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ABSTRACT — Walking in Place (WIP) is a way
to facilitate locomotion tasks in the virtual
environment while keeping the subject relatively
static in the physical environment. This technique
enables subjects to walk in a virtual space with
limited physical space requirements. This paper
introduces a burden-free and error-tolerant
system to track the subjects’ walking and turning
motions, and to translate these motions to the
virtual environment using the Microsoft Kinect.
In addition, we introduce a zero crossing based
algorithm that analyzes joint position data, detects
the knee coordinates exchange pattern, and
produces locomotion with low latency and

jerkiness.

Index Terms — Walk in Place; Virtual Reality;

Zero Crossing; Microsoft Kinect

1. Introduction

Virtual reality (VR) is defined as an immersive and
interactive real time three-dimensional (3D)
computer experience, which can respond the user's
movements through visual graphics and provide a
sense of being immersed in the virtual environment
[1]. From the physical and psychological point of
view, two factors critical to the VR experience are
immersion and presence [2]. These vital components
provide

the user with the illusion of being in a real

environment. Virtual reality has been used in a

wide range of applications including, but not limited
to, stroke rehabilitation [3], tourism [4], military

training [5], [6] and entertainment [7], [8].

Locomotion in VR applications remains a challenge.
The difficulty of using VR for walking interfaces is
the adaptation of the proprioceptive aspects of
walking to the virtual environment [9]. In order to
reduce flaws of existing real-scale walking interfaces,
walking-in-place (WIP) systems were proposed. The
goal of the WIP system is to allow the user to move
in a virtual environment in ways similar to walking in
the physical environment [10]. However, WIP
interfaces often suffer from latency [11], jerkiness [9],
and user burden [12]. We propose a zero crossing
based (ZCB) solution coupled with a speed-
dampening function to address these issues. The zero
crossing based WIP (ZCB-WIP) system is a WIP
system that applies the zero crossing algorithm to
detect stepping events and drives locomotion with
low-latency and quasi-null jerkiness. This paper
proceeds as follows. In Section 2, the previous
studies about the development of WIP systems are
reviewed. Section 3 presents the methods employed
in this study. The performance and evaluation of our
WIP system and algorithms are discussed in

Section 4. Section 5 is the conclusion.

2. Related Work

A number of researchers have taken an interest in the

design of advanced WIP systems. For example, Low-
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Latency, Continuous-Motion (LLCM) WIP [13] is a
high performance WIP system. The developers used
sensors to collect chest orientation and heel speed
data; they then converted these data into direction
and motion in the virtual world. More WIP system
implementations are summarized in Table 1. In
general, these systems all suffer from two common
problems. The first is starting/stopping latency,
which is a key problem for accurate simulation of
realistic forward motion [11]. Too much latency
causes cyber sickness [14].

Latency also results in unrealistic virtual collisions
[15] during walking, detracting from the immersive
nature of the virtual interaction.

The second major problem is the jerkiness between

adjacent steps. Jerkiness is a term in motion pictures

Vol. 15, No. 2(2015)

that refers to a series of distinct snapshots instead of
smooth and continuous motion, and is usually caused
by dropped frames [16]. Jerkiness can result in non-
fluent and non-smooth presentation of video [17] that
annoys the video viewers [18] and detracts from the
experience. In WIP systems, jerkiness can reduce the
feel of realism and immersion in the virtual
environment [19]. In addition to these two problems,
device calibration and wuser burden are also
considered important factors that impact the WIP
system (see Table 1 for more references). The focus
of this research project is on latency and jerkiness;
however, we will also provide information regarding
our attempts to address calibration and user burden

issues.

