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ABSTRACT Virtual reality tracking devices are rapidly becoming the go-to system for cost-effective motion
tracking solutions across different communities such as robotics, biomechanics, sports, rehabilitation, motion
simulators, etc. This article focuses on the spatial tracking performance of HTC Vive’s lighthouse tracking
system (VLTS) devices (tracker, controller, and head mount display). A comprehensive literature survey on
the performance analysis of VLTS on the various aspects is presented along with its shortcomings in terms
of spatial tracking evaluation. The two key limitations have been identified: in static cases, there is a lack of
standard procedures and criteria, and in dynamic cases, the entire study of spatial tracking. We address the
first by assessing VLTS using the optical tracking system standard specified by ASTM International, and
the latter by revising the standards to determine the upper-velocity limit for reliable tracking. The findings
are substantiated with the trajectories of human wrist motion. Each evaluation’s results are systematically
analyzed with statistical hypothesis tests and criteria fulfillment. Comau NS 16, an industrial serial robot, was
used as the ground truth motion generator due to its repeatability and 6 degrees of workspace freedom. One of
the major reasons for not having more generalized spatial tracking studies is that the tracking performance
heavily depends on the configurations of the setup, work volume, environment, etc. Thus, the guidelines
for configuring VLTS and the approach adapted from ASTM standards for evaluating VLTS for custom
applications using our reported findings for both static and dynamic cases are included in the appendix.

INDEX TERMS Lighthouse tracking, motion tracking, performance evaluation and bench-marking, virtual
reality and interfaces.

NOMENCLATURE RMSD Root mean square deViation..
VLTS HTC Vive’s lighthouse tracking system. E©5) Expected error at 95 percenqle.
BS Base station of HTC Vive. E(97) Expected error at 97 percentile.
HMD Head mount display of HTC Vive. E(99.7) Expected error at 99.7 percentile.
T Tracker device of HTC Vive. AET Average error test.
C Controller device of HTC Vive. MPET Maximum permissible error test.
DOF Degree of freedom. d Average measurement deviation from mean.
MOCAP Motion capture system. dmax, dmin -~ Maximum and minimum measurement
ASTM ASTM International. deviation from mean.
dps Distance between base stations. e Average measurement error.
€AD Average dista.nc.e error. €max> €min ~ Maximum and minimum measurement error.
g Standard deviation of error. Savg Expected average error/deviation from mean.
RMSE  Root mean square error. ) . Smax Expected maximum error/deviation
Cl6 Comau NS16 1.65 foundry hand industrial from mean.
serial robot. H, Null hypothesis of the hypothesis tests.
H, Alternative hypothesis of the
hypothesis tests.
The associate editor coordinating the review of this manuscript and N Sample size of measured data.
approving it for publication was Tai-Hoon Kim 52 Variance of measured error.
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LefrHRight Homogenous transformation matrix of right
object with respect to the left in VLTS’
coordinate frame.

LeﬁI:I Righr ~ Homogenous transformation matrix of right
object with respect to the left in C16’
coordinate frame.

P Position/linear degree of freedom.

(0] Orientation/angular degree of freedom.

CDF Cummulative distribution function.

%L.oss Percentage loss of tracking.

I. INTRODUCTION

Virtual reality (VR) motion tracking devices have been serv-
ing as a low-cost motion tracking solutions for both the
VR and non-VR application like robotics, scientific research,
motion capture, motion simulators, mixed reality video pro-
duction, medical science, rehabilitation, interactive art, etc.,
since its market debut in 2016. Each VR consumer product
company makes its custom motion tracking systems, such
as the VLTS [1], Oculus sensor [2], camera-based, insight
tracking [3], etc. There are various tracking technologies that
have different physical operating principles [4]. The tech-
nique most adapted for consumer VR products are outside-in
tracking [5] and inside-out tracking [6]. Although VR’s major
issue of portability is solved by inside-out, at the time of
writing this article outside-in acts as a gold standard for
VR motion tracking due to its better tracking performance
[7]. Thus, the focus of this article is on the first and most
widely used commercial outside-in tracking system, the HTC
VIVE'’s lighthouse tracking system.

HTC Vive comes with two base stations, one head mount
display, two controllers, and trackers. VLTS enables tracking
of these devices in six DOF with reference to a common frame
calibrated at initial setup process. The working principles and
other setup considerations are explained in section II-A.

A detailed performance metrics of VLTS are not provided
by the developers [15], as itis a VR utility device. Upon gain-
ing popularity as an affordable motion tracking alternative,
various studies investigated its performance either in general
or for a specific application. Table 1 provides a summary
of studies investigating the spatial tracking performance of
VLTS. In [8], the possibility of using tracker as a ground
truth tracking system was examined and an algorithm was
presented using only the light data to improve dynamic per-
formance sacrificing precision in static cases. The precision
evaluation of the controller against the Vicon MOCAP for
clinical research was conducted by [9]. The static perfor-
mance of HMD was evaluated by [10] with grid lines drawn
on the floor for three different tracking volumes for scientific
research. Another static evaluation similar to [10] with more
accurate ground truth was conducted by [11]. The precision
analysis for rehabilitation and medical tracking purposes
was conducted by [12] and [13]. Usage of the controller
for automated testing of an industrial robot was assessed
by [14].
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There are few references assessing Vive system with crite-
ria other than spatial tracking. Time performance assessment
(latency and jitter) for neuroscience and biofeedback studies
under strong time constraints (< 10 ms) was made in [16],
proving that events less than 22 ms cannot be registered.
Performance bound assessment of lighthouse positioning sys-
tem against the ultra-wide band for micro unmanned aerial
vehicles was conducted in [17], showing that the earlier is
a viable option. The ability to extend the tracking space of
lighthouse tracking system in general was examined in [18].
The quality of experience of the Vive and Oculus Rift systems
was compared in [19], concluding that the Vive is marginally
better. Numerous studies using Vive as one of the setup
devices is not included in this survey, as it is beyond the scope
of this article.

This article aims to address the two potential shortcomings
of the current literature presented in Table 1: First, the results
of the performance evaluation differ based on the setup. For
instance, [8] reports precision in millimeter whereas [13] and
[14] report sub-millimeter precision. The similar ambiguity
can be observed in static analysis as well, all articles report
sub-millimeter accuracy except for [11] and [12]. The results
of [11] are higher because the configuration of tracking space
is larger than the recommended 5 m, as the author was testing
for extreme cases. The poor static performance of [12] could
be due to the interference of infrared from their ground truth
system Vicon MOCAP, as we experienced the same issue of
inaccuracy during our initial testing of Vive with Optitrack
MOCAP as ground truth system. These variation in reports is
due to a lack of standard procedures to compare performance
across various applications. VLTS being a hybrid system with
multiple sensor data fused to make the VR experience smooth
in terms of human-motion perception has no predefined/
available standard. In this article, we attempt to standardize
the VLTS’ motion tracking evaluation by considering the
ASTM International standard [20] for bench-marking optical
tracking devices with markers. The nominal reference for pre-
cision evaluation, static, and dynamic analysis were chosen
as [21], [22], and [23] respectively. These standards were
selected because the key percentage of VLTS’ data is from
lighthouse tracking with photo-diode sensors [24].

Second, as it is evident from Table 1, most of the literature
conduct the precision evaluation and static analysis for their
different intended applications but there is a lack of perfor-
mance evaluation under dynamic motion states. Although
[8] compared their algorithm with off-the-self Vive’s algo-
rithm under motions with a velocity ranging between 10 to
60 mm/s, it does not provide the VLTS’s dynamic pose
tracking performance. Since most applications require spa-
tial tracking under the broad range of motions with differ-
ent velocity intensities, it is essential to have clearer and
comprehensive performance statistics of VLTS under various
dynamic conditions. In this article, we conduct an in-depth
dynamic pose tracking analysis which includes the stan-
dardized evaluation as per the protocols in [23], determina-
tion of upper bound velocity of reliable tracking, examining
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TABLE 1. Summary of existing Vive evaluation studies.

