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Abstract - This paper presents the results of field trials of a 
prototype lunar rover traveling over natural terrain under safe- 
guarded teleoperation control. Both the rover and the safeguard- 
ing approach have been used in previous work. The original 
contributions of this paper are the development and integration of 
a laser sensing system, and extensive field testing of the overall 
system. The laser system, which complements an existing stereo 
vision system, is based on a line-scanning laser ranger viewing the 
area 1 meter in front of the rover. The laser system has demon- 
strated excellent performance: zero misses and few false alarms 
operating at 4 Hz. The overall safeguarding system guided the 
rover 43 km over lunar analogue terrain with 0.8 failures per kilo- 
meter. 

1 Introduction 
The hazard detection system described in this paper has 

been developed under CMU's Lunar Rover Initiative, whose 
goal is to develop and demonstrate techniques enabling plane- 
tary rover missions. The initiative has targeted a mission to 
land two rovers on the surface of the Moon, where they will 
navigate semi-autonomously for 1 ,OOO km, visiting historic 
sites and places of geological interest (Krotkov 1994). 

For such a mission, a spectrum of navigation modes are 
applicable. At one end of the spectrum lies pure teleoperation. 
Although this is feasible, as the Soviets showed in the 1960s 
with the Lunokhod program, the time delay proves trouble- 
some and contributes to significant stress and fatigue for opera- 
tors. At the other end of the spectrum lies pure autonomy. 
Although research in  autonomous vehicles has progressed dra- 
matically, it has not yet produced techniques for safe, reliable 
operation of rovers using limited computing and sensing 
resources. 

Our approach, called safeguarded teleoperation, occupies a 
position in the center of the spectrum. In this approach, the user 
specifies high-level goals such as desired direction of travel, 
and the vehicle autonomously decides how to execute the com- 
mand in a way that optimizes a performance criterion. The 
principal virtue of the approach is to enable safe and reliable 
operation, maintaining system integrity by avoiding environ- 
mental hazards and faulty uplink commands of the type that 
crippled the Phobos lander. The safeguarded teleoperation 

Figure 1. Ratler 

approach has been described in detail in several predecessor 
papers (Krotkov 1995, Simmons 1996). 

In earlier work, we developed a stereo vision system (Krot- 
kov 1995) to provide the data necessary to determine the level 
of threat posed by a surface in front of the rover, and tested it 
on the Ratler rover (Figure 1) (Purvis & Klarer, 1992). The 
implemented four-camera system features an 80 degree field of 
view, and processes terrain data 4 to 8 meters in front of the 
vehicle at approximately 1 Hz, with a typical ground resolution 
of 8 cm. A local obstacle avoidance planner uses the stereo data 
to determine a path for the rover which poses the least threat to 
the integrity of the vehicle. Experience with the vision system 
shows that it keeps the rover out of hazardous situations most 
of the time, but there are features it has problems detecting. For 
example, stereo vision often cannot detect craters, instead 
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reporting them as unknown areas; this is not a limitation of 
the stereo algorithm, but of the stereo field of view, which 
causes the proximal crater region to be occluded by the cra- 
ter rim. In addition, the large look-ahead distance and the 
resulting low resolution means that small obstacles may be 
missed. 

To complement the stereo system and provide a redun- 
dant sensor, we have developed a laser-based hazard detec- 
tion system. The implemented system provides data with 
ground resolution better than 1 cm at rates in excess of 4 Hz. 
We point the laser at the area some 75 to 125 cm in front of 
the vehicle, so that it cap detect the troublesome depressions 
like craters. As a consequence, when the laser system 
detects an obstacle, there is insufficient time to maneuver, 
and instead an emergency stop command must be issued and 
the obstacle avoidance planner notified. In addition to 
responding to terrain depressions, the laser system contrib- 
utes to the overall safety by sensing areas not covered by 
stereo vision when performing a point turn, and by detecting 
small objects missed due to the coarse resolution of the 
vision system. 

