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ABSTRACT
This report summarizes results from using TelOpTrak, a new approach for precision indoor tracking of tele-operated
UGVs. TelOpTrak does not rely on GPS, or external references; it uses odometry and a low-cost MEMS-based gyro.
Our method corrects heading errors incurred by the high drift rate of the gyro by exploiting the structured nature of most
indoor environments, but without having to directly measure features of the environment. The only operator feedback
offered by most tele-operated Unmanned Ground Vehicles (UGVs) is the view from a low to the ground onboard
camera. Live video lets the operator observe the UGV’s immediate surroundings, but does not establish the orientation
or whereabouts of the UGV in its environment. Mentally keeping track of the UGV’s trajectory is difficult, and operators
easily become disoriented. Our goal is to provide the tele-operator with a map view of the UGV’s current location and
heading, as well as its previous trajectory, similar to the information provided by an automotive GPS navigation system.
This frees tele-operators to focus on controlling the UGV and achieving other mission goals, and provides the precise
location of the UGV if it becomes disabled and needs to be recovered.
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Tele-operated, Tracking

1. INTRODUCTION
Most tele-operated UGVs offer the remote operator just one kind of visual feedback: the view from an onboard camera.
These video pictures do not allow the operator to establish the orientation or whereabouts of the UGV in its
environment. Some Operator Control Units (OCUs), such as that for iRobot’s PackBot, offer a second window, in which
the trajectory of the UGV is plotted. However, this window is shown only if GPS is available. Indoors, where GPS is not
available, it is necessary to employ other vehicle tracking methods to supply the tele-operator with a view of the UGV’s
trajectory.
The most widely used method for tracking the position of unmanned ground vehicles (UGV) in GPS-denied
environments is odometry, that is, the counting of fractional revolutions of wheels on the left and right side of the UGV1.
Odometry only works well if there is no wheel slippage. If there is much slippage, such as when tracked vehicles turn,
then odometry alone is not useful. A common approach for tracked vehicles is to combine odometry with at least one
gyroscope or with a complete inertial measurement unit (IMU)2. The accuracy of these methods depends to a large
degree on the quality of the gyro. Inexpensive (e.g., MEMS-based) gyros tend to produce heading errors at a rate of up to
tens of degrees per minute3. Fiber optic gyros produce errors at much lower rates, on the order of a few degrees per
hour2, but these gyros cost thousands of dollars.
Other position tracking methods exist that use pre-existing recognizable features in the environment as absolute
references. One such method, which uses directional range-finding sensors or cameras is Simultaneous Localization And
Mapping (SLAM)4. In SLAM, prominent features, such as planes and corners, are extracted from sensor data and used
as landmarks to build a map of the vehicles environment. Changes in the range and bearing of the landmarks as
measured by the vehicle over time are used to estimate the vehicle’s trajectory. One major challenge with SLAM is the
problem of landmark association, as individual sensor readings must be correctly associated with new landmarks, or reassociated with their corresponding, previously observed landmarks. Only landmarks that are static with respect to the
environment can be used to infer the motion of the vehicle, so SLAM systems must also be able to identify and ignore
other moving objects.
A purely vision-based method similar to SLAM is visual odometry5,6, where cameras are used to perform dead reckoning
more directly. Features, such as corners, are tracked in successive video frames and used to estimate the motion of the
camera and vehicle in the period between the frames. Feature association is less of a problem for visual odometry, as the
changes from image to image tend to be minor, and there is no need to associate a re-observed feature with its previous
encounters. Visual odometry is, however, computationally intensive, as video must be processed in real-time to extract
and track many features. Environmental conditions such as darkness or smoke may also interfere with video quality.
In this paper we propose a substantially different approach, called TelOpTrak. TelOpTrak uses odometry and a low-cost
MEMS-based gyro for indoor tracking. Our method corrects heading errors incurred by the high drift rate of the gyro by
exploiting the structured nature of most indoor environments, but without having to directly measure features of the
environment. In earlier work we developed a much less powerful but more widely
applicable heuristic-enhanced dead-reckoning method for vehicles, called
Heuristic Drift Reduction (HDR)7.

2. THE EXPERIMENTAL SYSTEM
We chose to test and validate the TelOpTrak algorithm on an iRobot PackBot, a
tele-operated tracked UGV already in common use. Our PackBot is equipped with
a rotating boom-arm with a pan/tilt camera head mounted on the end. PackBots
have encoders on their track motors and the capability to accept data from
additional sensor payloads. With the addition of a gyroscope the TelOpTrak
algorithm could run directly on a PackBot’s on-board computer, but for simplicity
we constructed a separate TelOpTrak test system to operate in parallel with the
stock remote control system, as shown in Figure 1. This separate system has the
advantage of being transferrable to any tele-operated UGV.
Figure 1: iRobot PackBot outfitted
as a TelOpTrak test vehicle.

