NASA/TM-20220005304

Characterization of Infrared Optical Motion Tracking System
in NASA’s Simulated Lunar Operations (SLOPE) Laboratory

Alexander Schepelmann and Stephen Gerdts
Glenn Research Center, Cleveland, Ohio

June 2022



NASA STI Program . . . in Profile

Since its founding, NASA has been dedicated

to the advancement of aeronautics and space science.
The NASA Scientific and Technical Information (STI)
Program plays a key part in helping NASA maintain
this important role.

The NASA STI Program operates under the auspices
of the Agency Chief Information Officer. It collects,
organizes, provides for archiving, and disseminates
NASA’s STI. The NASA STI Program provides access
to the NASA Technical Report Server—Registered
(NTRS Reg) and NASA Technical Report Server—
Public (NTRS) thus providing one of the largest
collections of aeronautical and space science STI in
the world. Results are published in both non-NASA
channels and by NASA in the NASA STI Report
Series, which includes the following report types:

*  TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
programs and include extensive data or theoretical
analysis. Includes compilations of significant
scientific and technical data and information
deemed to be of continuing reference value.
NASA counter-part of peer-reviewed formal
professional papers, but has less stringent
limitations on manuscript length and extent of
graphic presentations.

*+  TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., “quick-release” reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

*+  CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

+  CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or co-sponsored by NASA.

*  SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions, often
concerned with subjects having substantial
public interest.

«  TECHNICAL TRANSLATION. English-
language translations of foreign scientific and
technical material pertinent to NASA’s mission.

For more information about the NASA STI
program, see the following:

»  Access the NASA STI program home page at
http://www.sti.nasa.gov

*  E-mail your question to help@sti.nasa.gov

*  Fax your question to the NASA STI
Information Desk at 757-864-6500

*  Telephone the NASA STI Information Desk at
757-864-9658

*  Write to:
NASA STI Program
Mail Stop 148
NASA Langley Research Center
Hampton, VA 23681-2199



NASA/TM-20220005304

Characterization of Infrared Optical Motion Tracking System
in NASA’s Simulated Lunar Operations (SLOPE) Laboratory

Alexander Schepelmann and Stephen Gerdts
Glenn Research Center, Cleveland, Ohio

National Aeronautics and
Space Administration

Glenn Research Center
Cleveland, Ohio 44135

June 2022



Acknowledgments

The authors would like to thank E.T. Rezich and K.A. Johnson for their assistance with this research.

Trade names and trademarks are used in this report for identification
only. Their usage does not constitute an official endorsement,
either expressed or implied, by the National Aeronautics and

Space Administration.

Level of Review: This material has been technically reviewed by technical management.

This report is available in electronic form at http://www.sti.nasa.gov/ and http://ntrs.nasa.gov/



Characterization of Infrared Optical Motion Tracking System in
NASA’s Simulated Lunar Operations (SLOPE) Laboratory

Alexander Schepelmann and Stephen Gerdts
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

This work characterizes the accuracy of a 16-camera OptiTrack motion tracking system installed in
NASA Glenn Research Center’s Simulated Lunar Operations (SLOPE) Laboratory. The position of a
rigid body mounted on a motorized linear stage is compared to its position reported by the motion
tracking system as it travels through the facility’s 777-m’ capture volume of interest. Experiments show
that the mean error reported by the motion tracking system for the aggregate capture volume is in line
with independent measurements collected using the motion stage. Error within regions of the capture
volume exceed the mean error reported by the motion tracking system, likely due to occlusion, and
suggests that additional cameras should be used to increase measurement accuracy in these regions.
Overall, results show that error values reported by the motion tracking system are representative of the
measurement error in a collected dataset and validates the system’s use for characterizing the mobility
and tractive performance of robots, rovers, and other vehicles for planetary exploration.

1.0 Introduction

Optical motion tracking systems are a popular tool in biomechanics research to measure and assess
human movement (Ref. 1). By sensing infrared light emitted or reflected from markers in multiple
cameras, such systems are able to measure the position and orientation of rigid bodies in three-
dimensional space with submillimeter accuracy while eliminating the need for data and signal wires
required by other sensors (Ref. 2). The compact, wireless nature of the system, plus its ability to natively
sense rigid bodies, make it attractive to scientists and engineers studying unmanned aerial vehicles,
legged robots, and wheeled vehicles (Refs. 3 to 5).

