion (i.e., scaled
relative to physical motion in walking conditions). The analysis of
speed was conducted in two stages.

First, for each participant we computed separate mean speeds for
successful boarding trials in Early and Late configurations. The counts
of trials used to compute these mean values were treated as relative
weights for each observation. Five participants did not have any suc-
cessful boardings in the Late configuration, so the total number of ob-
servations was 121.

Second, a linear least squares model was used to explore the effects
of experimental condition and selected boarding opportunity on top
speed. Table 2 summarizes the fitted model.

The model shows statistically significant main effects of display
(p < .001) and mode of locomotion (p < .001), as well as a two-way
interaction between these factors (p < .001). The follow-up compar-
isons using Tukey’s HSD indicated that walking participants traveled
significantly slower in the CAVE compared to the HMD condition
t(116) = 11.84, p < .001. Due to the fixed speed of joystick locomo-
tion, both joystick conditions had identical speeds t(116) = 0.02, p =
1.0, with means at 3.0 m/s. Mean top walking speed was lower than
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Fig. 5. Means of estimated top speed for each experimental condition.
Error bars represent 95% confidence intervals. Visual (scaled) speed is
shown.

top joystick speed for both CAVE t(116) = 28.50, p < .001 and HMD
t(116) = 15.98, p < .001. Figure 5 shows estimated top speed for all
four experimental conditions.

The model also indicates that the overall effect of Configuration
was not statistically significant (p = .067).

5.3.2 Timing of boarding action

To explore how participants timed their boarding we designed a per-
formance measure called “gate-to-platform delay,” which can be used
to compare timing independent from the selected configuration for
boarding. Gate-to-platform delay was defined as a temporal delay
between the moment the gate was fully open and the moment when
the participant entered the platform. The measure shows how tightly
participants coordinated their boarding actions with changes in the en-
vironment. In the absence of a reliable indication that the gate is about
to start closing, the best boarding strategy is to pass through the gate
as soon as possible, provided that there is a platform available behind
the gate (i.e., not a Closed configuration).

For each participant we computed the mean gate-to-platform delay
across successful boarding trials for the Early and Late configurations
and used the counts of successful trials as relative weights for these
means. Here again the total number of observations was 121 because
five participants did not have any successful boardings in the Late con-
figuration.

The effects of experimental condition and selected boarding oppor-
tunity on timing of boarding action were analyzed using a linear least
squares model with gate-to-platform delay as dependent measure. The
model included a full factorial combination of Display, Mode, and
Configuration as independent factors. Table 3 summarizes the results
of fitting the model.

The model revealed no significant interactions between predictor
variables. There was a large and statistically significant (p < 0.001)
effect of mode of locomotion, indicating that participants boarded
sooner in the Joystick conditions (M = 1.04 s, 95% CI [1.00,1.08])
compared to the Walking conditions (M = 1.57 s, 95%CI [1.52,1.61]).
A statistically significant effect of display (p < 0.001) indicates
that participants boarded sooner in the CAVE conditions (M =
1.20 s, 95% CI [1.16,1.25]) compared to the HMD conditions (M =
1.45 s, 95% CI [1.36,1.40]). Finally, a significant main effect of
boarding configuration (p < 0.001) indicates that participants on av-
erage boarded sooner when they selected a Late configuration (M =
1.23 s, 95% CI [1.18,1.28]) compared to when they choose an Ealy
configuration (M = 1.38 s, 95%CI [1.34,1.41]). Figure 6 shows esti-
mated gate-to-platform delays for all four experimental conditions and
both configurations.

Fig. 6. Timing of boarding action in terms of gate-to-platform delay. Error
bars represent 95% confidence intervals.

Table 3. Linear model for effects of display, mode of locomotion, and
selected boarding configuration on gate-to-patform delay

Effect F Ratio p-value η2

Mode F(1, 119) = 285.87 <.001 0.518
Display F(1, 119) = 42.18 <.001 0.076
Conf. F(1, 119) = 22.97 <.001 0.042
Display * Mode F(1, 119) = 0.62 0.433 0.001
Conf. * Mode F(1, 119) = 0.96 0.327 0.002
Conf. * Display F(1, 119) = 0.47 0.494 0.001
Conf. * Display * Mode F(1, 119) = 0.14 0.706 <0.001

6 DISCUSSION

The above results indicate that the technological properties of the VR
system affected both users’ choices and performance. This section
first presents a detailed discussion of these effects, and then focuses
on interpreting the results in terms of the affordances.