Table 1: Summary of WIP interfaces

. Calibra | Burden
Author Year System Name Equipment tion! Free
J. Feasel [13] 2008 LLCM -WIP Tracker on chest and feet Yes No
Trackers on shins, shin
J. D. Wendt[20] 2010 Gud WIP tracking cameras, and HMD Yes Yes
. Low fiction and dish-shaped
D. Swapp [21] 2010 Wizdish Wizdish No Yes
Unconstrained Motor-less treadmill and
K. K. Patel [22] 2010 Walking Plane mechanical rotating base No Yes
B. Williams [23] | 2011 WIP-WII Nintendo Wii fit balance board N/A Yes
D. J. Zielinski [24] | 2011 Shadow Floor screen, under floor No Yes
Walking projectors, and camera
J. Kim [25] 2012 Sens%r[—lglswn Magnet sensor and smartphone Yes No
L.Bruno[26] | 2013 |  SAS-WIP Large screen and optical N/A No
tracker
Nilsson [27] 2013 | Tapping in Place HMD, marker, and camera Yes No
tracker
Yang 2015 ZCB-WIP Kinect camera and TV screen No Yes

Note: 1. N/A means calibration is not mentioned

in the research.
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3. Methods

The ZCB-WIP system developed in this study utilizes
unique hardware and software components. The
ZCB-WIP system hardware includes a Microsoft
Kinect sensor, a commercial TV screen, and a PC.
The Kinect is a line of motion sensing input devices
developed by Microsoft for Xbox and Windows PCs
(as shown in Figure 1). The ZCB-WIP system
software creates a 3D virtual scenario based on a real
suburban community, and was developed using the

Unity3D® game engine.

3.1. Hardware

In this research, the Kinect is used to track the
skeletal joints of a human standing in front of the
sensor. There are 20 key joints that can be detected
and tracked by the Kinect (as shown in Figure 2).
Tracking these joints renders possible the detection of
various human body movements (such as walking
behaviors). With a capture rate of 30 frames per
second, the trajectory of each joint is smoothly
tracked in real time. In the Kinect system, tracking is
performed by coupling RGB and depth sensors [28].
Because we have adopted non-immersive VR
technology (i.e., a screen instead of a head mounted
display (HMD)), we use a commercial level TV
screen to provide the virtual display. As mentioned
above, we are using skeletal joint data collected by
the Kinect sensor instead of the raw image stream,
which significantly reduces the computational load.
The relatively inexpensive combination of
commercial devices is sufficiently powerful to handle
computational complexity while producing smooth

visual feedback.

Vol. 15, No. 2(2015)

Figure 1: System hardware (Microsoft Kinect,
TV, and PC)
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Figure 2: Vitruvian man and the 20 joints
tracked by the Kinect

Because the subject must remain in the sensor's field
of view (FOV), the WIP system requires a human to
stay in a bounded physical space. To satisfy this
requirement, feedback (the display sensor's FOV at
the corner of the TV screen as shown in Figure 3) and
feedforward (the placement of a cross mark sign on
floor) were used to prevent users from leaving the
sensor's FOV.
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Figure 3: (1) Skeleton and (2) Kinect camera
FOV

3.2. Software

Once tracking data are acquired through the hardware
system, data are processed by the software system to
generate smooth locomotion. Three components of
the software system will be discussed in this section:
the ZCB-WIP implementation, the speed-dampening
algorithm, and rotation detection.

3.2.1. Zero crossing based algorithm

The joint trajectories tracked by the Kinect sensor are
susceptible to variations caused by system and
random errors. In this study, we apply the zero
crossing algorithm to reduce this variation and
accurately detect WIP steps. The zero crossing
algorithm is commonly used in electronics,
mathematics, sound and image processing. This
algorithm is also used in pedestrian dead reckoning
[29], [30], step length estimation [31] and step
detection [32] in pedestrian tracking technologies.
The zero crossing algorithm describes a point where
the sign of a mathematical function changes. It is
based on the zero crossing rate [33] (ZCR), at which
the signal changes from positive to negative or vice

versa. ZCR is defined as:

{r-1}

1
ZCR = m Z H{Sts{t—l} < 0}
{t=1}
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s = KneeDiff = LeftKnee;.Y
— RightKnee;.Y