The Simulated Lunar Operations (SLOPE) Laboratory is a state-of-the-art test facility located at
NASA Glenn Research Center for evaluating tractive performance and sinkage of robotic rovers and other
vehicles in simulated lunar and martian soil. The facility contains three soil bins filled with simulant
material (Figure 1): an 11.8- by 2.9- by 0.6-m (464- by 114- by 22-in.) sink tank filled with high-sinkage,
high-slip Fillite (Tolsa USA, Inc.) that is meant to approximate dynamic conditions of iron(III) sulfate
that were encountered by NASA’s Spirit rover on Mars (Ref. 6); an 11.8- by 3.0- by 0.3-m (464- by 117-
by 13-in.) driving lane filled with GRC-1 simulant that is designed to match the geotechnical properties
of lunar regolith measured during NASA’s Apollo missions (Ref. 7); and a 6.7- by 4.7- by 0.2-m (264- by
184- by 9-in.) hydraulically actuated tilt bed filled with GRC—1 to simulate sloped lunar terrain at up to
45° of inclination.

An OptiTrack motion capture system comprising 16 Prime*41 cameras (PX41, NaturalPoint, Inc.
DBA OptiTrack) was recently installed in the SLOPE Laboratory to enable real-time, in situ
measurements of vehicle performance in the facility’s soil bins (Ref. 8). This system supplements the
facility’s existing single-wheel characterization hardware and expands the laboratory’s full-vehicle testing
capabilities (Refs. 9 and 10).
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Figure 1.—Simulated Lunar Operations (SLOPE) Laboratory soil bins. A: High-sinkage
Fillite (Tolsa USA, Inc.). B: GRC-1. C: Tilt bed.

Prior to a data collection session, the motion capture system is calibrated using a wand with active
motion tracking markers through OptiTrack’s Motive software package. After completing the calibration,
Motive gives a mean overall wand error quantifying the accuracy of spatial measurements taken with the
OptiTrack system. This report presents work to validate the accuracy of this wand error, both across the
entire volume of interest as well as smaller volumes within it, through independent measurements
collected with a linear motion stage. Error values are calculated both for individual regions throughout the
capture volume as well as for the range of typical tilt bed angles used during vehicle tests.

We find that the mean error reported by Motive is consistent with the independent measurements
collected with the linear stage throughout the facility’s 777-m’ capture volume of interest, with a mean
Motive-reported error of 0.17 mm and an independently calculated mean error of —0.06+0.65 mm across
all trials, respectively. The majority of localized measurements within smaller volumes are also in line
with the mean value reported by Motive. However, the measured error exceeds the Motive-reported mean
error of the entire capture volume in some regions of the soil bins. These larger errors likely result from
camera occlusion caused by other test hardware in the facility and suggests that additional cameras should
be placed throughout the capture volume to increase measurement accuracy in these regions. In aggregate,
results suggest that the error value reported by Motive is representative of the measurement error in a
collected dataset, which validates the system’s use for characterizing the mobility and tractive
performance of robots, rovers, and other vehicles for planetary exploration.

2.0 Methods

The OptiTrack motion tracking array installed in NASA’s SLOPE Laboratory consists of 16 PX41
cameras mounted on the facility’s walls (Figure 2). Fourteen of the cameras are mounted at a height of
4.3 m (14 ft) to minimize occlusion resulting from the perimeter walkways around the soil bins. The two
remaining cameras, located on the wall behind the tilt bed, are mounted at a height of 4.9 m (16 ft) to
provide a view of the soil when the tilt bed is at its maximum inclination. Cameras were oriented during
the installation process to maximize the soil bin area captured in each of their fields of view. The fields of
view of neighboring cameras overlap to provide redundant views of regions in the soil bins.