6.1 Effects on choice of boarding opportunity

The data show clear evidence that the choice of boarding opportunity
was affected by the mode of locomotion. Although participants in both
Joystick and Walking conditions had a preference for Early boarding
opportunities (see Figure 3), this preference was particularly apparent
in the Walking conditions. Interestingly, the effects of display were
relatively small and did not reach statistical significance.

The difference in the preference for Early vs. Late configurations
in the Joystick vs. Walking conditions is likely due to the difference in
speed between the two modes of locomotion. Because participants in
Walking conditions moved more slowly, it was more critical for them
to tightly synchronize the timing of the boarding action with the open-
ing of the gate. In this situation the following two properties may have
contributed to the attractiveness of choosing the Early configuration.
First, the coinciding arrival of the platform and the opening of the gate
in the Early configuration provided a powerful visual cue, which facil-
itated decision making. Second, it was also clear that the platform in
Early configurations would be available for a longer interval of time.
So, the slower moving walking participants could more easily concen-
trate on timing their passage through the open gate.

This explanation is further supported by the analysis of cases where
participants erroneously chose the Closed configuration, which were
significantly more likely to occur for participants in Walking condi-
tions (see p. 5). In this configuration the gate was initially open and
then closed shortly before the platforms arrival. Participants were able
to see the approaching platform and had to decide whether the gate
would remain open long enough to board. To cover the (fixed) dis-
tance to the train, the slower moving walking participants would need
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to start sooner and had less time to make the decision, which likely
resulted in higher proportion of such errors in their choices.

6.2 Effects on boarding performance
The results indicate both the type of display and the mode of locomo-
tion affected participants’ boarding performance in terms of speed and
timing. Additionally, the choice of boarding opportunity affected the
timing of boarding action, but not the speed.

Participants in the Joystick conditions moved at a higher speed than
participants in either of the Walking conditions, and participants in
the HMD+Walking condition moved at a higher speed than partici-
pants in the CAVE+Walking condition. Clearly, the scaled real-world
brisk walking speed in the joystick conditions was not matched by the
two walking conditions. The lower walking speed in the HMD condi-
tion relative to the real world walking is consistent with earlier stud-
ies [35] which show that participants wearing an HMD tend to walk
slower compared to real-world walking, which is likely explained by
the encumbrance of the HMD machinery. The slow walking speed in
the CAVE+Walking condition may be due to cautiousness as result of
moving in a confined space between the screens. The up-scaling of
motion in the walking conditions may also have contributed to slower
walking speeds. Earlier studies indicate that extreme (by a factor of
10) scaling of walking speed in virtual environment negatively im-
pacts subjective ease of use and naturalness ratings for physical walk-
ing, but not for joystick-controlled locomotion [26]. On the other had,
Williams et al. [54] found no significant differences in measures of
spatial learning and orientation when between normal and scaled (by
either a factor of 2 or a factor of 10) physical walking in virtual envi-
ronments.

Both the type of display and mode of locomotion influenced the
timing of the boarding action relative to the gate opening (Figure 6).
Participants in the Joystick conditions boarded more quickly than par-
ticipants in the Walking conditions, likely due their higher speed. The
fact that walking participants using the CAVE display boarded sooner
than participants using the HMD is particularly noteworthy given the
fact that participants in the CAVE display walked more slowly.

On average, participants boarded sooner when they selected a Late
boarding configuration compared to when they selected an Early
boarding configuration. We believe participants perceived Late con-
figuration as more time-constraining and consequently felt more time
pressure to board, which resulted in minimization of the delay. Be-
havioral studies show that the need for precise movement coordina-
tion under challenging time constraints similarly leads bicycle riders
to minimize temporal delays [42]. The perceived time pressure when
attempting to board in Late configuration may also account for higher
rate of failures due boarding prior to gate opening compared to Early
configuration.

Participants in CAVE+Walking condition walked slower than par-
ticipants in HMD+Walking condition despite being less physically
constrained by the machinery of the display. Yet, they still managed
to board sooner. This indicates that among many differences in char-
acteristics of our displays the most relevant was the ability to provide
sufficient visual information to better anticipate the moment when the
door opened with a platform behind it. The most obvious such dif-
ference is the wider field-of-view (FOV) of the CAVE setup vs. the
HMD setup used in this experiment. A wider FOV provides visual
information in the periphery that may improve movement synchro-
nization by allowing better integration of dynamic information about
the time of arrival of the train with the opening and closing of the
gate. Other work has shown that the restricted FOV of the HMD can
negatively affect performance when users attempt to simultaneously
walk and attend to a visual task in a foreground [36] as they did in our
experiment. Furthermore, restricted FOV can negatively affect even
real-world walking performance in traversing of a winding path [1].