Where [{A}is an indicator function. If the argument
A s true, I{A} returns 1; otherwise, it returns 0. In
this study, if s;s,_; < 0, then I{s;s;_;} <0=1,
otherwise, I{s;s;_4 >0}=0 . s, is the knee
difference at time t and s;_; is the knee difference at
time (t—1) ( s;=KneeDiff and s, =
preKneeDiff). When a human is walking, he/she
will move by lifting and setting down each leg
alternately. This locomotion will cause s; to change
sign for each step. The pseudo code snippet for this

relationship is:

KneeDiff = LeftKnee.Y — RightKnee.Y
If (absolute value of KneeDiff
< threshold)
then: KneeDiff = 0
If (KneeDiff * preKneeDiff < 0)

then: KneeSwap increases by an increment

RawSpeed is proportional to KneeSwap
update preKneeDiff < — KneeDiff

This code snippet is placed in the Update() function,
which is then executed in each frame. The logic
process followed by the ZCB algorithm in the
Update() function is demonstrated in Figure 4. First,
the variable KneeDiff is the difference between
RightKnee;.Y and LeftKnee,.Y . If the absolute
value of KneeDiff is larger than the predefined
threshold value, it means the leg motion is obvious
enough to be detected as a step event; otherwise, it
will be treated as noise and filtered out. When the
value of KneeDiff * preKneeDiff is negative,
crossing occurs and an increment A is added to the
variable KneeSwap ; accordingly, the variable
RawSpeed will increase proportionally because of
RawSpeed = KneeSwap * k, where k is a scalar

coefficient for speed tuning. The constant variable A
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is a parameter used to adjust locomotion speed in the
virtual world. In this study the values of constant
variables are set as following: threshold = 0.02 and

A = 1.2 (both are determined empirically).

Calculate KneeInft |«

¥

Abs{ Kneeiff) = threshold? =

Eneciff * preknecDiff
=07

prek neeDniff -1—\

Update

Y
v

EneeSwap += A
RawSpesd = KneeSwap * k

i e e it e e e St s =4

v
. ’ — SmoothSpesd =
| SmoothDamp| Raws peed) —= S RawSpeedN —

Figure 4: The logic loop of the ZCB algorithm

3.2.2. Speed-dampening algorithm

Whenever a step is detected by the Kinect sensor, a
change in speed will be generated in the virtual world.
In practice, there are two commonly used methods
for determining forward speed [13], [34]. One
method is to use body position as an input, and to
produce keystroke and mouse events as outputs [34].
For example, when we press and hold the “forward”
arrow key on the keyboard, the subject in the virtual
world will keep moving forward until we release the
“forward” arrow key. The advantage of this method
is that it is simple and straightforward, and does not
require changing the system configuration. With this
approach, the stepping event is treated as a hardware
interrupt event. The disadvantage of this method is
that the frequency of the step event (about 2Hz) is
much slower than the frequency of hardware interrupt

events (about 100 Hz). As a result, there are few
speed impulses in each second, which will certainly
result in severe jerkiness during walking. An
alternative method is to use the box and the saw-tooth
functions as applied in the LLCM-WIP system [13].
Using this method, the jerkiness between the two
consecutive impulses can be smoothed. In this study,
we use a revised saw-tooth function for speed
smoothing. In each frame, the function
SmoothDamp() is called to dampen the speed from
current value to 0 within a short period of time (e.g.,
0.5 seconds). If the user stops generating new speed
increments, the advancement of the viewpoint in the
virtual world will stop after 0.5 seconds. If the user is
continuously walking, the acceleration from the ZCB
algorithm will counteract the deceleration from the
speed-dampening algorithm, such that the speed of
the subject in the virtual world is relatively stable and
continuous. To summarize our speed-dampening
algorithm, KneeSwap increases while a step is
detected and reaches 0 in 0.5 seconds if there is no
step detected. The 0.5 seconds is also selected
empirically.