The combination of a stereo vision system and a laser 
line scanner possesses several advantages over a single 2D 
laser ranger (Kelly 1995). First, it would be difficult to man- 
ufacture a 2D laser scanner that has both the wide field of 
view laterally and horizontally and at the same time main- 
taining an update rate high enough to react to obstacles just 
in front of the rover. The combination of the slower long- 
range stereo vision system and the faster short-range laser 
line scanner provides data at rates necessary for each range. 
Second, a 2D scanner is mechanically more complex than 
the combination of the cameras and a simple line scanner, 
making the overall system potentially more robust. Since the 
lunar mission has a time span of years, longevity becomes 
an important issue. Third, splitting the sensing task into a 
vision and a laser part builds in a level of redundancy 
enabling mission continuation despite either sensor becom- 
ing unavailable. 

The first primary contribution reported in this paper is in 
integrating the laser sensing system into the safeguarded 
teleoperation framework established in previous work. Fig- 
ure 2 illustrates the implemented system, which differs from 
our previous systems in the addition of the laser sensing sys- 
tem, and in moving all safeguarding processing on-board the 
rover. The second primary contribution reported in this 
paper is in conducting extensive tests of the overall system, 
in which i t  drove the rover 43 km over lunar analogue terrain 
under realistic conditions. 

This paper is organized as follows. In the next section i t  
presents the laser sensing system, including the sensor and 
the approach to hazard detection. In Section 3 it describes 
the safeguarded teleoperation experiments, and summarizes 
their results in Section 4. The paper concludes with a discus- 
sion of concrete ideas for future work. 
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2 Laser Sensing System 
A number of researchers have developed algorithms and 

systems with 1 D laser scanners. The longer-range sensors, 
such as the laser systems on Adam (Chatila 1996) and Dante 
(Krotkov 1994). have typically been used for mapping or 
reconstructing the environment, and then performing hazard 
detection. Experience has shown that this approach is rela- 
tively slow and somewhat fragile. The shorter-range sensors, 
such as the light-stripers on Rocky and its derivatives (Volpe 
1996), use the scanner data to recognize the presence of a 
discrete, positive obstacle. Our approach is similar in  detect- 
ing steps, but differs in also detecting ditch and belly haz- 
ards. In general, we are not aware of any laser-based natural 
terrain hazard detector with equal or better performance in 
terms of miss rate (zero) and cycle time (better than 4 Hz). 

2.1 Laser Rangefinder 
The sensor of the laser system is an Acuity 3000-LIR 

laser ranger operating in the near-infrared band (Acuity 
1993). It sends a beam towards a rotating mirror that 
projects a laser plane towards the ground at approximately 
45 degrees. In the current configuration, the laser illumi- 
nates the ground 100 cm in front of the vehicle, which gives 
a 3D resolution under 1 cm. The effective field of view is 
limited by the effective angle of incidence, and is in practice 
90 degrees. The rates at which data is available depends on 
the desired resolution, the number of samples per scan, and 
the maximum range detectable. In the run-time system, data 
is available approximately every 25-50 ms. 

Correct estimation of the range requires that enough 
light be reflected back to the detector. In the general case, 
this requires that the illuminated surface be diffusely reflec- 



tive. If the reflection is specular, the reading is corrupted by 
high variance and possibly a range offset. If the surface is 
not reflective but absorptive, as in the case of asphalt, then 
the weak return signal may cause detection to fail (no read- 
ing) or to return noisy measurements (spurious readings). 

2.2 Hazard Detection 
The on-board computer retrieves the range and angle 

data and performs a test to determine their validity. The data 
is then linearized and transformed into 3D coordinates in the 
local body coordinate system and this profile is processed to 
find evidence of the presence of terrain features hazardous to 
the vehicle. If such hazards occur or the frequency of scans 
with too much unreliable information is too high, an emer- 
gency stop signal is sent to the vehicle. 

The system developed is a baseline ccnfiguration need- 
ing no dead reckoning data or any information about the 
plan of traverse. This means less processing leading to faster 
update rate and to independence from different vehicle sys- 
tems. Even during total breakdown of the navigational com- 
puters and sensors the vehicle can still be controlled in safe 
teleoperation. The configuration is more conservative due to 
the limited amount of information used but sufficient in very 
hostile terrain. 

2.3 Data Acquisition 
The first step in processing a laser scan is to determine 

the integrity of the laser system and to perform self-diagnos- 
tics if necessary. The next step is to remove invalid data and 
to determine if the spatial density of the remaining data is 
high enough to reliably calculate the hazard rnetrics. 

