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the reliability and range of performance of the navigation and have the stereo component alternate between pairs of
system. images.

Most of the experiments were performed at a slag heap With these improvements to the system, we expect to
in Pittsbugh (Figure 8), on an undulating plateau featuring be able to travel on the order of 10 km in Lurglevant
some sheer ché and sculpted features (mounds and terrain, using the safeguarded teleoperation mode. In
ridges). While most of the experimental runs have been on addition, we are working with a social scientist to design an
the order of one to two hundred meters each, our longestexperiment to test the fetts of safeguarding on remote,
contiguous run to date has been 1,078 m, where 94% of thetime-delayed teleoperation. The idea is to quantify the
distance was traversed in autonomous mode and the rest irobjective efects (e.g., time to complete a task, number of
direct teleoperation mode. Direct teleoperation is needed backups required) and subjectivéeetfs (e.g., fatigue and
mainly to turn the rover around when it nears the limit of frustration) that result from adding safeguarding
its radio transmission range, and to back the rover out of techniques that veto or alter the oper@tosteering
situations where it becomes trapped (since the currentrecommendations. While we intuitively expect that
obstacle avoidance planner looks only several meters out,safeguarding is more and more useful as the time delay
and cannot generate recommendations for traveling grows, we feel that it is important to measure thofcef
backwards). rigorously before proceeding further along this research

The cycle time for stereo is about 1 second on a path.

SRARC 10, and cycle time for the obstacle avoidance
planner is 0.5 second (other computation times are :
minimal). Since the lgest latency is in acquiring and Conclusmns

transmitting image pairs (about 2 Seconds), we are It is inevitable that we will return to the Moon --
investigating using wireless Ethernet to speed this up. The Probably with robots leading the walo navigate reliably
overall cycle time, in which perception and planning is and safely over long distances, various control strategies
concurrent, is about 3 seconds{eﬁage rover speed is will be needed: direct teleoperation, autonomous
between 10 to 20 cm/s. a\are working to speed up the navigation, and safeguarded teleoperation. This paper has
computations, in order to increase average speed to abouPresented an implemented software and hardware rover
50 cm/s, the nominal speed for the anticipated 1000 km System that can produce the various navigation modes by
Lunar mission. judiciously combining the steering recommendations of a

The experiments have revealed a number of areas forhuman operator with those of stereo-based navigation
improvement. The most critical is that the obstacle Software. This arbitration scheme provides for great
avoidance planner must be less sensitive to noise andfexibility in controlling the roveras evidenced by our
missing data in the stereo terrain maye &k developinga  successful experiments in driving in outdooratural
statistical approach to evaluating the traversability of paths, terrain.
which should be more stable than the purely geometrical ~ Our experiments have demonstrated basic competence
approach Currenﬂy being used. in driving, but much more work needs to be done in order

Another important improvement is to add proximity t0 produce a system that can behave reliably over many
sensing, especially to detect drofisdtliffs and craters)in ~ weeks and kilometers. In particulave have tageted the
the area one to two meters in front of the roVéhile the area of proximity sensing and obstacle detection in order to
stereo-based navigation is used to steer the rover around€ach our goal of a 10 km traverse in 1995.
obstacles (four to seven meters ahead), the proximity-based It is important to realize that safeguarding and
algorithms would halt the rover when imminently —autonomous navigation can have profound impact on the
hazardous situations are detectede Wave recently  €ase and reliability of remote driving of a lunar rov@n
acquired a laser scanner for this purpose, and are workingthe other hand, such systems admittedly add complexity to
to develop simple algorithms to interpret the data reliably the hardware and software requirements of a rower

Finally, we need to increase the stereo beld of view Nneed to perform careful experiments to quantify the value
The current two-camera system is ifstient for making added by these technologies, in order to demonstrate their
sharp turns, since it cannot view much to the sides of the €ffectiveness for negerm lunar missions.
robot. Using lenses with a wider beld of view is not
attractive because of the distortion produced in the images; Acknowledgments
putting the cameras on a pan mechanism adds too much _ _
complexity Instead, to solve this problem we will use four This research was partially sponsored by NASA,

cameras, one pair facing left and the other pair facing right, Under grants NAGWB863 and NAGWLL7S. Ve
gratefully acknowledge assistance from Lalit Katragadda,