. . Space Precision . . Dynamic Ground truth Intended
Ref. Device L . Static analysis . L
calibration evaluation analysis system application
dps: _ Velocity
[8] T 1) 93 mm, D 0-:258mn11nn71 2o G”’é< 0<56n(;8’60 range = 10 Astrobee robot Robotics
2) 6271 mm - ang ’ - 60 mm/s
€AD:
1) Room 1) 0.74+0.42 mm, URS robot with Clinical
91 c scale, - 0.46:0.46°; - Vicon MOCAP research
2)Standing 2) 0.634+0.27 mm,
0.66+0.40°
dgs: RMSE: Grid lines on floor VR for
[10] HMD 1) 7.45 m, B 1) < 0.08 mm, < 0.0111°, B with String and scientific
2)5m, 2) < 0.064 mm, < 0.0113°, Chalk (positioning rescarch
3)5.66 m 3) < 0.066 mm, < 0.0053° error, ¢ = 17 mm) :
T:1)oc <28l mm2)oc <
2.85 mm
doe - C Left: RMSE 1) 14.42 Similar to
(1] T, C, 1 1;56’ m B mm, 2) 5.15 mm; _ Phase Space [10] with
HMD 2) 6 3 m C Right: RMSE 1) 9.15 MOCAP accurate
: mm, 2) 8.81 mm, ground truth
HMD: RMSE=1) 11.48
mm 2) 7.93 mm
Vicon MOCAP Lumbar
Tracking RMSE: 6.843.2 mm, with 1) SCORBOT Postural
[12] T volume: 2.5 — 1.64-+-0.18° - ER VII robot, 2) change (Vive
X 2.5m : ’ Human & VR .
vs Vicon)
games
HE, dgs—S40m | O<072mm& RMSE < 1.050 mm & ~ URS robot with ﬁiﬁfgf
’ < 0.278° < 1.124° Optitrack MOCAP .
device
Automated
90° between o < 0.3 mm, one active BS: ABB-IRB 140 testing of
[14] C base stations 0 <0.231 mm o <2.lmm B robot industrial
robot

the pose-tracking performance and the reliability conditions
within the identified upper bound, and; finally, validating the
obtained results with human wrist motion trajectories.

The primary contribution of this article is the multi-level,
in-depth study of the dynamic performance of VLTS. The sec-
ondary contribution is the evaluation of VLTS’ precision and
static pose tracking performance using standard ASTM tech-
niques. Both contributions were made under recommended
conditions for all the three VLTS devices (T, C, and HMD).
Finally, the suggested approaches and guidelines will supple-
ment the article for readers to test the performance of HTC
Vive spatial tracking for their custom application by using
the findings of this article.

The article is structured as follows: Section II briefs about
the system used for the experiments. Section III describes the
experimental scheme, rationale,and parameters considered.
Section IV discusses the obtained results of precision, static
and dynamic analysis of pose tracking. Section V affirms
the contribution and states the probable biases of our results.
Finally, the appendix describes the procedures and recom-
mendations for customized evaluation.

Il. EXPERIMENTAL SYSTEM

A. VIVE LIGHTHOUSE TRACKING SYSTEM

Working of VLTS is explained extensively by its devel-
oper [24]. Briefly, it is an optical navigation approach in
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which two base stations serve as a beacon with each one
of them emitting a synchronization flash (blinking lights
emitting diodes) and two infrared sweeping planes (laser
beams) with two rotors spinning with constant velocity and
orthogonally aligned. The tracking devices are equipped with
photo-diodes and other sensors such as inertial measurement
units and gyroscope to measure linear and rotational acceler-
ations respectively. The photo-diodes detect both the signals
from the base stations (infrared sweep and LED flash) to
triangulate the angle between the lighthouse’s normal vector
and the photo-diode with the time difference. Vive’s off-the-
shelf algorithm fuses all these sensor data to estimate the
tracked pose relative to its world frame.

B. GROUND TRUTH SYSTEM/REFERENCE SYSTEM

The ideal candidate for a reference system (RS) to assess the
VLTS for motion tracking purposes would be one of the gold
standard systems in that field. Our initial testing with one such
system, ‘Optitrack MOCAP’ resulted in poor performance of
Vive even in the best case static scenario. The errors were in
the range of centimeters as opposed to the millimeter range,
and the jitter was high as well. This bad performance was
found to be caused by the interference in infra-red bandwidth
between MOCAP and VLTS. Therefore, most optical track-
ing systems would not serve the purpose unless the infra-red
bandwidth is different. There were few workaround options

VOLUME 9, 2021



M. S. Ikbal et al.: Dynamic Pose Tracking Performance Evaluation of HTC Vive VR System

IEEE Access

like recording the data without synchronization at different
time instances, using relative measures, but these are not
suitable for dynamic performance assessment.

To measure the spatial tracking performance of VLTS,
especially in dynamic cases, we need a system that can be
precise and reliable at high velocity and provide data with
a latency < 20 ms [16]. An industrial serial robot meets
all these criteria and, with its wide range of motion, also
facilitates a meticulous study of VLTS. C16 was used as the
ground truth device (shown in Fig. 1). It has a repeatability
of 0.05 mm and six DOF [25]. The latency between the
motion feedback frames of C16 was measured at an average
of 8 ms and a maximum of 12 ms, which is well within the
requirements.

FIGURE 1. Ground truth system: Comau NS16 1.65 foundry hand robot
with the mount for controller dynamic analysis attached to the
end-effector.

To mount the devices of VLTS on C16’s end-effector
flange (ISO9409-1-A63), customised 3D printed mounts
were manufactured for each of the devices as shown in
the Fig. 2.

a4

FIGURE 2. Vive tracking devices with their 3D printed mounts for flange
1S09409-1-A63. From left: tracker, Controller, and HMD.

The mounts for the dynamic performance assessment are
shown in Fig. 3. The two of the same tracking devices/object
must be mounted on the either side of the metrology bar as
recommended by the ASTM standard [23]. Metrology bar
length acts as a reference quantity during analysis. In the stan-
dard’s requirements, the carbon fiber material was proposed
for the metrology rod so that the deflection would be less than
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FIGURE 3. Metrology bar, with devices on both ends and its C16 tool
mount. Top: A 350 mm long carbon fiber tube, with VLTS’s tracker on both
ends. Middle: An assembly of two carbon fiber rods and rack, with VLTS's
controller on both ends. Bottom: HMID mounted on the end-effector

of C16.

or equal to 0.01 mm. The tool mount and the attachments are
3D printed.

C. CONFIGURATION OF WORK VOLUME

Here, work volume is the physical space in which the tracking
system is configured. The vendor recommands a play area
of 3500 x 3500 mm? and a maximum distance between the
two bases stations (dps) of 5000 mm. Considering the above
two criteria, each base station is kept 2500 mm away from the
origin of the C16 at a height of 2500 mm as shown in Fig.4.
The same configuration of work volume is considered for all
the evaluations.

Play area:
3500 X 3500

FIGURE 4. Work volume configuration sketch, top view. C: C16’s Origin
Point.

VLTS being an optics-based system, tracking performance
is highly dependent on various factors such as sunlight,
the presence of reflective surfaces, other IR rays interfer-
ence, and visibility of photo-diodes to the base stations.
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The following considerations were made within the work
volume while conducting the evaluation:

o The tracking area was covered with non-reflective black
sheets. All reflective objects and windows were also cov-
ered to avoid natural lights. No other infrared emitting
devices were placed in the work volume (section II-C).

« Base stations were synchronized using sync cable with
channel “b” and “A” with room-scale calibration

o The receiver dongle of the tracker was set 45 cm far from
the computer

D. POSE ERROR BETWEEN VLTS AND C16 ROBOT

To compare the pose of two independent systems with their
own absolute frame, there are numerous techniques. The first
and the most common method used in robotics is to have an
intermediate frame VLTS’s frame at a precisely measured
point with respect to the C16’s origin and transform the
data using rigid body transformation. This is not suitable for
performance evaluation as the system error will be reflected
in each data frame. The next method, widely used in the
field of computer vision since 1986, is the least square fitting
technique (calibration/registration process). This has been
adapted for evaluating system performance (Vicon MOCAP
assessment [26]). This method requires the collection of
matching data points from both the system and estimating the
parameters of the rigid body transformation matrix. This topic
is itself vast with solutions explored from various aspects like
closed form vs iterative solution, and etc. A detailed survey
and categorization of the existing methods are presented
in [27] and [28]. For our experimental setup, we assessed
the effectiveness of two closed-form solution algorithms [29]
and [30]. Despite providing good transformation results with
RMSE of 4.1 mm and 4.5 mm, we encountered a significant
problem. Being a non-rigid body transformation, the outliers
were also transformed i.e., the transformation includes even
the deformed dataset. Thus, this method is also not suitable
for our evaluation. The above-mentioned methods are used to
obtain the absolute pose error in which there is a significant
dependency between the two systems.

In our experimental system, as the time data are synchro-
nized, we could evaluate the relative pose error in their own
respective frame without transforming the frame from C16 to
VLTS. This method fits our criteria perfectly because the
error is measured without influencing either of the systems
thereby removing any inter-system dependency. Let’s say we
have a dataset of N sample size from the C16 and VLTS.
Each pose (2:N) is transformed with respect to the first pose
in its own frame and then the pose error is calculated using
equation (1).

_l(trace(Rk) -1

0= €RelAngle,k = COS f) <7

erettank = Gk — %) + Ok — ) + G — 7))

— o =3 + 0k =)+ @ — )
()
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where egeiangle,k 1S the relative angle error, egeiryan,k 18 the

relative translation error, Ry, = | RkRAkT represents the
rotation difference expressed in [3 x 3] rotation matrix. The
characters with A accent mark denotes the data measured in
the coordinate frame of the VLTS, and the characters with no
accent mark are data measured in the C16’ coordinate frame.