KneeSwap
= SmoothDamp(KneeSwap, 0, 0.5)
if (KneeSwap < 0.05)

then: KneeSwap = 0

Additionally, to avoid abrupt speed changes, a 4-
period moving average speed is used to smooth the
most recent speed values and reduce unwanted
randomness and period-to-period speed variations.
The speed changes before and after smoothing are
described in Figure 5. We conclude that whenever the
knee difference results in a zig-zag pattern (green
dotted curve) indicating that the subject is walking,
the raw speed will gain an increment (blue dashed
curve). It is also worth mentioning that, because of
the nature of the ZCB algorithm, the magnitude of
the knee difference has no direct impact on the

walking speed. By applying the 4-period moving
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average, the variation of the smoothing speed
becomes small (red solid curve). This smoothing
speed will finally drive the advancement of the
viewpoint and enables the subject to move in the

virtual world.
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Figure 5: Knee difference and locomotion speed
plot

3.2.3. Rotation detection

The joint position data of the left shoulder and right
shoulder collected by the Kinect are used to track the
subject's rotation. As discussed above, the Kinect
sensor can also capture the depth value of each pixel
as well as each body joint. As can be seen in Figure 6,
when a human turns left or right, the depth values of
the left and right shoulder joints will increase and
decrease, respectively. When turning left, the
difference between the depth values of the left and
(LeftShoulder.Z —
RightShoulder. Z) will change from O to a positive

right shoulder  joints

value. Similarly, if the subject turns to the right, this
depth difference will change from 0 to a negative
value. In order to tell the real turning behavior, we set
another threshold value. If the absolute value of the
depth difference is larger than the threshold value, it
means the turning behavior is sufficiently obvious to
be quantified by our system; otherwise, we consider

this depth change as noise. In addition, the turning

Vol. 15, No. 2(2015)

speed of the avatar is directly proportional to the

depth between the left and right shoulders.

A Left_shoulder.z -

+ right_shoulder.z

Y x

Figure 6: Bird eye view of making a left turn

3.3 System evaluation
To evaluate the performance and features of our
ZCB-WIP system, an objective experiment and a

subjective survey are conducted.

3.3.1 Experiment One: Objective Evaluation

We use a simple evaluation program based on our
ZCB-WIP system to evaluate the actual latency from
the participants' performances. We ask study
participants to follow the instructions on the screen,
such as “GO” and “STOP” with a downward
counting timer (see Figure 7). During the experiment
session, three variables are recorded: (1) the value of
knee difference captured by the system; (2) the
immediate locomotion speed before smoothing; and
(3) the locomotion speed after smoothing. The
sampling rate for these variables is 10Hz; thus, each
data point represents 100ms. We choose a moderate
sampling rate instead of a higher value mainly for

performance considerations. Variables are stored in a
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local file for post-processing and statistical analysis; Koo, Locomoting  Locomoting
thus, increasing the sampling rate results in 1/O Difference SPeed before  speed after
. . smoothing smoothing
operations that may bring extra load on the computer
' . 0.0000 0.0000 0.0000
and adversely impact the framerate of the visual Starting -0.0849 0.0000 0.0000
feedback. Also, according to the result of our analysis, Latency -0.0566 0.0000 0.0000
=0.3S 0.0000 0.0000 0.0000
100ms is an acceptable level of granularity for our 0.1050 1.0586 0.2836
. 0.1299 0.9282 0.5482
study. The latencies can be calculated through
counting the number of data points. As shown in 0.0704 0.9146 0.8037
Fi 3 R two f latencies: th 0.0714 0.6822 0.8904
igure 8, we focus on two types of latencies: the 0.0000 0.4914 0.9888
starting latency is the number of non-zero knee swap 0.0000 0.3512 0.7870 Stopping
| bef th thed 1 " d 0.0000 0.2534 0.6099 Latency
values before the smoothed locomotion spee 0.0000 0.1123 0.4445 — 0.5
becomes non-zero during the “GO” period; the 0.0000 0.0345 03026
) . 0.0000 0.0000 0.0000
stopping latency is the number of zero knee swap 0.0000 0.0000 0.0000

values before the smoothed locomotion speed Figure 8: Example of the representation of