Figure 7: Evaluating Potential Steering Diections : TR S . :
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computed using a normalized correlation. Disparity Figure 8: The Ratler at the Pittsburgh Slag Heap
resolution is increased by interpolating the correlation
values of the two closest disparities. The normalized of view of the cameras do not allow a single image to view
correlation method is relatively robust with respect to sufecient terrain. Currentlywe use a rather simple
differences in exposure between the two images, and canapproach that transforms the new map based on the average
be used to produce conbdence measures in the disparitydeviation of elevations between the new and old maps.
values. To speed up the overall system cycle time, the planner
Much of the researchfeft for the stereo component requests only a small segment of the stereo image, at
has been in minimizing the number of outlier values reduced resolution (skipping rows and columns in the
(caused by false stereo matches W¥e several methods image). Experiments show that only about 2% of the image
to achieve the level of reliability required for navigation is needed for reliably detecting features on the order of 30
[7]. One method eliminates low-textured areas using lower cm high. The planner dynamically chooses which portion
bounds on the acceptable correlation values and variance inof the image that the stereo system should process, based
pixel intensity Another method eliminates ambiguous on the current vehicle speed, stopping distance, and
matches (caused by occlusion boundaries or repetitive expected cycle time of the perception/planning/control
patterns) by rejecting matches that are not signibcantly loop. Typically, stereo is asked for points lying from 4 to 7
better than other potential matches. Findlie values are meters in front of the roveat an 8 cm resolution.
smoothed to reduce thefedt of noise. All these methods To evaluate the potential steering com~mands, the
help to produce elevation maps that accurately reRect theplanner uses a detailed model of the vehiclat@matics
actual surrounding terrain, with only a few centimeters of and dynamics to project forward in time the expected path
error. of the rover on the terrain. This produces a set of paths, one
for each potential steering direction (Figure 7). The planner
: then evaluates, at each point along the path, the elevations
Obstacle Avoidance Planner underneath the wheels, from which it computes the @ver
To decide where it is safe to drive, we have adapted roll and the pitch of each body segment. The overall merit
techniques developed in AR Unmanned Ground of a path depends on the maximum roll or pitches along the
Vehicle (UGV) program for cross-country navigation [6]. path, together with how known is the underlying terrain (in
The basic idea is to evaluate the hazards along a discretepractice, there are often unknown terrain areas that are
number of paths (corresponding to a set of steering either occluded from view by obstacles, or are low-texture
commands) that the rover could possibly follow in the next areas, which are not reliably processed by the stereo
few seconds of travel. The evaluation produces a set of algorithm).
OvotesO for each path/steering angle, including OvetoesO for

paths that are deemed too hazardous, that are then sent t .
the arbiter to be combined with the human ope@tor EXperlmental RGSUltS

recommendations. To date, our research has focused on the controller
The obstacle avoidance planner brstgesindividual components (on-board andf-tard), the autonomous
elevation maps produced by the stereo system to produce ahavigation aspects (stereo and obstacle avoidance planner),
25 cm resolution grid map up to seven meters in front of the and the integration of the overall systeme Wave done
rover Map meging is necessary because the limited pelds €xtensive testing in outdgonatural terrain to determine
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Figure 5: Arbitrating Operator & Planner Commands

rover out of a craterThis mode would be reserved for
experienced drivers in exceptional situations. In contrast,
in theautonomous mod#e software system has complete
control.

The third modesafeguaded teleoperationis seen as
the standard way in which the lunar rover will be operated.
In this mode, input from the human and the rover are pre ~ , i
combined: the operator presents a desired direction to Th_e opgrgtdé_evaluahons are generated by using a
travel, and the rover can either veto it, causing the robot to Gaussian distribution, centered at the actual steering angle

refuse to travel in that direction, or can alter the command c6hoser_1 by d_the op(ra]ratoﬂ'he hspl)read (v?]nance) of rt]he
slightly to steer around obstacles. The idea is that the aussian dictates how much leeway the system has to

software safeguards should prevent the operator from deviate from the operat@rmtennons_: If the variance is .
damaging the rovebut should otherwise interfere only zero, then the user interface sends just the chosen steering

minimally. The user interface is designed to make it easy to angle, and the obstacle avoidance planner can either accept
switch between modes,. In particyldf the operator or veto it. If the variance is wide, the user interface sends a

chooses not to provide input, only the rd@enputs are number of recommendations (whose values decrease the
used to make steering deci',sions. In this waperator further they are from the opera@ichoice), and the arbiter

fatigue can be reduced by letting the robot operate on its is then free to choose steering angles on either side of the

own when it is in benign terrain, while still enabling the nominal one selected b_y the operator ,
operator to take over control at any moment. The recommendations sent to the arbiter are also

tagged with a robot pose. If the tagged posdemif
. signibcantly from the rov@® current pose, then those path
Arbiter evaluations are ignored. If the evaluations from all the

The arbiter component provides a straightforward way Processes are invalidated in this e arbiter commands
to incorporate steering recommendations from various the rover to stop. In this wathe arbiter safeguards against
sources in a modular and asynchronous fashion [10]. The Other modules failing to provide timely inputs (such as
arbiter accepts evaluations for a set of steering angles fromWhen they crash).
the user interface and obstacle avoidance planner
components, and combines the evaluations to choose theStereo
overall best steering angle.