E. SYSTEM ARCHITECTURE

The architecture of the experimental setup to evaluate the
VLTS is elucidated in Fig. 5. It describes the integration of
two systems (C16 and VLTS) in four primary blocks. The
requirement of this system is to provide pose and time data
feedback synchronized in the same reference frame with a
time latency of less than 22 ms.

e The role of the first block is to prepare our ground truth
system C16 to perform the required motion. The trajectories
are designed as specified in section III. With the use of the
Universal Robot Description Format (URDF) file, the gen-
erated trajectory was simulated in MATLAB to ensure the
trajectories are within the workspace. After verification, our
Python PDL Parser generates the path file and send it to
the C16.

e The second block is the server setup for VLTS and C16.
The custom application built with OpenVR SDK (C++) [31]
and WinC4G API (PDL-Comau custom scripting) acts as a
server of a TCP/IP network to stream the data of VLTS and
C16 respectively.

e The third block highlights the data collection software
developed. The data collection API receives both the data
stream in parallel, inserts the time data for synchronization,
and logs it in a ““.txt” file.

e The final block features the data post-processing. This
process is done offline after the experimentation to reduce
computation time and thereby latency while collecting the
data. The stored data from both C16 and VLTS are syn-
chronized and re-sampled at 100 Hz. Then the relative
transformation and pose error are calculated as explained
in section II-D. Finally, the performance metrics are
evaluated.

Ill. DESIGN OF EXPERIMENTS

VLTS’ spatial tracking performance was tested in three cases.
The first two analysis, namely precision evaluation and static
analysis, were conducted with zero velocity between each
data frames, and the third analysis, the dynamic analysis,
examines the variation of tracking performance with different
velocities. Despite comprehensive literature on precision and
static analysis as illustrated in Table 1, they were under-
taken for two key reasons: validating our experimental setup
against the literature; and to address the variation in the
literature’s reports by introducing a standardized method-
ology and evaluation parameters. This section outlines the
methods used for each type of analysis with an emphasis
on the purpose, rationale, assessed criteria, and performance
metrics.
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1) Trajectory Generation for Ground Truth System 2) Robot
COMAU NS16 1.65
. . Hand (C16)
isIn Path File to
j true i _
gziﬁiﬁggfl I—» Prescribed Cfe?lt:r;‘c;fn I PDL Parser [—
Workspace (Python)
false N
2) VLTS 3) Data Collection API %
A | - l¢ B
- ' » Receive Data Stream [«
HMD OpenVR WinC4G
SDK X . API
ppenc Append
ﬂ Controller| /{CP’,'IP SYS CLOCK SYSpI()ILOCK CP/IP
Data — + — * Data
° Tracker | | T [ ] [T/ s
T
4) Data Post-Processing
false
Sync data Ty Pose Error

Load Sync with
. SYS CLOCK
Files
T 1]
100Hz

Matlab 2019b

Q>

Relative Pose Performance
true Between 2 Metrics
Devices

FIGURE 5. System architecture of the experimental setup. DOE: Design of experiments, ! 7). : Homogeneous
transformation matrix from kth pose to 15t pose. The source of the modules within the edge tapered boxes are made
available in the GitHub repository [32]. The repository includes the C++ source code of the data collection API,

the Python path to PDL parser script, and the MATLAB scripts developed for post-processing, transformation,
generation of the performance metrics, and also for the tested registration algorithm.

A. PRECISION EVALUATION

This test investigates the precision of VLTS in static case.
The repeatability of the C16 (0.05 mm) allows for a precise
revisit of the commanded points, which is ideal for precision
evaluation. The method is as follows: the tracking device
was kept at 10 random points (as shown in Fig. 6) and the
data were collected for VLTS and C16. This was repeated
10 times with random order of visit. The randomness of the
visits is to have ““independent test results” [21]. The choice
of 10 points and 10 visits were arbitrary. Each point’s pose is
evaluated 10 times leading to a total of 100 evaluations which
will provide reliable data for one tracking device. The same
method is followed for all three devices.

7y
81.6
g
=14
.2
512
N 2
1 @ 10
P PR —— 05
Oy 05 !
1 X axis [meters] ’ 1 -15
« Y axis [meters]

FIGURE 6. 10 randomly selected points (P1 to P10) within the prescribed
workspace. For each iteration, the order of visit to P1 to P10 was
randomly selected.
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The measure of precision is generally measured in terms
of imprecision and computed as standard deviations (RMSD)
[21]. In addition, d;,4x, E(50), E(95), and E(99.7) were com-
puted to report the quality of the pose tracking performance.
dpmay indicates the largest error obtained which includes the
outliers irrespective of the number of occurrences. The per-
centile values gives an overview of the confidence level of
the pose tracking. For instance, if the 99.7 percentile value
is closer to the mean value than we can infer that the pose
tracking is reliable with 99.7 % confidence.

Apart from the parameter above, two statistical hypothesis
tests AET and MPET were conducted. The first test was
conducted to check if VLTS has an average precision of less
than 1 mm and 0.5° as the literature claims(Table. 1). The
latter aims to infer the maximum deviation from the mean is
less than 10 mm and 1 deg. The null and alternative hypoth-
esis are set as shown in the Table (2). The same hypothesis
were tested on all the three devices of VLTS for both position
and orientation.

TABLE 2. Statistical tests for the precision evaluation of VLTS.

‘ Test ‘ Null Hypothesis Alternative Hypothesis
AET Hy:d < 8 Hy:d > 8p
MPET HO : dmax S amwc HH : dmux > 6Wl(b\’

For the average error test, the sample size is N > 30 and
the population standard deviation is unknown, therefore the
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Z-test is performed to validate the hypothesis [33]. In a statis-
tical sense, the precision is less than 8,y if the AET accepts
the null hypothesis with a p-value > 0.95 i.e., if equation (2)
is not satisfied.

a - (Savg
s2/N
where, Z, = 1.6449 (Z score at 0.95).

For MPET, the null hypothesis i.e., the maximum deviation
is less than 1 cm and 1° if the equation (3) is false.

>Zy 2

Smax — dmax (24

3

dimax — dmin -«

where, o = 0.05.

B. STATIC ANALYSIS

The static analysis is the evaluation of the system’s perfor-
mance when the object to be tracked and the measurement
system are both static with respect to each other. This analysis
is one of the most common assessment available among the
literature. Each literature evaluate VLTS for their focused
application and does not have a common set of metrics. There
are also variation in the literature findings, some reporting
millimeter accuracy while some reporting in sub-millimeter.
These discrepancies are mainly due to the choice of the
ground truth system, assessment techniques and evaluation
methods. In this article, we aim to resolve this ambiguity by
introducing a standardized method and performance evalu-
ation metrics adapted from the ASTM standard for optical
based motion tracking devices [22].

One of this standard’s additional criteria is that the pose
measurement uncertainty of the chosen ground truth system
must be less than the measurement uncertainty associated
with the test system (VLTS), which is the case of our setup
with C16. The test procedure proposed by [22] is relatively
straightforward. The object/device to be tracked is placed at
‘N’ random locations and the pose is measured simultane-
ously by the reference system (C16) and the system under test
(VLTS). To ensure that the average error follows a normal dis-
tribution according to the central limit theorem, the number
of samples (N) should be greater than 32 (N> 32). A sam-
ple size of 100 was arbitrarily selected to provide reliable
results (N=100).

Upon completion of data collection, the pose error (ei) is
calculated using the technique mentioned in section II-D and
the equation (1). The hypothesis tests similar to section III-A
were conducted with the same null and alternative hypothesis
as tabulated in Table. 4 but with §,,, as 5 mm and 0.5°, and
Smax as 10 mm and 1°. The equations (2) and (3) were used to
validate the null hypothesis by replacing d with e, dy,q, and
dpin With e, and e;;y.

Apart from the these two statistical tests, [22] recommends
two other tests such as quantile error test and precision error
test. These tests were not considered in this article because of
unknown expected quantile bound value and unknown prior
variance from vendor. If necessary, while performing custom
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TABLE 3. éavg opted for dynamic analysis. §max = 1.5 x davg-

’ Parameter ‘ DOF ‘ Tracker ‘ Controller ‘ HMD ‘

P[mm] | 49.8250 58.5 97.5
O [deg] 2 2 2

5{1 vg

TABLE 4. Precision evaluation: Hypothesis test results.

’ Device ‘ DOF ‘ Z value ‘ Hy ‘ ME value ‘ Hy ‘
T P -405.4498 Accepted 1.9061 Accepted

(6} -4606.1015 | Accepted 5.2800 Accepted

C P -448.4230 Accepted 3.0316 Accepted

(6] -3225.4311 | Accepted 4.0188 Accepted

HMD P -2077.8760 | Accepted 12.5117 Accepted

(6] -3446.2159 | Accepted 3.8986 Accepted

evaluation, the above two tests could be conducted with the
results tabulated in Table 6.