Our test system consists of a low-cost ($300) MEMS gyroscope (the CruizCore XG1010 made by Microfinity8), a serial
radio, and an 8-bit microcontroller on a custom PCB contained in an enclosure, as shown in Figure 2a. For odometry, we
mounted custom magnetic encoders inside the PackBot’s track sprockets. Each encoder consists of a pair of latching
hall-effect sensors mounted to the PackBot chassis next to a rear sprocket, and a laser-cut plastic encoder disk sized to fit
inside the sprocket. (Figure 2b). Each encoder disk has 18 press-fit neodymium magnets arranged in alternating northsouth orientation. As the sprocket turns alternating magnetic poles are passed over the hall-effect sensors generating
quadrature signals. While encoder data is available from the PackBot’s internal motor encoders, we wanted to build an
entirely self-contained system that can be added to virtually any UGV, not just the iRobot PackBot, within as little as an
hour. The TelOpTrak algorithm performed well in spite of the relatively low resolution of the external encoders.
The system can be powered from a USB host port, a battery pack, or a 5V power supply. The microcontroller directly
samples and decodes quadrature encoder signals from the left and right tracks, as well as the rate of rotation measured by
the gyro. The microcontroller applies the TelOpTrak algorithm to the encoder and gyro data, and uses parameters of the
vehicle (encoder resolution, effective track sprocket diameter, etc.) to calculate the TelOpTrak-corrected position and
heading of the vehicle in real time. This information is transmitted over the serial radio to a laptop where plotting
software shows a live trajectory plot to the operator. Figure 3 shows an artist’s rendition of how this plot would appear if
displayed on the PackBot OCU in place of the GPS map.

(a)

(b)

Figure 2: (a) The TelOpTrak system mounted on the PackBot test vehicle; (b) Custom magnetic encoder fitted to a track
drive sprocket.

Figure 3: Artist’s rendition of a PackBot OCU displaying a live TelOpTrak trajectory in bottom left pane. Current
production PackBot OCU’s don’t have the capability of showing UGV trajectories in GPS-denied environments.

3. EXPERIMENTAL RESULTS
In order to illustrate the accuracy of position tracking with the TelOpTrak algorithm, Figure 4 shows the trajectory of a
22-minute/1000-meter drive of a tele-operated, tracked mobile UGV (not a PackBot) overlaid over a floor plan of the
building in which the drive took place. As is apparent from the parallel trajectory segments of multiple traverses of the
same corridors, heading errors are zero at steady state. In a real military scenario, floor plans are likely not available, the
trajectory could likely be overlaid over a satellite or aerial photo of the building.
In a more rigorous set of experiments, this time with the PackBot equipped with the “quick-mount” encoder system
described in the proceeding section, we performed six indoor runs under tele-operator control. In all six runs the UGV
started at a position labeled (0,0) and at the end of the run stopped at that exact same position. At the stopping position
we compared the computed final position based on dead-reckoning and based on TelOpTrak with the actual final
position (0,0). The difference between the two is called the Return Position Error (RPE). The RPE is not a great indicator

Figure 4: Trajectory of a tele-operated tracked UGV being driven through a large building, overlaid
over a floor plan. In real applications, the trajectory would be shown overlaid over an aerial image (if
available) or a blank background.

for the accuracy of a tracking system, since it is quite possible to have large heading errors but very small RPEs. In the
case here, however, it would have been too tedious to try and compile true ground truth for position in each run. We also
didn’t see the need for that effort since we are providing plotted results for each run.
In all runs a tele-operator controlled the PackBot remotely, using a typical iRobot OCU and using only the onboard
camera for feedback. We emphasize this fact because under these conditions, tele-operated driving is much more erratic
than driving with a direct line of sight. Also, the tele-operator had to cope with real reductions in frame rate that are
typical in tele-operated UGVs once the UGV gets further away from the operator or when the video feedback signal is
degraded due to obstructions. With frame rates as low as one frame per second, turning often results in significant
overshoot. Under these conditions, the TelOpTrak system is fully challenged since some of the driving is zigzagging and
otherwise not very straight, even in straight corridors.
Each run took 20-25 minutes. In Runs 1, 2, and 3 the UGV was driven around the corridors and lab space without a
specific mission. In Run 4 we emulated a mission of handling an unexploded ordinance. To emulate this task, we marked
a 2 m  2 m square on the floor and placed a cardboard box over one of the corners of the square. The operator then
drove the UGV along corridors, as before, but then steered the UGV such that it would push the box around the marked
square. This activity required repeated engagement and disengagement of the UGV with the box to push it in the right
direction. Of the overall 20 minutes of drive time, 5 minutes were spent on the box pushing task. The trajectory plots of
all six runs are shown in Figure 5.
In Run 5 we emulated the task of inspecting a suspicious object. For that task, an experimenter had written messages in
marker on the four vertical inside surfaces of a box. During the run, the tele-operator had to maneuver the UGV such that
he could actually read the messages with the onboard, on-arm camera, and verify all four messages with the
experimenter before moving on.
Run 6 was the most challenging for both the operator and the TelOpTrak system. As in Run 4, the tele-operator had to
push a box along a marked path, but in this run the path formed the letters UM (for University of Michigan). This
activity required repeated engagement and disengagement of the UGV from the box, as well as pushing the box in nondominant directions for brief periods of time. Of the overall 20 minutes of drive time, 10 minutes were spent on the box
pushing task.
Table I summarizes the specifications and results for all six runs.