Each evaluation consists of a steering angle, value, and
speed (Figure 5). If the value is OvetoO (lightly shaded in
the bgure) then the arbiter eliminates that steering angle
from consideration. Otherwise, it combines the
recommendations from all sources using a weighted sum
(the weights can be changed in the user interface).

Rather than choosing the absolute best evaluation, the
arbiter actually chooses the steering angle which is at the
center of the layest contiguous set of evaluations that are
all close to the maximum value. In this wélye arbiter is
biased towards wide, easily traversable areas over

Figure 6: Rectibed Stezo Images

directions that might be a bit more traversable, but have
less leeway for error if the rover fails to track the path
cisely (an added safety measure).

The stereo component, used to produce terrain maps
for local obstacle avoidance, takes its input from two black-
and-white CCD cameras, mounted on a motion-averaging
mast. The output is (xg) triples, given in the camera
coordinate frame, along with the pose of the robot at the
time the images were acquired. Using the pose, thg)Xx,y
values are transformed into world coordinates to form a
(non-uniformly distributed) terrain elevation map.

The stereo images are brst rectibed (Figure 6) to
ensure that the scan lines of the image are the epipolar lines
[9]. The best disparity match within a given window is then
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Figure 4: The Graphical User Interface

own obstacle avoidance planner to choose the bestextensive bltering and screening is performed on the data
direction to travel, and then forwards steering and velocity to reduce noise and eliminate outliers. For example, the
commands to the Bboard controller (and then to the on- compass signal is corrupted by random noise. Based on a
board controller). The obstacle avoidance planineurn, spectral analysis of the data, which revealed a dut-of
bases its recommendations on analyses of terrain elevationfrequency of 0.25 Hz, we implemented several low-pass
maps produced by the stereo component. All components Plters (Butterworth and Bessel). These arfectie in
operate concurrenthand receive their inputs from other suppressing the noise, although they also introduce a 2-3

components asynchronously cycle delay between the pltered value and the signal.
The following subsections describe each of the
components depicted in Figure 3. User Interface
Controller While our focus has been on the technical, rather than

the human-factors, aspects of safeguarded teleoperation,
The on-board controller accepts velocity commands we have still tried to create a graphical user interface that
for the left and right pairs of wheels. It uses feedback from facilitates mixed-mode teleoperation. The user interface
the wheel encoders to maintain the commanded velocity consists of an Oelectronic joystick,O which utilizes the
over a wide range of terrain conditions. The on-board computer mouse to command the robatfdection and
controller also reports the various sensor readings speed, and a number of textual and graphical indicators of
(compass, gyro, inclinometers, encoders). It expects apertinent information, such as commanded and
Oheart-beatO message from tlidarrd controller and instantaneous robot speeds, roll and pitches, position, and
will halt all motions if not received periodically status (Figure 4). igualization of the terrain is provide by
The of-board controller accepts desired steering and a color camera mounted toward the rear of the Ratler
velocity commands, and converts these to wheel velocities which is transmitted over a microwave radio link to a
for the on-board controlleit provides for several safety = monitor that sits next to the user interface workstation.
mechanisms, such as stopping the rover if roll or pitch The user interface supports several driving modes. In
inclinometers exceed certain thresholds, or if it does not the direct teleoperation mogéhe human has full control
receive a new command before the Ratler has traveled aover the rover N almost all safeguarding is turned of
specibed distance. Direct teleoperation is necessary when the rover gets into
The controller also mges encoderinclinometey situations where the software would otherwise prevent
compass and turn-rate sensor readings to estimate themotion. For instance, there may be occasions where the
position and orientation of the rovein particulay pitch limits must temporarily be exceeded to drive the
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Figure 3: The Navigation System Achitecture

when crossing uneven terrain, which increases the Ratler
ability to surmount terrain obstacles. The body and wheels
are made of a composite material that provides a good
strength-to-weight ratio.

Sensors on the Ratler include wheel encoders, turn-
rate gyro, a compass, a roll inclinometand two pitch
inclinometers (one for each body segment). There is a color
camera for teleoperation, and we have added a camera mast
and four black-and-white cameras for stereo vision (only
can either veto, or slightly altehe driving command ifit ~ two of which are currently being used).eWave also
would lead to a dangerous situation. recently added a laser proximity sensor (not pictured). On-

While other eforts have taken similar approaches to  board computation is provided by a 286 and a 486 CPU
navigation for wheeled planetary rovers [1, 2, 3, 4, 12], board, connected by an STD bus, which also contains A/D

including the use of obstacle avoidance using stereo vision, poards and digitizer boards for the stereo cameras.
our work is distinguished by its emphasis on long-distance

traversal, mixed mode driving, and use db@ént stereo . .

vision using only general-purpose processore §ve The NaV|gat|on SyStem

currently working to demonstrate remote, safeguarded The rover navigation system consists of a number of

teleoperation of up to 10 km, and to quantitatively distributed processes that communicate via message

demonstrate the advantages of safeguarding for time- passing protocols (Figure 3). For ease of development and

delayed teleoperation. debugging, the system is currently divided into on-board
The next section describes the rover that is currently and of-board components, although in the actual Lunar

being used for our experiments.eWhen describe the  rover all but the user interface component will be on board.