becomes zero during the “STOP” period. Even . . .
) ) ) ) o starting and stopping latencies in the data
though there is an instruction variable indicating the

current instruction (“GO” or “STOP”), this variable Seventeen participants (11 male; 6 female) were
is ignored when calculating the latencies because recruited to participate in the evaluation experiment.
participants do not always cope with the pace These participants were selected from a convenience
indicated on screen. Instead, we use the value of sample of students and staff at the University of
Kneediff to serve this purpose (when Kneediff Tennessee. Their ages range from 21 to 38, and their
becomes zero, it means the participant stopped height varies from 65 to 74 inches. The majority of
walking). participants had little or no prior VR gaming

experience before using our system, and some had
only limited knowledge of Microsoft Kinect gaming.
Prior to using our system, participants were not
informed of the purpose of the experiment. Each
L 0OE . . y participant was required to finish 7 starting

’5'se_<§onds < instructions and 7 stopping instructions. The
e participants were instructed to walk intermittently to

facilitate collection of latency data.

3.3.2. Experiment Two: Subjective Comparison
Survey

In addition to the aforementioned objective
experiments, we recruited a second group of
participants for a subjective system evaluation. This

group included 35 participants (29 male; 6 female),

aged 13 to 17 years. The group of participants was

Figure 7: Instruction text for users to start or

asked to experience two VR systems: one is our
stop walking in place ZCB-WIP system and the other is a demo program
using the Oculus Rift HMD and traditional

keyboard/mouse control. Eight subjective survey
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questions were answered by the participants after
they tried both VR systems to rate their subjective
experiences while using each VR system. These eight
survey questions were selected from well-known VR
evaluation questionnaires [35], with proper
modification and rewording. The specific questions
are listed in Table 2.

Table 2: Survey questions for subjective

evaluation:

Q1: Walking is natural or not? Scale: 1 is most
artificial and 5 is most natural.

Q2: System is responsive or not? Scale: 1 is not
responsive and 5 is most responsive.

Q3: How much fatigue do you feel during the
experiment session? Scale: 1 is least fatigue and
5 is most fatigue.

Q4: How much motion sickness do you feel
during the experiment session? Scale: 1 is least
motion sickness and 5 is most motion sickness.
Q5: How much latency (lag) do you feel during
the experiment session? Scale: 1 is least latency
and 5 is most latency.

Q6: How much immersion (being there) do you
feel? Scale: 1 is least immersive and 5 is most
immersive.

Q7: How much easiness is the virtual system to
you? Scale: 1 is very easy and 5 is most
complicated.

Q8: How much comfort do you feel when
experiencing the system? Scale: 1 is not

comfortable and 5 is most comfortable.

4. Results and Discussion

To evaluate the performance of the objective
experiment, we calculate the mean and standard
deviation of the starting latency and the stopping
latency. We also listed the adjusted latency after we
found that there is extra room for improvement on the

stop latency. Furthermore, to test the calibration free
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feature, we conducted Mann-Whitney U tests on
those latency data between two subgroups of
participants with different heights. We are using the
Mann-Whitney U test instead of the T test to validate
the hypotheses because the sample size does not meet
the required level for parametric analysis. Finally, we
use Mann-Whitney U test on the Likert subjective
response data to evaluate the fatigue and the motion
sickness, as well as other subjective feelings between
the ZCB-WIP system and the HMD system.