In addition to validating the mean accuracy value reported by Motive, this work aims to quantify
tracking accuracy within localized regions of each soil bin. To measure localized accuracies throughout
the capture volume, the soil bins are divided into 12 roughly equally sized cells as shown in Figure 2.
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Figure 2.—Simulated Lunar Operations (SLOPE) Laboratory Prime*41 camera
(PX41, NaturalPoint, Inc. DBA OptiTrack) placement. Cells 1, 3, 5, and 7: high-
sinkage Fillite (Tolsa USA, Inc.) sail bin. Cells 2, 4, 6, and 8: GRC-1 soil bin. Cells
9 to 12: tilt bed. Dots indicate camera locations. Traction and Excavation
Capabilities (TREC) Test Rig and stairwell callouts represent other spatial features
that create partial camera occlusions. Dimensions are in meters.

2.1 Data Collection

Data is collected over four sessions. Sessions 1 to 3 aim to verify OptiTrack’s reported measurement
accuracy for “level-driving” scenarios across the soil bins and when the tilt bed is at a 0° inclination.
Session 4 aims to verify OptiTrack’s reported measurement accuracy for “sloped driving” in the tilt bed
for inclinations of 0°, 10°, and 20°. Before each session, the motion tracking system is calibrated using an
active calibration wand (CWA-500, NaturalPoint, Inc. DBA OptiTrack) and OptiTrack’s Motive software
package. After completing the calibration, Motive reports a mean overall wand error that quantifies the
difference between the measured and known length of the active wand, which is representative of spatial
measurement accuracies taken with the OptiTrack system over the total capture volume (Figure 3).

An OptiTrack active puck (ACTPUKO0001, NaturalPoint, Inc. DBA OptiTrack) is tracked by the
cameras during data collection. The puck contains eight infrared light-emitting diodes (LEDs) that can be
uniquely identified by multiple cameras as they move through the capture volume. The puck is mounted
to a 300-mm precision linear translation stage (LTS300, Thorlabs, Inc.) whose position is controlled
through MATLAB (MATLAB R2020b, Mathworks, Inc.) to accurately position the puck and provide
independent position measurements (Figure 4). The linear stage is mounted to aluminum extrusions that
are attached to two heavy-duty tripods (Manfrotto 475B, Vitec Imaging Distribution, Inc.) to elevate the
stage above the simulant and minimize contamination. For these experiments, the linear stage is assumed
to move the puck in a single axis and have no off-axis deviation over its range of motion.

During each session, the linear stage assembly is placed in three random locations in every cell. For
each placement, the linear stage is commanded to travel across its 300-mm range of motion at 10-mm
increments, pausing at each location to collect 100 position measurements from the linear stage. Based on
communication bandwidth and the asynchronous messaging interface between MATLAB and the linear
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Calibration Result Report

... Calibration Result: Exceptional

Overall Reprojection Mean 3D Error: 0.507 mm Mean 2D Error: 0.056 pixe xceptional)
Worst Camera Mean 3D Error: 0.594 mm Mean 2D Error: 0.084 pixels (Exceptional)
Triangulation Recommended: 2.8 mm Residual Mean Error: 0.5 mm

Overall Wand Error  Mean Error: 0.150 mm  (Exceptional)

Ray length Suggested Max: 27.5 m

ﬁ‘." All results are in the context of the wanding data. Ensure even and comprehensive
wanding through the entire volume and the calibration wand is in good working order.

Figure 3.—OptiTrack Motive reported measurement accuracies. Red box: mean
wand error across capture volume.

Linear stage
r———
Figure 4. —Active puck and linear translation stage assembly.

stage', this results in a pause of approximately 6 s at each location. During each pause, the position of the
active puck is simultaneously measured by the OptiTrack camera array at a rate of 100 Hz, resulting in
approximately 600 OptiTrack position measurements of the puck at each position setpoint.