C. DYNAMIC ANALYSIS
The dynamic analysis focuses on the determination of the
pose tracking performance of VLTS while the tracking device
is in motion. As mentioned in section I, dynamic analysis is
not prevalent in the literature. Here, in addition to the standard
procedure from [23], we present the method to determine the
performance against varying velocity and fixing the upper
bound as well as verification of the results using complicated
and randomized trajectories.

To avoid p-hacking [34], the entire experiment was con-
ducted with a single goal: to study the pose tracking perfor-
mance against the variation in velocity.

1) STANDARD PROCEDURE EVALUATION

The standard stipulates in detail the test procedure and a
set of statistically based performance metrics to evaluate the
performance of an optical tracking system. The adaptation of
the standard is as follows: One of the suggested test volume
of 3000 x 2000 x 2000 mm> was configured inside our work
volume of 3500 x 3500 x 2200 mm> (section II-C). The
tracking device to be tested are attached to the ends of the
metrology bar as shown in Fig. 3. The procedure requires
moving the position of the centroid of the metrology bar at
a relatively constant walking speed of 1500 mm/s (1200 £
700 mm/s) along the work volume in two patterns(X, Y) as
shown in Fig. 7 at a height of 1000 mm.

Through a continuous smooth motion, the centroid of
the metrology bar is moved along the test volume in two
patterns (X and then Y) with three different orientations.
The orientations are configured such that the line passing
through metrology bar and the devices aligned parallel to the
three orthogonal planes. Thus, for a single test a total of 6
trajectories are evaluated at the commanded average velocity.
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TABLE 5. Precision evaluation results: Statistics on deviations from mean.

’ Device ‘ DOF ‘ RMSD ‘ E(50) ‘ E(95) ‘ E(99.7) ‘ d ‘ 2 ‘ dmax ‘
T P[mm] | 0.5352 | 02675 | 1.0512 | 2.5625 | 03763 | 0.1448 | 3.4410
N: 61200 | O[deg] | 0.0600 | 0.0556 | 0.0915 | 0.1374 | 0.0550 | 0.0006 | 0.1592
c P[mm] | 0.5023 | 0.2454 | 1.0285 | 2.0286 | 0.3544 | 0.1267 | 2.4804
N: 61140 | Of[deg] | 0.1155 | 0.1123 | 0.1585 | 0.1822 | 0.1116 | 0.0009 | 0.1993
HMD | P[mm] | 0.1579 | 0.7401 | 03300 | 0.5243 | 0.1179 | 0.0110 | 0.873
N: 61140 | O[deg] | 0.0809 | 0.0803 | 0.1161 | 0.1607 | 0.0749 | 0.0009 | 0.2041

TABLE 6. Static analysis results: Statistics on relative pose error.

’ Device ‘ DOF ‘ RMSE ‘ E(50) ‘ E(95) ‘ E(99.7) ‘ ¢ | 2 mm deg] ‘ Cman ‘
T Plmm] | 3.3091 | 1.7581 | 6.9137 | 9.4207 | 2.5499 4.4482 9.6425
N:61185 | O[deg] | 0.5000 | 0.4638 | 0.7762 | 09131 | 0.4622 0.0364 0.9233
c Plmm] | 19826 | 13529 | 3.9879 | 4.7795 | 1.5963 13827 5.0362
N:61243 | Of[deg] | 0.2494 | 02031 | 0.4409 | 0.5835 | 0.2210 0.0133 0.6101
HMD | P[mm] | 1.5688 | 1.2313 | 2.8782 | 3.4794 | 1.3200 0.7165 3.8349
N:61140 | O[deg] | 02345 | 0.1657 | 0.4796 | 0.7643 | 0.1984 0.0156 0.7711

TABLE 7. ASTM, dynamic evaluation results: Statistics on pose error between the two tracking devices.

’ Device ‘ Velocity [mm/s] ‘ DOF ‘ RMSE ‘ E(50) ‘ E(95) ‘ E(99.7) ‘ z ‘ e ‘ emax ‘ %Loss ‘
T Vi =885.78 | Plmm] | 5627750 | 333580 | 11640 | 3885248 | 2017611 | 276053548 | 51259 | .
N:6080 | Vyax=1500.9 | O[deg] | 6.6700 | 15220 | 18.6890 | 27.5830 | 3.7284 | 30.5938 | 32.7830
c Vire =886.11 | Plmm] | 4746540 | 118900 | 2624120 | 39592 | 1074543 | 21378637 | 47924 | | .
N:61185 | Viax = 15009 | Of[deg] | 29890 | 0.6560 | 63880 | 17.9550 | 1.4778 67493 | 21.9330
HMD | Vi =902.467 | P[mm] | 48.0560 | 32.8240 | 967290 | 117.9570 | 38.5553 | 823.0101 | 120.6060 .
N:61185 | Viar=1501.1 | Of[deg] | 10520 | 1.0300 | 16420 | 2.1480 | 0.9388 0.2263 3.7620

As the relative pose between the left and right tracking
devices are constant at all time, the pose measurement error is
calculated by comparing L@,«-,I:I Right Of VLTS and 0 Hpign: of
C16. The timestamp is used to synchronize the data. The posi-
tion error (ep) and the orientation error (e,) at time instance t
are calculated as shown in equation 4.

ep(t) = [|IT(0]] — IT]|

. X 4
eo)=0(t)—0=10 @

where f(t) and é(t) are the position vector and the angle of
rotation of Leﬂﬁmght, T is the position vector of refHRighs,
[| || denotes 2-norm of the vector. é(t) is calculated using
the equation 5.

6() = 2% asin(\[3(0) + G2(0) + 22(1))

&)

where, (§,(1), g<(1), gy(1), g.(1)T is the unit quaternion rep-
resentation of the rotation matrix k(t).

The error statistics computed are the RMSE, e,,,, and
the percentile error (E(99.7), E(95) and E(50)). Similar to
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previous section III-A and ITI-B, the AET and MPET hypoth-
esis tests were performed. Here, instead of verifying the
error in the millimeter or centimeter range, we intend to
inspect the device in a broader perspective by examining
whether the devices are able to localize itself i.e., ability to
be positioned within the dimensions of the device. To this
extent, we propose that the average error limit should not
be outside the dimensions of the device itself on either side
of the center. The half of the maximum of the three dimen-
sions (length, breadth and height) was selected to be the
expected average error limit d,,, for each device as tabulated
in Table. 3. The maximum error limit was selected to be
1.5 X 84y so that some extreme outliers are not penalized
heavily. For angular DOF, an arbitrary value of 2° was chosen
for davg.

This approach of fixing the 8, and 8,4, Was opted to have
a general purpose results whereas the appendix demonstrates
the usage of the findings presented in this article for the
reader’s specific application with custom 84y and 8,4y for
their intended application.
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The two hypothesis test performed will not provide direct
information on the loss of tracking. Therefore, we propose
another parameter ‘‘Percentage loss of tracking” to determine
the efficiency of tracking in dynamic cases. It was calculated
as the ratio between the number of data above the §,,,,, defined
for MPET and the total number of sample data collected.
This parameter along with the two hypothesis tests will pro-
vide sufficient information to infer statistics on the device’s
performance.

2) DETERMINATION OF THE VELOCITY UPPER BOUND

This test is intended to determine the upper bound velocity at
which the tracking is reliable and examine the performance of
VLTS devices below the upper bound range. Here, we stipu-
late the conditions of reliable tracking as follows:

« the acceptance of null hypothesis of the AET using
equation (2)

« the percentage loss of tracking must be less than 0.5%
(99.5% must be accepted)

Both of these conditions are considered as the necessary
condition because less error and high loss of data is not
favorable and the vice-versa is also not good.

The procedure is as follows: the same set of six trajectories
from ASTM test depicted in Fig. 7 is used. Here, the average
velocity is reduced in steps and the results are tested for relia-
bility at each step until the upper bound of reliable tracking is
found. Then, within this bound similar procedure is followed
to evaluate whether the reliability conditions holds. CDF,
AET, MPET and % loss in tracking were utilized to infer
statistics about the dynamic performance of the VLTS device.
The same procedure was repeated for all the three devices.

3) SUBSTANTIATION WITH HUMAN WRIST TRAJECTORIES
The aim of this set of experiment is to validate the results
inferred on the dynamic performance of VLTS in the previ-
ous section III-C2. The ideal approach would be to validate
for a target application and in turn verify the usability of
VLTS for that specific application. Even though the latter
objective is demonstrated in the appendix, here the aim is
more general. Thus, the trajectory of human wrist motion was
chosen because of the likelihood of obtaining uninfluenced
trajectories, not in the advantage of the performance of the
device.