4.1 Objective Experiments Analysis

The average starting latency is 287ms (standard
deviation: 121ms); and the average stopping latency
is 781ms (standard deviation: 44ms). The longer
stopping latency is due to the speed smoothing
method; as mentioned above, in order to reduce the
jerkiness caused from sudden changes in walking
speed, the speed is smoothed by averaging the value
in four frames. To overcome this issue, we modified
the speed smoothing method, setting the smoothed
speed to zero if the speed before smoothing is zero.
After this improvement, the stopping latency is
reduced from 781ms to 474ms (standard deviation:
35ms). Thus, the mean starting latency (287ms) and
mean stopping latency (474ms) in our research are
under acceptable levels, as compared to the value
reported in previous studies (500ms) [15], [27].
Theoretically, the starting latency in our system
begins when the foot of the subject is first raised
above the ground, elevating to the maximum height,
and ending when this foot touches the ground again.
During this period, there will be no change of sign for
the variable Kneediff (will remain positive or
negative depending on which foot raised first). But
when the other foot begins rising, the sign of
Kneedif f will change, and consequently result in
advancement in the virtual world. The period
between steps usually takes a relatively short time.
Thus, the starting latency is negligible. In addition,
the SmoothDamp() function enables the speed of
locomotion to decrease to 0 gradually while no step is

detected. Because we are able to tell whether the
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participant is walking or static within a few frames,
we can dynamically change the deceleration rate of
the algorithm.

We also found that the variability of the starting
latency is relatively high.

This is due to the lack of calibration of the system.
Beside the latency, there was no apparent jerkiness
reported by participants during the experiment.
Advantages of the ZCB algorithm include the lack of
a calibration requirement and the ability to work with
various body sizes. To evaluate these characteristics
in our system, we conducted a Mann-Whitney U test
on the starting latency and the stopping latency for
two subgroups' data (with significance a set at 0.05).
Participants are divided into two groups by the
median of the population heights. One group includes

taller participants (8 participants, higher than 68

Vol. 15, No. 2(2015)

inches). The other group includes shorter participants
(9 participants, shorter than 68 inches). The null
hypothesis is that there is no difference on the
starting latency or stopping latency between two
groups. Because the p-values of the test on starting
latency and stopping latency are 0.1453 and 0.1181
respectively, we cannot reject the null hypothesis.
Therefore, we claim that the height of the participant
does not affect the starting or stopping latency in our
WIP system.

4.2 Subjective Survey Analysis

After collecting the response data from the survey
questions, we conduct Mann-Whitney U tests on each
question item. First, we compare the basic statistics.
Table 3 shows a list of non-parametric statistics for

two systems on each question.

Table 3: Basic quartile statistics of comparison between ZCB-WIP and HMD systems

ZCB-WIP

HMD

Q1: natural
Q2: responsive
Q3: fatigue
Q4: sickness
Q5: latency
Q6: being there
Q7: easiness
Q8: comfortable

[2.00, 2.00, 3.00]
[2.00, 2.00, 3.00]
[1.00, 1.00, 2.00]
[1.00, 1.00, 1.00]
[2.00, 3.00, 4.00]
[1.00, 2.00, 3.00]
[2.00, 3.00, 3.75]
[2.00, 3.00, 3.00]

[2.25, 4.00, 5.00]
[4.25, 5.00, 5.00]
[1.00, 2.00, 3.00]
[1.00, 2.00, 4.00]
[1.00, 1.00, 1.75]
[4.00, 5.00, 5.00]
[1.00, 2.00, 4.00]
[3.00, 4.00, 5.00]

Note: numbers in square bracket are: [25% quantile, median, 75% quantile]

From Table 3, we can see that based on the
participants' rating, the HMD system is favored on
most of the question items, like naturalness,
responsiveness, immersion and so on. This is as
expected, since the HMD can output stereoscopic
image that provides more visual immersion to the
users than other less immersive system. Besides, the
keyboard controlling interface has undoubtedly lower
latency. From Questions 3 and 4, we can find that in
our ZCB-WIP system resulted in less fatigue and
motion sickness when compared to the HMD system.

To determine whether those differences are

significant, we conducted Mann-Whitney U test on

those two items. The hypotheses include:

H,o: The ZCB-WIP system has equal or higher
fatigue than the HMD system

H,,: The ZCB-WIP system has lower fatigue than
the HMD system

Hpo: The ZCB-WIP system has equal or higher
motion sickness than the HMD system

Hp, : The ZCB-WIP system has lower motion
sickness than the HMD system
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We performed a one-tailed Mann-Whitney U test on
the two pairs of hypotheses and found that p =
0.0432 for H, . Thus, we can reject the null
hypothesis and conclude that the ZCB-WIP system
results in lower fatigue than the HMD system.
Similarly, p < 0.01 for H,. We can reject the null
hypothesis and conclude that the ZCB-WIP system
results in lower motion sickness than the HMD
system. The conclusion that the VR with HMD will
cause more motion sickness and fatigue is consistent
with prior studies [37]-[39].