Figure 2: The Ratler Rover

software system developed to drive the rpwerd our The on-board (real-time) controller handles servo
experimental results. Finajlye address work that is still  control of the motors and sensor data acquisition. The on-
needed and present our conclusions. board and dfboard controllers communicate over a serial
link using the RCP protocol developed at Sandia. The rest
of the components communicate over the Ethernet via the
The Ratler

Task Control Architecture (TCA). TCA is a general-

We are currently using a vehicle designed and built by purpose architecture for mobile robots that provides
Sandia National Laboratories [8] to test the navigation support for distributed communication over the Ethernet,
concepts and algorithms that we are developing. The Ratlertask decomposition and sequencing, resource management,
(Robotic  All-Terrain Lunar Exploration Rover) is a execution monitoring, and error recoveryl]l TCA
battery-powered, fouwheeled, skid-steered vehicle, about connects processes, routes messages, and coordinates
1.2 meters long and wide, with 50 cm diameter wheels overall control and data Row
(Figure 2). The Ratler is articulated, with a passive axle The arbiter component is key to the implementation of
between the left and right body segments. This articulation mixed-mode  navigation. The arbiter combines

enables all four wheels to maintain ground contact even recommendations from the remote user and the &wver
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Abstract

The question of how to navigate is critically important to
the success of any lunapwer mission. While humans
typically have good judgement about whiolites to take,

they often get fatigued and disoriented when teleoperating

rovers with time delay On the other hand, while
autonomous systems canoguce safe and eliable
navigation, they tend to be myopice \&te investigating
mixed-mode methods of caritthat combine the singths

of humans andavers. Theaver uses range mapsquluced

by steeo vision and a detailed model of the vehicle to
evaluate the traversability of various paths. The
evaluations a& combined withecommendationsdm a
human operator to mduce a commanded steering angle
and speed that is both safe amdponsive to the operator's
objectives. W have implemented andeatesting such a
system, using a ptotype lunar over that operates in
outdoor natural terrain.

Intr oduction

The next visitors to the Moon may be robots. In one

Figure 1: Typical Lunar Terrain

situations, especially when the rover bnds itself in tight or
unusual situations.

The question then is how to combine the relative
strengths of the human operator and the rover to produce
reliable, goal-driven navigation? How can we take
advantage of the humanémmon sense and long-range
planning capabilities, and the ro@iability to sense and

promising scenario, a pair of rovers would be landed on the react quickly and dependably?

Moon for a multi-yegr1000 kilometer traverse of historic
sights, including Apollo 1, Surveyor 5, Ranger 8, Apollo
17 and Lunokhod 2 [5]. The robots would be driven by

We are investigating these issues in the context of a
larger program to develop techniques that would be useful
for planetary rovers and mobile robots, in general. In

operators on Earth, based on panoramic stereo images fronparticulay we are investigating techniques for stereo

the rove® perspective (Figure 1).
Even in the best of circumstances, experimental

vision, local obstacle avoidance, position estimation, and
user interaction. The aim is to provide both the

evidence shows that teleoperation of robots is fatiguing and technologies and evaluations of thefeefiveness, in order

disorienting for operators. In addition, for remote Lunar
driving, operators would be further hampered by up to a
Pve second round-trip communications defych factors
imply that remote Lunar driving would likely either put the
safety of the rover at risk, or would have to be done too
slowly to accommodate the 1000 kilometer mission.

An alternative scenario is to have the rover drive itself,
autonomouslyThis eliminates the factor of time deléwt
would make the rover more complex by adding hardware
and software. In addition, the current autonomous robot
navigation algorithms may not be applicable in all

to enable mission planners to make informed cost/benebt
tradeofs in deciding how to control rovers.

The work reported here is in the area of mixed-mode
operation, where a human operator and an autonomous
system each provide OadviceO on how to drive, with the
recommendations arbitrated to produce the actual steering
commands to the roveBy suitably combining the advice
from the human and rovethe rover can operate under
either pure teleoperation, autonomous operation (where the
rover uses stereo vision and local obstacle avoidance
planning to steer itself), osafeguaded teleoperation
where the human provides the primary input and the rover