The ground truth trajectory profiles of generic human
wrist motions were obtained using the Optitrack MOCAP
equipped with 8 cameras. The MOCAP reflective markers
were placed at the wrist joint centers using a wrist band as
shown in Fig. 8 (left). To have more randomized and complex
trajectory, the subject was advised to move his joint extremes
as often as possible and no other information was provided.
8 trajectories with 3 spatial (subject was instructed to move
randomly with different speed) and 5 planar motions (subject
was instructed to place the palm on flat table and on a vertical
board while performing motions) were recorded. The profile
of the recorded trajectory was then modeled using smoothing
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FIGURE 7. Pattern trajectories for dynamic analysis adapted to the C16’s
workspace. X pattern (horizontal lines-red) and Y pattern (vertical
lines-cyan). Each pattern is parallel, straight line segments,
back-and-forth along their corresponding axis with the paths separated
by at most the length of the metrology bar. At maximum, one-half of the
metrology bar length shall be the difference between the boundary lines
and the test volume limits.
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FIGURE 8. Left: Wrist centre of the upper arm is tracked by attaching a
wrist band equipped with reflective markers. Right: the hand tracking
trajectory fed to the C16, within the prescribed workspace. (FO is the
offset distance of 45 millimetres where the mounting part is attached and
VTF is the Vive tracker tool frame which is at distance of 19.6 millimetres
from the top of the mount.

spline curve fitting with an average R? value of 0.64. The pro-
file was transformed to fit within the prescribed workspace of
the robot as shown in Fig. 8 (right) (Cuboid of 1 m x 0.55 m
x 0.6 m, [35]. The workspace in which the robot can traverse
linearly between any pose without hitting singularities or
changing the manifold using joint space).

The difference in terms of setup between here and
section II-B is the trajectory generation method for C16. For
all experiments, the reference trajectories were manually gen-
erated according to requirements, but here the wrist motion of
the subject was captured using Optitrack MOCAP. The sole
purpose of the Optitrack MOCAP is to extract the reference
trajectories from the subject which is later fitted and given as
input to C16. Then, C16 was used to substantiate the VLTS’s
dynamic performance.

The same mount shown in Fig. 3 was used for tracker
and controller. Due to practical difficulties of mounting two
HMD, the single HMD mount shown in Fig. 2 (far right)
was utilized. The centroid of the mounts were commanded
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TABLE 8. Velocity bound evaluation results. Statistics on pose error between the two tracking devices at the
determined upper bound average velocity (Vayg)-

’ Device ‘ Velocity [mm/s] ‘ DOF ‘ RMSE ‘ mar ‘ E(50) ‘ E(95) ‘ E(99.7) ‘ : ‘ 2 ‘ Ho ‘ % loss ‘
T Vavg = 134.6 P[mm] | 16.6200 | 945.0550 2.9390 16.7590 | 105.1940 5.8020 242.5590 | Accepted | 0.4921
N: 50722 Vinax = 135.05 O [deg] 1.435 18.173 0.2810 1.7910 12.454 0.5838 1.7176 Accepted
C Vavg = 247.61 P[mm] | 27.3640 | 958.4530 3.2320 14.2800 | 110.0060 6.0842 711.8 Accepted | 0.4103
N: 27296 Vinax = 250.05 O [deg] 1.2860 26.7520 0.1520 0.8470 15.7730 0.3175 1.5533 Accepted
HMD Vavg = 853.46 P[mm] | 47.6370 | 102.6720 | 37.8510 | 88.3020 | 102.0160 | 39.5695 | 703.6343 | Accepted | 0.0000
N: 7888 Vinax = 1000.5 O [deg] 1.0850 2.7120 1.0640 1.7290 2.3650 0.9781 0.2215 Accepted
to follow the prepared hand trajectory profiles. The error was TABLE 9. Static analysis: Hypothesis test results.
calculated using the equation (4) for tracker and controller
and equation (1) for HMD. Each trajectory’s tracking data ’ Device ‘ DOF‘ Z value ‘ Hy ‘ ME value ‘ Hy ‘
was e).(a.mined for reliability and the corresponding velqcity T S 408321 | Accepted|  0.0371 Rejected
is verified against the upper bound reported by previous
section II-C2. (6] -37.9068 Accepted 0.0831 Accepted
C P -295.4226 Accepted 0.9856 Accepted
1IV. RESULTS AND DISCUSSION O -597.7264 | Accepted 0.6390 Accepted
This section will discuss the significant observations made HMD P -490.6218 | Accepted | 1.6076 Accepted
from the data obtained during the experimentation. o -596.5022 | Accepted| 0.2968 Accepted

A. PRECISION EVALUATION

The precision evaluation was conducted as per the method-
ology mentioned in section III-A, the measure of precision
along with the other parameters to access the quality of
tracking was computed, and tabulated in the Table 5. It can
be observed that all the three devices demonstrated high
precision with RMSD less than 0.55 mm and 0.12°.

From the CDF shown in Fig. 9a, it is evident that HMD
has an excellent precision with the peak value of 0.74 mm.
Tracker and controller tracked 94.155% and 94.578% of data
within 1 mm. For the angular DOF shown in Fig. 9b, tracker
oriented 97.259% of the sample within 0.1° precision. HMD
and Controller tracked 78.471% and 0.333% within 0.1°.
The worst deviation of 2.5625 mm at 99.7 percentile further
confirms the excellent results obtained with VLTS on the
overall quality of the static spatial tracking precision.

Using the value of d and s? in the Table. 5, the hypothesis
tests were conducted and the results are tabulated in the
Table. 4. All the Hy was accepted. Thus, we can statistically
infer the following for of all the three VLTS devices:

o The average deviation from mean is in sub-millimeter (

< 1 mm ) and less than 0.5°.

¢ The maximum deviation from mean is less than 10 mm

and 1°.

B. STATIC ANALYSIS

The results of the static analysis conducted using the standard
procedure explained in section III-B are tabulated in the
Table. 6. The RMSE was found to be in the millimeter range
rather than the sub-millimeter range of some literature. From
the CDF of the position and orientation error shown in Fig. 9c
and Fig. 9d, it can be seen that the HMD tracked with 96.44%
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and 98.99% of the sample within 3 mm and 0.5°, controller’s
85.61% and 95.48% of data has error below 3 mm and 0.5°
whereas for the same error value, tracker has 67.04% and
51.56%.

The outcomes of the hypothesis tests are tabulated
in Table. 9 with their corresponding test scores (Z value:
Result of the AET in equation (2), ME value: Result of the
MPET in equation (3)). All the null hypothesis was satisfied
except for the liner DOF of the tracker device, the maximum
permissible error’s hypothesis was rejected. Upon further
analysis, the maximum permissible positional error of the
tracker was identified to be less than 11 mm. Thus in a
statistical sense, we can infer the following on the static
performance (accuracy) of the three VLTS devices:

1) The average pose error is less than 3 mm and 0.5°
2) The maximum pose error is less than 11 mm and 1°

C. DYNAMIC ANALYSIS

1) STANDARD ASTM PROCEDURE

Table. 7 presents the results of the standard procedure eval-
vation of the VLTS’s dynamic analysis as mentioned in
section III-C. The average velocity of the trajectory during
the test was 902.467 mm/s and a maximum of 1501.1 mm/s
which confines with the recommendations of the standard.
This velocity is approximately 15 times higher than the liter-
ature (60 mm/s). The tracking performance was highly poor
which is clear from the CDF of the error (using equation (4)
until 8,,4x) shown in Fig. 9e and 9f. It was observed that only
18.7007 %, 44.3802 %, and 17.5275 % of data is less than
10 mm error and 61.5296%, 81.2617%, and 91.4467 % of data
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FIGURE 9. ASTM Standard evaluation results: CDF of position and orientation error for precision evaluation, static analysis, and standard dynamic

analysis.

TABLE 10. ASTM, dynamic evaluation: Hypothesis test results.

’ Device ‘ DOF ‘ Z value ‘ Hy ‘ ME value ‘ Hy ‘
T P 22.5484 Rejected -0.9854 Rejected

O 24.3661 Rejected -0.9085 Rejected

C P 8.1194 Rejected -0.9817 Rejected

O -15.4156 Accepted -0.8632 Rejected

HMD P -177.6190 Accepted 0.2126 Accepted
(6] -164.2445 Accepted -0.2026 Rejected

is less than 2° of orientation error for tracker, controller, and
HMD respectively.

The hypothesis test’s outcome tabulated in Table. 10 shows
that except the HMD’s positional performance all other null
hypothesis were rejected.

The % loss of tracking computed, further asserts that all
devices have poor spatial tracking performance except for the
positional tracking of HMD. Since the standard procedure
did not provide any significant insight on the dynamic per-
formance capabilities of VLTS, we continue to analyze the
devices using the same trajectories of this test but with lower
average velocity (< 902.467 mm/s).

2) DETERMINATION OF THE VELOCITY UPPER BOUND

The VLTS was evaluated for reliability under reduced
average velocity of the trajectories. The conditions of

3808

reliability (III-C2) was evaluated at each step gradually with
reduced average velocity through interval analysis and the
results are summarized in detail in the appendix Table 14 for
the tracker, controller and HMD.

Both the reliability conditions were found to be satisfied
at an average velocity of 134.6 mm/s, 240.61 mm/s, and
853.46 mm/s for tracker, controller, and HMD respectively.
The results at the reliable velocity is tabulated in Table 8.
At this upper bound, the devices were able to localize within
itself without loss of tracking.