2.2 Data Processing

OptiTrack and linear stage measurements are aligned during postprocessing using logged time stamps
in each dataset. The testing facility does not possess the capability to independently place the linear stage
within the capture volume with an accuracy that is comparable to the OptiTrack system. As such, a
translation offset is applied to the OptiTrack-measured position of the active puck so that its start position
is located at [0,0,0] in Cartesian XYZ space. As stated previously, the linear stage is assumed to move the
puck in a single axis and have no off-axis deviation over its range of motion. It is similarly not possible to
physically align the orientation of the linear stage assembly with the OptiTrack system’s coordinate frame
with sufficient accuracy due to natural undulations of the soil in each bin. As a result, optimization is used
to calculate rotation matrix parameters for the offset data in order to align the coordinate frames of
OptiTrack and linear stage.

"Due to the communication protocol used by the stage to interface with MATLAB, it is not possible to receive
position feedback from the stage while it is in motion. As a result, error quantification in this report is based on static
puck measurements.
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Linear stage position measurements are assumed to only occur in the x-axis. To align offset
OptiTrack data (x = [x, y, z]) with this frame (x; = [x,, y», z+]), unconstrained nonlinear optimization
(fminunc(), MATLAB R2020b, Mathworks, Inc.) is used to calculate rotation matrix parameters a, B, and
vy in order to minimize off-axis deviations y, and z,:

min (y? +27), where:x, =R, ()R, (B) R (v)x (1)
a” ”Y

and

Rx:[(l) cos%a} —SiI(l)((x)j )

0 sin(a) cos(a)

cosO(B) (1) sinO(B)

R, = 3
Y {=sin(B) 0 cos(B) ©)
cos(y) —sin(y) 0 4)
R, = sméy; cos(y) O
0 0 1
Error analysis is conducted on values of x, that have been transformed with optimized values of a, 3,
and v.
23 Data Analysis
For each cell, the OptiTrack measurement error ¢ is calculated as the mean error between the
commanded linear stage position Xsag. and the measured x, component of the active puck position
1 n
8:;Z:(xstage _xr) (5)
i=1

where # is the total number of OptiTrack position measurements for all stage placements in a cell during a
session. These values provide localized measurement accuracies in each cell. An aggregate accuracy

value (8§Z£§ ) that is directly comparable to Motive’s reported mean overall wand error ( €794V ) is

similarly calculated using all data points from a session. Finally, total accuracies across all sessions (Sf(ﬁ’,lc

and €'V are calculated using all data from each session.

3.0 Results

Across all sessions, Motive reported a mean overall wand error of €9V = (.17 mm compared to a

mean calculated error of €5%¢ =—0.06+0.65 mm using data collected across the capture volume of

interest with the linear motion stage (n = 2,249,327).” The mean overall wand error for data taken during
each day exhibited a similar accuracy and is summarized in Table 1.

>Two datasets collected on day 4 (cell 12, 0° tilt bed inclination, trials 2 and 3) were excluded from this calculation
due to marker occlusion during data collection.
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TABLE 1.—AGGREGATE ACCURACY VALUES

Measurement Day 1 Day 2 Day 3 Day 4
gmolv mm 0.19 0.15 0.16 0.16
gsdle ' mm —0.08+0.50 —0.04+0.83 —-0.11+0.59 0.04+0.66

€, mm
o
T

1 2 3 4 5 6 7 8 9 10 1 12
Cell number

Figure 5.—Violin plot with interquartile ranges of mean cell error for “level-driving”
scenarios. Blue: day 1. Orange: day 2. Green: day 3. Colored dashed lines: OptiTrack
Motive-reported mean overall wand error during calibration for respective day.

Mean measurement error in localized regions in the soil bins collected during days 1 to 3 (€54¢ ),

which simulate “level-driving” scenarios, were also in-line with Motive reported values (Figure 5 and
Table 2), though evenly numbered cells more frequently exhibited greater absolute localized error relative
| > gmotiv =12 and

calc
€ sess

to their respective aggregate celleven

gmov yalues than oddly numbered cells (i.e.,

sess

£Cioas| > £R = 6).

This phenomenon was observed in cell 10 for each day of testing. While Motive-reported error values
are still in the submillimeter range and therefore provide measurements with sufficient accuracy in these
cells for vehicle tests conducted in SLOPE, this increased error is likely the result of partial camera
occlusions due to another test apparatus located in the lab and a stairwell in the corner of the room
(Figure 3). Both of these items are permanent fixtures in SLOPE and cannot be moved. Employing
additional tripod-mounted cameras to compensate for occlusions may increase measurement accuracy.
The benefit of adding cameras will be explored during future testing.