Table I: Specifications and results for the six PackBot runs.

Run #
1
2
3
4
5
6
Average

Total
duration
[minutes]

Total travel
distance
[meters]

Return position
error (RPE)
[meters]

23
21
23
22
21
23

460
522
638
591
565
442

2.37
1.73
1.03
0.94
1.91
2.83

Relative RPE
as percentage of
distance traveled
[%]
0.52%
0.33%
0.16%
0.15%
0.34%
0.63%
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Figure 5: Six runs with a PackBot with conventional (thin red line) and heuristics-enhanced (thick green line) deadreckoning. Runs varied in duration between 21-23 minutes. In Runs 3 through 6 we challenged the TelOpTrak algorithm
by having the UGV perform complex tasks other than just driving along corridors.

4.

CONCLUSIONS

This report shows results obtained with the TelOpTrak algorithm for precision indoor tracking of tele-operated UGVs.
TelOpTrak does not rely on GPS or external references; it uses odometry, a low-cost MEMS-based gyroscope, and
heuristic assumptions about the structured nature of most indoor environments. Features of the environment are not
directly measured by the system; instead they are inferred from the motion of the UGV under the direction of the teleoperator viewing live video from an onboard camera or cameras.
TelOpTrak is applicable in structured indoor environments, in which much (but not all) of the travel occurs along what
we call “dominant directions.” Most buildings have rectangular footprints, with four dominant directions that are
typically parallel to the outside walls and offset by 90° from each other. Among the rare exceptions to this assumption,
the most common one is that of buildings that have eight dominant directions, offset by 45°. TelOpTrak is designed to
cope with this exception and handles easily dominant directions that are offset by 45°.
The TelOpTrak algorithm itself is relatively simple, and can be implemented in ~20 lines of program code running either
on a mobile UGV’s onboard computer, or on a separate low-cost microcontroller. It can make use of encoders built into
a mobile UGV, or use our low-resolution “quick mount” magnetic encoders, which can easily be attached to wheels or
sprockets on the UGV. A tele-operated mobile UGV, such as an iRobot PackBot, can run the TelOpTrak algorithm
natively, or be retrofitted with an add-on TelOpTrak system operating in parallel with the otherwise stock UGV and
OCU.
In buildings or other environments that meet the dominant direction criteria, TelOpTrak eliminates heading error caused
by gyro drift and other slow-changing sources of error, effectively maintaining zero heading errors in drives of unlimited
duration at steady state. As a direct result, TelOpTrak significantly reduces position errors, as accumulated heading
errors are almost always the primary source of position errors in a dead-reckoning system.
The only operator feedback offered by most tele-operated UGVs is the view from a low-to-the-ground onboard camera.
Mentally keeping track of the UGV’s trajectory is difficult and as a result, operators easily become disoriented and lose
track of the UGV’s position and heading relative to the building. The TelOpTrak system alleviates this problem by
providing the tele-operator with a map view of the UGV’s current location and heading, and its previous trajectory,
similar to the information provided by an automotive GPS navigation system. This frees tele-operators to focus on
controlling the UGV and achieving other mission goals, and provides the precise location of the UGV if it becomes
disabled and needs to be recovered.
A short video demonstration of the TelOpTrak algorithm running on a small tracked UGV is linked to Figure 6.

Figure 6: Screen shot of a TelOpTrak algorithm video demonstration on a small tracked UGV. This video clip can be
downloaded from: http://www.engin.umich.edu/research/mrl/video/Trackey_TelOp_1mbps.wmv
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