HMD’s superior results are due to many factors, but the
significant factor is that the number of photo-diodes is higher
than the other two devices.

From the CDFs of position and orientation error shown
in Fig. 10 (for the trajectories less than the determined upper
bound), we can observe that the curve signifies a good perfor-
mance for all the devices i.e, within the bound the devices are
able to localize themselves without losing more than 99.5% of
data. Therefore from this analysis, we can infer the following
on the upper bound of VLTS:

o The reliable upper bound velocity of the VLTS devices
are 134.6 mm/s (Tracker), 240.61 mm/s (Controller),
and 853.46 mm/s (HMD) with

- the average error is less than the J,,, (Refer
Table. 3) and

— the maximum error
(= 1.5 X 8avg)

is less than the &,y
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FIGURE 10. Velocity bound evaluation: CDF of position and orientation error up to §max for tests with velocities less than the upper bound.

TABLE 11. Wrist trajectory evaluation results, Tracker: Statistics on pose error between the two tracking devices.

Traj./ N B’fllonj;;y DOF  RMSE  ema  EG50)  E©5)  E99.7) P AE:Hy, MPE:Hy % loss
s1 Vw=2816 _Plmm] 37110 247980 25200 70830 171220 28081 Accepied Accepied o
N:35178  Vpw=3564 Ofdeg] 02530 07810 02050 04250 07670 02179  Accepted  Accepted
52 Vo=4892  Plmm] 33600 251800 19240 59430 176860 24470 Accepied Accepied o
N:63875  Vpur=10330 Of[deg] 0.1990 08750  0.1480 03600 07660  0.1619  Accepted  Accepted
s3 Vae=4558  Plmm] 30010 239530 16310 43860 189690 20075  Accepied Accepied
N:55652  Vp=6537  Oldeg] 02250 08120 01720 04180  0.6640  0.1880  Accepted  Accepted
Pl Vwe=1821 _Plmm] 48560 231790 25040 10890 205500 32866 Accepied Accepied o
N:23197  Vpw=37.55  Oldeg] 03590 07620 03430 05260  0.6570 03308 Accepted  Accepted
P2 Vwe=5120  Plmm] 31850 240930 14490 69270 179490 20550 Accepied Accepied o
N:70671  Vpar=100.13 O[deg] 02480 09410  0.1950 04220  0.8740 02105 Accepted  Accepted
P3 Ve =16667 Plmm] 3731 22026 136650 80.6990 2094960 23.1034 Accepied  Rejected
N: 11493 Vpw=177.82  Of[deg] 09230 80430 06130 17830 44720 07150  Accepted  Rejected
P4 Vo=3738  Plmml 60720 407720 34810 117670 282770 46310 Accepied  Accepied
N:47072 Ve =7432  Oldeg] 04600 13340  0.1860 10140 12590 03214  Accepted  Accepted
Ps Vwe=3460 _Plmm] 33400 278030 L1350 61030 205790 1905 Accepied Accepied o
N: 153963  Vpur=35.57  Oldeg] 02340 09600  0.1950 04000 07430  0.2041  Accepted  Accepted

An overview of the performance is shown in Fig. 11 in trajectory data). It can be clearly noticed that the above
terms of overall percentage of loss at different range of 300 mm/s the tracker suffers a significant loss of data (>
velocities computed for all the trajectories (i.e., each error 10%) and the same can be observed for controller at velocity
and its corresponding velocity was extracted from all the above 600 mm/s.
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TABLE 12. Wrist trajectory evaluation results, Controller: Statistics on pose error between the two tracking devices.

Traj/ N Kﬁk’njslﬁy DOF  RMSE  ene  E(50)  E©5)  E(99.7) e AE:Hy MPE:Hy % loss
S1 Vavg = 141.14 P [mm] 6.6130 242870  2.5970  20.8640 23.4870 4.1901 Accepted  Accepted 0.0000
N: 6441 Vinax = 17796 O [deg] 0.2080 1.1990 0.0470 0.4710 1.1700 0.1016 Accepted  Accepted
S2 Vavg = 244.82 P [mm] 11.6700  89.4040 1.9400 22.9620 74.0030 5.2973 Accepted Rejected 0.0079
N: 12643 Vinax =510.93 O [deg] 0.9040 5.9710 0.3110 1.4790 4.9540 0.5348 Accepted Rejected
S3 Vavg =229.15 P [mm] 1.5620 4.4510 1.0800 3.0050 4.0030 1.2520 Accepted  Accepted 0.0000
N: 11015 Vinax =326.51 O [deg] 0.2090 0.5270 0.1680 0.3700 0.4840 0.1808 Accepted  Accepted
P1 Vavg =90.95 P [mm] 2.0910 3.6320 2.1080 2.8170 3.2500 2.0023 Accepted  Accepted 0.0000
N: 4561 Vinax = 182.12 O [deg] 0.0720 0.3230 0.0470 0.1390 0.2920 0.0543 Accepted  Accepted
P2 Vavg =256.89 P [mm] 37.45 1014.2 4.3700 40.8050  283.9240 143968  Accepted Rejected 3.3506
N: 14022 Vinax = 500.61 O [deg] 1.0050 10.9920  0.2400 1.7550 6.5910 0.5308 Accepted Rejected
P3 Vavg = 139.93 P [mm] 1.3290 6.8520 0.9680 2.5090 4.0580 1.0826 Accepted  Accepted 0.0000
N: 14296 Vinax =177.83 O [deg] 0.0850 0.3660 0.0570 0.1780 0.2880 0.0662 Accepted  Accepted
P4 Vavg = 187.59 P [mm] 1.0040 2.5660 0.8410 1.8030 2.2580 0.8541 Accepted  Accepted 0.0000
N: 9256 Vinax =364.21 O [deg] 0.2740 0.5410 0.2540 0.3960 0.5120 0.2632 Accepted  Accepted
TABLE 13. Wrist Trajectory evaluation results, HMD: Statistics on pose error.
Traj./ N Pﬁﬁzﬁy DOF  RMSE Emax E(50) E(©5)  E(99.7) e AE:Hy MPE:Hy % loss
S1 Vavg = 140.99 P [mm] 7.5920 17.9790 4.9410 149110 17.1250 6.0573 Accepted  Accepted 0.0000
N: 6837 Vinax = 17791 O [deg] 0.3030 0.5800 0.2750 0.4870 0.5710 0.2721 Accepted  Accepted
P2 Vavg = 256.55 P[mm] 155820 36.7460 11.0070 30.4170 34.9950 12.7158  Accepted  Accepted 0.0000
N: 14030 Vinax =500.61 O [deg] 0.1900 0.5090 0.1600 0.3140 0.4710 0.1690 Accepted  Accepted
P5 Vavg = 172.89 P [mm] 7.8260 17.0940 6.5230 13.4010  15.7050 6.6888 Accepted  Accepted 0.0000
N: 30815 Vinax =177.66 O [deg] 0.1900 0.4050 0.1810 0.2760 0.3420 0.1801 Accepted  Accepted
40 - This table has two key significance: first, as defined in the
B Tracier appendix A and B, the user may utilize 'the value't of the
I Controller parameters in the table to calibrate and configure their VLTS

30
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Percentage Loss in Tracking (%)

0 100 200 300 400 500 GO 700 800 9001000
Velocity [mm/s]

FIGURE 11. Overall percentage loss in tracking for tracker and controller
(14 sets * 6 subsets, a total of 84 trajectories for tracker and controller)
and percentage of loss was calculated over a range of 0 to 1000 mm/s
in 10 steps).

A detailed results are tabulated in the appendix Table 14
which includes performance parameter such as RMSE, per-
centile error, 2, 52, emax for both position and orientation.
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for a particular application. Secondly, to evaluate the usability
of VLTS devices for the required average velocity, the reader
could simply use the tables as a look-up table/guide, so that
the reader could choose to calibrate further using the tech-
niques discussed in this article or add a filter to eliminate the
measurement uncertainty using the tables’ data.

3) SUBSTANTIATION WITH HUMAN WRIST TRAJECTORIES

The devices were tracked while performing the fitted human
wrist profiles as explained in section I1I-C3 and the results are
displayed in Table. 11, 12, and 13 for tracker, controller, and
HMD correspondingly. Similar performance parameters were
calculated like other evaluations especially RMSE, percentile
error, hypothesis test and % loss. The reliability conditions
were investigated on each profile and the non-reliable data
was verified against the upper bound reported in section V-
C2. For the HMD, as the upper bound was high, all the
trajectories tracked were found reliable so only three tra-
jectories results are shown in the Table 13. For the tracker,
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TABLE 14. Velocity bound evaluation results, Highlighted (gray) row corresponds to the identified upper bound.