Sloped-driving trials also exhibit submillimeter accuracy, though 66 percent of trials exhibited greater
absolute mean localized error relative to the Motive-reported value (Figure 6 and Table 3). Standard
deviations of errors in each dataset are comparable to those observed for level-driving scenarios. The
error magnitude does not show a positive correlation with the tilt bed angle. Examining individual trials
shows that this mean error is representative of individual trial accuracies and is not skewed by data from a
single trial that had a large error (Table 4 and Table 5). A possible reason for this increased error may be
due to differences in calibration quality between multiple days. Future testing will investigate the impact
of adding additional cameras to better cover occluded areas and the tilt bed.
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TABLE 2.—MEAN CELL ERROR DAYS 1 TO 3

eligl” , mm Day
) 1 2 3
0.19 0.15 0.16
Cell Error, mm
1 —0.04+0.25 0.03+0.86 0.01+0.51
2 -0.20+0.31 —0.134+0.35 -0.16+0.32
3 —0.08+0.29 0.85+0.77 0.03+0.71
4 -0.24+0.48 —0.36+0.59 —0.13+0.29
5 0.15+0.32 0.09+1.5 0.26+0.41
6 -0.23+0.49 0.11+0.54 —0.17+0.29
7 —0.26+0.77 0.18+0.84 0.09+0.74
8 0.13+0.78 -0.63+0.50 -0.34+0.63
9 0.08+0.27 —0.14+0.67 -0.21+0.59
10 —0.23+0.34 —0.39+0.66 —0.34+0.63
11 —0.15+0.42 0.20+0.55 0.02+0.49
12 0.15+0.56 —0.26+0.43 —0.42+0.70
! *
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Figure 6.—Violin plot with interquartile
ranges of mean cell error for “sloped-
driving” scenarios. Violet: cell 11.
Pink: cell 12. Colored dashed lines:
OptiTrack Motive-reported mean
overall wand error during calibration

for day 4.

TABLE 3.—MEAN CELL ERROR FOR VARIOUS

SOIL BIN TILT BED ANGLES
[ enoiv js 0.16 mm.]
Cell Angle
0° 100 | 20°
Error, mm
11 0.28+0.52 0.23+0.72 —0.40+0.62
12 0.27+1.17 0.12+0.41 —0.12+0.47




TABLE 4.—CELL 11 INDIVIDUAL TRIAL ERROR

[emoliv is 0.16 mm.]

sess

Tilt Trial
1 | 2 3
Error, mm
0° 0.71+£0.39 —0.04+0.24 0.17+0.54
10° 0.79+0.84 0.28+0.26 -0.37+0.32
20° —0.40+0.80 —0.18+0.24 —0.62+0.58

TABLE 5.—CELL 12 INDIVIDUAL TRIAL ERROR
[ emomv is 0.16 mm.]

Tilt Trial
1 | 2 3
Error, mm
0° 027+1.17 |  mememmememeem | emmmmeeeee
10° 0.15+£0.22 0.37+0.43 —0.16+0.36
20° -0.15+0.26 -0.10+0.40 -0.11+0.66

4.0 Conclusions

The 16-camera OptiTrack motion tracking system installed in NASA Glenn Research Center’s
Simulated Lunar Operations (SLOPE) Laboratory is able to provide real-time measurements of rigid
bodies with submillimeter accuracy across the facility’s 777-m’ capture volume of interest. The mean
reported error by the motion tracking system is in line with independent measurements collection using a
linear motion stage. Error within localized regions of the capture volume exceed the mean error reported
by the motion tracking system, likely due to occlusion. Additional cameras should be used to increase the
measurement accuracy in these regions. Overall, error values reported by the motion tracking system are
representative of the measurement error in collected datasets, which validates the system’s use for
characterizing the mobility and tractive performance of robots, rovers, and other vehicles for planetary
exploration.
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