It is important to note, however, that FOV is not an intrinsic prop-
erty of a specific display class (i.e., HMDs and CAVEs are available
with many different FOVs). Therefore, the observed performance dif-
ferences cannot be attributed to a specific type of display and a more
targeted future study is required to further investigate the effects of the

FOV. One approach would be to simulate the difference between wide
and narrow FOV within either a CAVE-like projection screen setup or
a Wide FOV HMD device. For example, Jones et al. [28] have recently
shown that a wider FOV HMD does lead to improved perceptual dis-
tance judgments compared to a simulated narrow FOV, equivalent to
that provided by our HMD.

Perceptual studies also suggest that the confinements of the HMD
machinery itself may affect perception and action in virtual reality
[21]. Hence, it may also be interesting to further explore the effects of
the HMD vs. projection screens by designing two setups that are more
evenly matched in terms of FOV and other visual characteristics.

Visual information available to the user may have also been affected
by other properties of the displays, such as stereoscopy. Images were
displayed in stereo in our HMD setup and without stereo in our pro-
jection screen setup (CAVE). There are surprisingly few studies exam-
ining the effects of stereoscopy on accuracy of time-to-collision judg-
ments, which were critical for our task. Cavallo and Laurent [11] ex-
amined the influence of binocular vs. monocular judgments of time to
collision on an actual driving circuit. Participants were passengers in
a moving vehicle that approached a stationary mockup of a car. Their
results showed that accuracy was greater for binocular vs. monocu-
lar time-to-collision estimates. While the difference was statistically
significant, the size of the effect was not large (63.8% accuracy for
binocular vs. 60.8% accuracy for monocular) and the judgments were
not very accurate overall. In addition, Gray and Regan [19] com-
pared binocular and monocular time-to-collision estimates for small
and large objects for close viewing distances (1.6m). They found that
performance was most accurate when both binocular and monocular
cues were available (especially for small objects). However, they con-
clude that observers can make accurate absolute time-to-collision es-
timates in the near field on the basis of monocular information when
object sizes are large. It is important to note that even with the possible
advantage of having stereo cues, participants in the HMD conditions
of our experiment made more errors and delayed their entry onto the
train relative to the participants in the non-stereo CAVE conditions. If
stereo was a significant factor, the performance difference would likely
have been even greater if stereo were either removed from the HMD
setup or added to the CAVE setup. However, it would be interesting to
explore the influence of stereoscopic rendering in future studies.

6.3 Differences in affordances
The changing degree of preference for Early over Late boarding op-
portunities and variance in boarding performance between different
combinations of display and mode of locomotion suggest that oppor-
tunities for action (affordances) were affected by experimental condi-
tions. A closer look at failures to board also indicates an objective
imbalance in the difficulty of completing the boarding task.

Hits and failures due to boarding after the gate closed, which pre-
dominantly occurred in HMD+Walking condition, illustrate that in
combination this choice of display and mode of locomotion led to a
noticeable increase in the difficulty of the task. When participants
selected an Early configuration, they had noticeable difficulties tim-
ing their passage through the gate. When attempting to board in the
Late configuration the similar timing problem led to participants be-
ing hit by the train. These relatively infrequent failures are indicative
of a deeper performance issue. The mean gate-to-platform delay in
HMD+Walking condition (M = 1.71 s, 95%CI [1.63,1.79]) indicates
that participants were systematically passing through the gate as it was
closing or was about to start closing (the full gate cycle took 1.5 s). In-
terestingly, the slower moving participants in CAVE+Walking condi-
tion did not experience the timing difficulties to same degree of sever-
ity. We believe these differences outline the case for future in-depth
investigations of the use of projection-based display in combination
with physical waking as an alternative to walking in the HMD. In this
regard our conclusions complement those of Ruddle et al. [45] (p. 17),
who speculate that a combination of projection-based displays with
physical walking on treadmills may be a useful alternative to walking
in a wide tracked area with an HMD.