Xflk’n;;;y N DOF  RMSE Cman EG50)  E(©5)  E99.7) e 2 Ho % loss
Tracker: Statistics on pose error between the two tracking devices.
Vavg = 844.72 6053 P[mm] 363.1460 3792.64  36.8620 487.5710 3268.269 124.7633  116328.1  Rejected 337519
Vinax = 1000.5 O [deg] 7.4080 35.3360 1.6210 18.3830 33.7170 4.1969 37.2708  Rejected
Vavg = 484.01 12826 P[mm]  343.1530 4815.7 12.8390  306.5680 3633.8 81.6145 111101.9  Rejected 15.6401
Vinax = 500.76 O [deg] 4.8590 40.0370 0.9480 12.9760 23.3790 2.4616 17.5550  Rejected
Vavg = 247.59 27082 P[mm]  298.7720 4899.3 5.8480  103.7330 3526.2 44.8902 87252.6  Accepted 74551
Vinax = 250.05 O [deg] 3.001 38.6600 0.4850 5.4820 19.8450 1.2617 7.4129 Accepted
Vavg = 198.67 33751 P[mm]  133.2400 2382.1 4.8110 43.6040 1512.7 20.8 17321.0  Accepted 29547
Vinax = 200.1 O [deg] 2.6480 32.9840 0.3490 2.6060 27.4300 0.8909 6.2182 Accepted
Vavg = 183.94 36430 P [mm] 75.377 2248.1 4.305 40.4790 402.639 14.3781 5475.1 Accepted 23936
Vinax = 185.13 O [deg] 4.0520 37.2820 0.3660 6.3950 27.515 1.3769 14.5273  Accepted
Vavg = 174.10 38649 P[mm] 319130 431.181 3.8560 31.9030  270.2170 10.776 902.3714  Accepted 23105
Vinax = 175.13 O [deg] 1.7520 24.1030 0.356 2.3950 15.2680 0.7485 2.5103 Accepted
Vavg = 149.42 45571 P[mm]  24.9910 911.09 3.059 26.7650 133.419 7.7316 564.787  Accepted L0116
Vinax = 150.08 O [deg] 1.0470 11.446 0.3120 2.011 6.7270 0.5854 0.7527 Accepted
Vavg = 124.65 54706 P [mm] 13.8740 496.368 2.225 14.954 104.22 4.9429 167.7522  Accepted 0.4424
Vinax = 125.04 O [deg] 1.5290 28.463 0.302 1.321 11.666 0.5243 1.7659 Accepted
Vavg = 99.84 68817 P [mm] 8.8470 252.564 2.051 11.749 57.694 39 63.0563  Accepted 0.1410
Vinax = 100.07 O [deg] 0.659 17.31 0.235 1.041 4.330 0.3495 0.3122 Accepted
Vavg = 74.94 92038 P [mm] 5.2970 98.947 2.104 10.5810 22.451 3.5604 153867  Accepted 0.0109
Vinax = 75.05 O [deg] 0.423 10.7250 0.197 0.794 2.293 0.2779 0.1017 Accepted
Vavg =49.98 139926 P [mm] 4.4770 197.92 1.915 8.839 18.897 2.955 113111 Accepted 0.0079
Vinax = 50.05 O [deg] 0.3930 8.4180 0.1930 0.777 1.915 0.2653 0.0837 Accepted
Vavg = 24.99 281257 P [mm] 3.796 20.513 1.818 8.323 14.685 2.7066 7.081 Accepted 0.0000
Vinax = 25.06 O [deg] 0.324 1.9430 0.175 0.686 1.199 0.2369 0.0485 Accepted
Vavg =9.99 704694 P [mm] 3.721 39.132 1.527 8.336 15.438 2.5553 7.3185 Accepted 0.0000
Vinax = 10.05 O [deg] 0.328 1.529 0.188 0.653 1.252 0.2413 0.0492 Accepted
Controller: Statistics on pose error between the two tracking devices.
Vavg = 843.20 6441 P[mm]  439.1060  4264.01 127170 962.2650 2756.7 136.7504  174140.5  Rejected 16,0534
Vinax = 1000.5 O [deg] 4.8320 30.6040 1.0330 10.2410 29.6960 2.3345 17.9006  Rejected
Vavg = 484.45 13029 P [mm]  249.9880 5375.2 5.4090 37.7980 2779.7 29.4976  61628.86  Accepted 21414
Vinax = 500.75 O [deg] 1.0270 7.6570 0.1850 1.8140 6.8960 0.4616 0.8424 Accepted
Vavg = 389.17 17235 P[mm] 101.3760 1825.6 4.8870 28.4040 1186.9 16.9618 9990.0 Accepted 14331
Vinax = 400.46 O [deg] 0.7010 10.2600 0.2180 1.3490 4.2380 0.4041 0.3276 Accepted
Vavg =295.02 22746 P[mm]  46.1490 1547.3 4.9230 52.6810  366.7620  13.9838 1934.3 Accepted 34204
Vinax = 300.11 O [deg] 0.8980 18.9910 0.2320 1.3670 4.2910 0.4070 0.6409 Accepted
Vavg = 198.67 33857 P [mm] 10.2180  287.3180  4.1360 12.8330 60.8330 5.5801 732805  Accepted 02068
Vinax =200.10 O [deg] 0.500 12.9080 0.1550 0.8450 2.8750 0.2677 0.1779 Accepted
Vavg = 183.68 37258 P [mm] 8.2430 246.5230  3.4270 9.5630 39.2110 4.2109 50.2173  Accepted 0.1476
Vinax = 185.13 O [deg] 0.3490 7.1770 0.1430 0.4810 2.4860 0.1987 0.0826 Accepted
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TABLE 14. (Continued.) Velocity bound evaluation results, Highlighted (gray) row corresponds to the identified upper bound.

Vavg = 174.11 38985 P [mm] 7.4530  193.0960  3.4540 104670 321.0320  4.3891 36.2829  Accepted 0.1052
Vinax = 175.13 O [deg]  0.2500 5.6870 0.1130 0.4630 1.4900 0.1668 0.0348 Accepted .
Vavg = 149.29 P [mm] 5.3220 156.6310  3.5110 8.1610 16.7300 3.8603 13.4194  Accepted

45844 0.0349
Vinax = 150.08 O [deg]  0.2940 5.6380 0.1250 0.6100 1.3910 0.1941 0.0488 Accepted
Vavg = 134.49 51269 P[mm]  4.6100 58.3530 3.4160 8.0790 19.9560 3.7402 7.2628 Accepted 0.0000
Vinax = 135.05 O [deg] 0.2510 3.7700 0.1100 0.4710 1.2810 0.1703 0.0339 Accepted .
Vavg = 124.65 51466 P[mm] 4.5010 33.9030 3.4980 7.8780 13.4430 3.7365 6.2982 Accepted 0.0000
Vinax = 125.04 O [deg] 0.2410 7.4890 0.1050 0.5310 1.0330 0.1632 0.0312 Accepted '
Vavg =99.78 69266 P [mm] 5.7420 33.3940 3.9850 12.0900  20.2540 4.5338 12.4136  Accepted 0.0000
Vinax = 100.07 O [deg]  0.2720 1.4240 0.1280 0.5910 1.0600 0.1910 0.0373 Accepted A
Vavg = 49.97 P[mm]  4.0820 21.9090 3.4330 7.2730 11.9960 3.5062 4.3658 Accepted

140318 0.0000
Vinax = 50.05 O [deg]  0.2180 3.5390 0.1100 0.4320 0.7540 0.1560 0.0231 Accepted
Vavg =9.99 P[mm]  4.0060 12.8560 3.0400 7.2370 12.3260 3.3431 4.8697 Accepted

704464 0.0000
Vinax = 10.05 O [deg] 02170 1.4910 0.1050 0.4520 0.7460 0.1581 0.0220 Accepted