5. Conclusion

This paper develops a WIP system that uses the zero
crossing algorithm and Microsoft Kinect sensor. By
using our ZCB-WIP system, latency is reduced while
jerkiness is kept to a quasi-null state. According to
the 500ms latency threshold reported in previous
studies [15], [27], there is a noticeable reduction of
latency in our ZCB-WIP (287ms for starting latency
and 475ms for stopping latency). Also, the
participants did not report any jerkiness while using

our system.

One of the advantages of our ZCB-WIP system is
that there is no calibration required for system users.
When compared to distance based motion tracking
algorithms, the ZCB algorithm is simpler and more
reliable in detecting and tracking the user walking
behaviors, regardless of an individual height.
Furthermore, Kinect devices have embedded
calibration algorithms in internal memory and the
algorithms developed using the Microsoft Software
Development Kit do not require a calibration to
activate skeletal tracking [39], [40], even though
there is certain level of distortion of the depth data
[41]. Therefore, calibration has little impact on the
experimental system accuracy. Thus, system
calibration and training are not required for our

system.

The objective experiment involving 17 participants

was conducted to test the performance of the system.
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The results of the experiment validate the advantages
of the system. Moreover, according to the survey data
from the group of participants who compared the
ZCB-WIP and HMD systems, we found out that the
ZCB-WIP system developed in this research is free
of burden and causes limited motion sickness, despite
that there is still distance from the fully immersive
3D VR in some extent.

Our system still has some limitations. One limitation
is the technique used to track rotations. Microsoft
Kinect requires the users to face the sensor and TV
screen at all times; thus, once the user makes a
rotation, the user is no longer facing the sensor and
TV screen anymore. To fix this, the user needs to
restore his/her facing direction. This “restore after
turn” action may bring confusion to the users and
limit the ecological validity of the virtual task. The
ZCB-WIP system developed in this study used the
first generation Microsoft Kinect. Currently, the
second generation Microsoft Kinect has been
released in the market. The resolution of the second
generation Microsoft Kinect is much higher than the
first generation. It also purports to be able to track the
rotation angle of the head joint as well as the facial
features of the user. One future direction of our
research is to incorporate the second generation
Microsoft Kinect into the ZCB-WIP system.

Another limitation is the inability to walk backwards.
Because it is difficult to differentiate forward and
backward walking in a WIP setting without physical
displacement, we use leaning back as a proxy for
walking backward. If the horizontal displacement of

the spine is bigger than that of the feet (spineZ —
FootLeft.Z+FootRight.Z
2

opposite to the current forward direction. Although

> delta , we apply a speed

this behavior is not as natural as walking forward,
considering the limited need for walking backwards
in our task, we decide to choose this implementation
so that the full navigation ability is covered.
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One more limitation is the display interface. In our
research we are using a commercial TV screen in
front of the user, which can provide only limited
immersion. An HMD that outputs a stereoscopic
image stream is a much better solution in creating a
fully immersive experience. This conclusion is
supported by the subjective survey study on a group
of participants who tried both the ZCB-WIP system
and the HMD system. However, currently available
HMDs all have wires connecting the device to the
server [42], [43] for image streaming and sensor data
communication. This tethered connection may be
problematic for various users, and may interfere with
natural walking and turning, entangle the users, and
become uncomfortable [44]. Further, from the results
of the subjective survey, we also found that
participants feel more motion sickness and fatigue
when using the HMD system. Thus, depending on
application and target population, the ZCB-WIP and
HMD

disadvantages that must be taken into consideration.

systems each have advantages and
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