It is surprising that although display type affected performance, it
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did not have a significant effect on participants’ choices. One possi-
ble explanation is that the performance difference was not sufficiently
large to have significant impact on choice. Studies of human behavior
in perceptual-motor tasks such as crossing a traffic-filled road indicate
that individuals do not exhibit adjustments in choices of opportuni-
ties for action despite significant differences in their action capabili-
ties [39, 41, 40] unless the task proves to be sufficiently challenging
to expose the need for adjustment [39, 20]. Similarly, a more dramatic
difference between boarding configurations may be needed before par-
ticipants feel the need to adjust their choices to match the differences
in perceptual information provided by different types of display.

6.4 Practical implications and future directions for an
affordance-based approach

The current study illustrates the advantage of an affordance-based ap-
proach in exploring behavioral differences between users of interactive
systems. In particular, the combined analysis of choices, performance
measures, and failures provides a substantially more complete picture
of participants behavior compared to performance measures alone.

The increasing availability of affordable and light-weight wide FOV
head-mounted displays, novel interaction devices, and inexpensive
tracking solutions has been driving recent interest in developing low-
cost and light-weight immersive systems [6, 23, 30, 47] that can be
used as mobile, wearable solutions indoors and enable the use of im-
mersive VR outdoors [24]. These systems will enable new applica-
tions for immersive VR and we believe that our approach of compar-
ing interactive systems using analysis of affordances in combination
with existing evaluation methods can offer valuable guidance for de-
signers and developers of such systems as well as the larger VR com-
munity. In our opinion this approach is more generally applicable to a
wider range of interactive systems as well. For example, consider aug-
mented and mixed reality systems based on see-through head-mounted
displays [4] and even hand-held projectors [46], which share a lot of
commonality with fully immersive systems.

Several extensions of the affordance-based approach presented here
can be used to increase its utility. One such extension is involvement of
additional sensory modalities such as auditory or tactile feedback. Our
experiment focused exclusively on visual feedback; however, studies
show that bimodal visual and auditory feedback may improve perfor-
mance [7]. It may also be important to further develop the method-
ology to facilitate estimation of specific perceptual thresholds indicat-
ing the boundary conditions for feasibility of action. These thresholds
would help to quantify how participants estimate their action capabili-
ties in different situations. One way to achieve this is to apply adaptive
scenarios that would adjust the opportunities for action presented to
the user based on her earlier responses [22, 31]. The principal diffi-
culty here is designing experimental scenarios for such estimation that
do not appear overly repetitive and artificial from the user perspec-
tive. Finally, it would be interesting to compare dynamic affordances
between real world and virtual environments similar in a manner sim-
ilar to [43]. However, it may be difficult to design a real-world con-
trolled study to accomplish this using a relatively complex task similar
to ours.

While our study cannot be easily used to formulate a set of ready-
to-use design guidelines for the developers of interactive systems, it
provides a useful method for evaluating alternative solutions. In light
of our findings indicating that user behavior may be quite sensitive
to hardware characteristics of a particular system, we argue that such
comparative evaluations should be an integral part of the design pro-
cess.

One area where we can offer more specific practical guidance con-
cerns the importance of the mutual connection between display type
and interaction technique. Our results indicate that users may find
it easier to adapt to changes in affordances related to mode of loco-
motion (interaction technique) compared to changes related to display
type, at least for perceptual-motor coordination tasks similar to ours.
This supplements the existing best practice [48] of tailoring the inter-
action technique to the available display.

7 CONCLUSIONS

We can now formulate some conclusions in relation to our goals of
investigating how the technological properties of a VR system affect
user behavior in a perceptual-motor coordination task and the useful-
ness of an affordance-based approach for understanding user interac-
tions with computer-mediated environments.

First, our findings illustrate that affordances in immersive virtual
environments can be profoundly affected by the properties of the com-
puter system. Our study shows that at the very minimum the relevant
properties of the computer system include display type and available
mode of locomotion. The results provide behavior-based experimental
support for the argument in favor of systematic study of the relation-
ship between display type and interaction technique [10, 34, 48]. Fur-
thermore, these effects are likely to apply to a more general class of
embodied interaction systems, where users perform perceptual-motor
coordination tasks in computer-mediated environments.

Second, we successfully applied an affordance-based approach to
probe for these differences by looking at the combination of partic-
ipants’ choices of opportunities for action and the performance re-
sulting from acting upon these choices. Providing people different
choices for action creates more ecologically valid interaction environ-
ments and enriches our understanding of user interactions in a way
that looking at performance differences when there is only one pos-
sible course of action cannot. The methods used in this experiment
demonstrate a process for making design decisions based on an analy-
sis of affordances.
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