‘ HMD: Statistics on relative pose error. ‘

Vavg = 484.55 13688 P[mm] 339810 75.1200 22.6520 67.7220  74.4880  26.0019  478.6289  Accepted 0.0000
Vinax = 500.75 O [deg] 1.0510 1.9390 1.0370 1.5700 1.7590 0.9477 0.2064 Accepted
Vavg =391.01 17545 P[mm] 28.1050  62.7540 15.8370  56.2230  62.1240  21.0501  346.8232  Accepted 0.0000
Vinax = 400.47 O [deg] 1.0330 1.9990 0.9830 1.6630 1.9650 0.9195 0.2223 Accepted
Vavg =295.80 26865 P[mm] 233250 47.7350 11.9690  44.7850  47.5080 17.5017  237.7740  Accepted 0.0000
Vinax =300.11 O [deg] 1.0330 1.8490 0.9880 1.5910 1.8030 0.9207 0.2190 Accepted
Vavg = 247.46 27665 P[mm] 17.6780  39.4800 8.2700  36.0390  39.2580 12.9919  143.7414  Accepted 0.0000
Vinax = 250.04 O [deg] 1.0250 1.8300 0.9590 1.5470 1.7540 0.9079 0.2258 Accepted
Vavg = 198.67 34865 P[mm] 15.1350  33.6590 7.5740  30.2380  33.3580 11.2635  102.2142  Accepted 0.0000
Vinax =200.10 O [deg] 1.0290 1.7390 0.9580 1.5740 1.7070 0.9157 0.2196 Accepted
Vavg = 183.96 18166 P[mm] 13.4940  31.4470 6.3680  27.6240  31.1830 9.9602 82.8907 Accepted 0.0000
Vinax = 185.13 O [deg] 1.0080 1.7500 0.9250 1.6200 1.7400 0.8933 0.2183 Accepted
Vavg = 174.10 39540 P[mm] 12.0390  28.1090 6.7770  24.9000  27.9000 9.3159 58.1501  Accepted 0.0000
Vinax = 175.13 O [deg] 1.0170 1.8360 0.9410 1.6160 1.7970 0.9013 0.2213 Accepted
Vavg = 149.42 46063 P[mm] 11.7830  27.7610 6.0340 243840  27.2290 8.7538 62.2023 Accepted 0.0000
Vinax = 150.08 O [deg] 1.0150 1.6490 0.9550 1.5350 1.6400 0.9062 0.2088 Accepted
Vavg = 134.51 51973 P[mm] 10.4590  25.6890 5.3240  21.5690  25.2930 7.8093 48.3974  Accepted 0.0000
Vinax = 135.05 O [deg] 0.9980 1.6490 0.9250 1.5230 1.6370 0.8863 0.2104 Accepted
Vavg = 124.65 55259 P [mm] 9.0610 22.0280 4.3860 19.2820  21.7880 6.6694 37.6254  Accepted 0.0000
Vinax = 125.04 O [deg] 0.9880 1.8010 0.9240 1.5560 1.7830 0.8752 0.2109 Accepted
Vavg = 99.84 70447 P [mm] 7.9800 18.2900 4.2990 16.1770 18.1290 6.0265 27.3642  Accepted 0.0000
Vinax = 100.07 O [deg]  0.9320 1.8000 0.8770 1.4250 1.6420 0.8331 0.1749 Accepted
Vavg =49.97 143515 P [mm] 4.6940 11.1090 2.9370 9.0610 10.9780 3.6951 8.3816 Accepted 0.0000
Vinax = 50.05 O [deg] 0.9360 1.8080 0.8820 1.4140 1.6220 0.8343 0.1805 Accepted
Vavg =9.99 719274 P [mm] 3.5980 7.2880 2.4930 6.7290 7.2590 2.9391 4.3039 Accepted 0.0000
Vinax = 10.05 O [deg] 0.9640 1.8450 0.9070 1.5440 1.8090 0.8504 0.2052 Accepted
P4 trajectory was unreliable and the respectively average (> 134.6 mm/s). For the controller, P3 was unreliable and

velocity was 166.67 mm/s which is greater than the bound the average velocity was 256.89 mm/s which is also greater
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than the bound(> 247.61 mm/s). Thus, all the trajectories
resulted in unreliable tracking data was found to have average
velocities higher than the upper bounds thereby validating our
obtained results on the dynamic performance bounds.

V. CONCLUSION

This article provides an in-depth analysis of the spatial track-
ing performance of all the three HTC Vive VR tracking
devices (tracker, controller, and HMD) through a series of
standardized tests adapted from the ASTM’s standard on
the evaluation of the optical tracking system. The precision
in static case was statistically inferred to have an average
deviation d,ye <1 mm, 0.5°, and maximum deviation dyqy <
10 mm, 1°. The static case’s accuracy was demonstrated sta-
tistically to have an average error e,y <3 mm,0.5°, and
maximum error e, < 11 mm, 1°. The standard dynamic
analysis procedure did not produce any significant statisti-
cal inference on the performance of the devices therefore a
method derived from the standards was used to evaluate the
reliable upper bound velocity. The reliability conditions were
specified to consider both the quality (average error hypothe-
sis test Hy < 84v¢) and the quantity (percentage loss < 0.05%)
of the tracking. In our case, we defined the 84, such that
the devices are able to localize within itself, i.e., within their
physical dimensions extremes. The upper bound results for
each VLTS device were further substantiated with the random
and complex human wrist motion trajectories recorded using
Optitrack MOCAP and recreated in C16. As the choice of
average error might be high for most of the applications,
a procedure to validate the usage of VLTS for a custom
application with a user-defined 8y, and 6,4, for both static
and dynamic cases are described in the appendix along with
few recommendations to configure VLTS.

APPENDIX A

PROCEDURE TO PERFORM STATIC PERFORMANCE
EVALUATION FOR A CUSTOM APPLICATION

Here, we explain how to use our results to evaluate VLTS for
a custom application for an expected average and maximum
error. This is an adaption from the hypothesis test proposed
in [22]. To perform static analysis, leftmargin=*

1) Select N > 32 random pose within your workspace

2) Move your setup (robot or motion generator or just
manually) with the device attached to these poses,

3) At each pose record the VLTS and the corresponding
setup data (system to be tracked) (Note that if the data
cannot be extracted from the system to be tracked, any
other reference system can be used),

4) Calculate the error using the equation (1),

5) The above steps can be skipped if the error data for
more than 32 pose exists,

6) Find e and e,

7) Fix 8ave and Spqyc as per the average and maximum
error the system is required to perform, (Note that if
the interest is only on one of the values, the other value
can be taken from the Table. 6)
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8) Extract the s> for the specific device from the Table. 6,

9) Substitute the above values in the equation (2) and (3)
to determine whether the null hypothesis of average
error and maximum permissible error test is accepted
or rejected,

10) If both the hypothesis is accepted, then we can concur
that VLTS is suitable for the custom application and
also the base stations are setup properly.

11) If any one of the hypothesis is rejected, then reconfig-
ure the setup as per the recommendations mentioned
later and repeat all the steps from the beginning until
the hypothesis are accepted.

If the static analysis fails even after having the iterating with
various configurations, then we can infer that VLTS is not the
recommended system for the custom application to have an
davg and e;qx. The next option is to increase the value of 84y
and ey,qy, if the application can permit the increase in error
and repeat the procedure.

APPENDIX B

PROCEDURE TO PERFORM DYNAMIC PERFORMANCE
EVALUATION FOR A CUSTOM APPLICATION

Here, we describe the procedure to conduct dynamic per-
formance analysis similar to section III-C3 for a custom
application for an expected average error and percentage
loss of data (Refer section III-C2). To perform dynamic
analysis,

1) Select a trajectory based on the custom application with
more than 32 samples (N>32 within your workspace)
and an average velocity,

2) Perform the trajectory or motion with the tracking
device attached,

3) At each pose record the VLTS and the corresponding
setup data (system to be tracked),

4) Calculate the error using the equation (4) and (5).

5) Again, the above steps can be skipped if the error data
exists for more than 32 samples,

6) Find e,

7) Fix 84v¢ and 84y as per the average and maximum error
the system is required to perform,

8) Calculate the percentage of loss in tracking (III-C1)

9) Extract the s2 for the specific device from the Table. 14.

10) Substitute the above values in the equation (2),

11) Check whether the reliability condition is accepted or
rejected (Refer section I11-C2),

12) If the reliability conditions are accepted, then we can
concur that VLTS is suitable for the custom application
with error 84,4 and 84y,

13) If the reliability condition fails, check whether the aver-
age velocity of the trajectory is within the upper bound
specified in section IV-C2. If the velocity is above the
upper bound, we suggest to reduce the average velocity
and repeat the procedure.

If the dynamic analysis fails repeatedly after reducing the
velocity, then we can infer that the VLTS is not suitable for
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the custom application to have 84, and 8,,,4x. The next option
is to increase the value of 84, and ey, if the application can
allow increase in error and repeat the procedure.

APPENDIX C

RECOMMENDATIONS FOR VLTS SETUP

Along with the considerations mentioned in section II-A
which includes the vendor’s suggestions, we recommend the
following to be taken into account while configuration

Ensure that the sweep of the base station reaches the
entire volume of work by specifying the workspace to
track into a cube (play area * height). The best way to get
this area completely enclosed is to have the base stations
at the end of the play area diagonal. The most common
error is to place the base stations at the midpoints of
the cube’s edges, this configuration would significantly
decrease the tracking efficiency at the play area edges.
Ensure the tracking devices are consistently visible to
at least one of the base stations. It is better to make the
devices visible to only one base station than visibility
limited for both.

Assign a unique role to the trackers and controller. This
will ensure that the data received is not corrupted. For
instance, if the role of “left-hand” is assigned to a
tracker and a controller then the data from both these
devices may be interchanged leading to swapping in
visual and pose data of “left-hand” interpreted. This
depends on the software application written to receive
the data but we still suggest that the roles should be kept
different from one another.

The order from which each device is connected defines
the SteamVR identification number. So if a series of
experiments are carried out, the best way to maintain
the Id’s order is to connect the same way it was first
paired. This is highly recommended for using VLTS as
a MOCAP solution.

These recommendations are made from observations and
rectifying the failures while conducting this extensive study.
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