These calculations use a number of laser ranger sensor 
signals: Absolute encoder, incremental encoder, range, tem- 
perature, data out of range, buffer overflow, intensity of 
reflected light and ambient light. First the motor subsystem 
is checked through a test of correct motion of the mirror. 
This is done using three measures: 

Is zero pulse captured (absolute encoder)? 
Full cycle loaded? +I- 45 degrees in front of the vehi- 
cle captured. 
Is motor spinning (incremental encoder)? 

The zero pulse of the absolute encoder synchronizes the 
angles captured by the incremental encoder. If this pulse is 
missed, the absolute orientation of the sweep is unknown 
and the data is of no value. Both the capture and the syn- 
chronizing pulse and a successful acquisition of a full cycle 
depends on the motion of the mirror. If the mirror is spin- 
ning too fast the zero pulse may be missed and if spinning 
too slowly a full range may not be available within the num- 
ber of samples recorded. As the mirror has relatively slow 
dynamics the system is designed so that the zero pulse or 
full angle measures have to fire a certain number of times 

before the spinning of the motor is tested. This avoids erro- 
neous fault detection during start-up and temporary distur- 
bances. 

In addition to determining whether the mirror is spinning 
correctly a check is made of the laser temperature and 
whether there are internal errors (for example, buffer over- 
flow) on the SCSI interface board, which indicate that sam- 
ples have been lost. Finally the system assesses whether the 
density of reliable data is sufficient. A common problem is 
that the laser beam hits a terrain point which does not reflect 
enough light to make an accurate range estimation. This can 
be due to the angle of incidence, non-diffuse reflection, or a 
low reflectance of the object being measured (dark surface). 
This results in an unreliable datum, which can confound 
subsequent processing. A dependable way to detect zones of 
unreliable data is high variance between adjacent range 
readings or unlikely change in the average elevation of con- 
secutive scans. 

All checks, except for the variance in range estimates 
and unlikely change in average elevation, are very fast as 
their input are direct sensor signals, which are more or less 
dedicated for integrity analysis purposes. Only the high- 
variance and the unlikely average change test needs a non- 
trivial amount of computation to determine status. In any 
event, data acquisition is fast: including integrity checking 
and data testing, it can be done in  about 180 ms (including 
35 ms for the laser to generate range data). 

When a problem occurs, corrective action is necessary. 
For some of the very low level problems, like mirror motion, 
appropriate actions can be directly associated with the prob- 
lem. In the case of mirror motion problems, new scans are 
commanded to see if the problem was just a result of spuri- 
ous unfavorable conditions. For other problems, such as 
high temperature, different actions can be taken involving 
other systems of the rover (like applying extra cooling, shut- 
down or seeking shade). Since other subsystems may also be 
affected by these kind of problems, in most cases the laser 
subsystem will just discard the data as invalid, and leave it to 
other systems to correct the problem. 

The detection of a problem by the data acquisition met- 
r i c ~  signals an acquisition hazard indicating that no informa- 
tion is available. Otherwise when no metrics fire the valid 
data of the range scan is processed by the hazard metrics. 

2.4 Hazard Metrics 
Since the laser line hits the ground fairly close to the 

vehicle (approximately 100 cm in front of it). detection must 
be made quickly in order to react in time. For this reason, we 
have chosen to define simple heuristic rnetrics for each type 
of hazard that we want the laser to detect. These metrics are 
defined in terms of a single scan of the proximity sensor, so 
that no information needs to be saved between scans. Also 
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no information about the planned path of the rover is uti- 
lized nor is any dead-reckoning data used. 

When designing the metrics two approaches were con- 
sidered. One approach evaluates whether the elevation of the 
surface in  front of the rover (represented in the rover's local 
coordinate frame) exceeds the capability of the rover. While 
this approach is fairly general and computationally very 
simple, it has the problem that the apparent elevation of the 
terrain in front of the rover is a function of both the actual 
terrain height and the rover's current inclination (e.g., if the 
front wheels of the rover are on small rocks, the elevation of 
the terrain one meter in front of the rover appears lower than 
it actually is). Thus, while true hazards will be detected reli- 
ably and quickly, there are situations where potential haz- 
ards will be detected erroneously, and the vehicle will be 
stopped unnecessarily. 

The other approach involves identifying signatures of 
different landscape formations that are invariant to the 
motions that occur when driving over minor obstacles. For 
example, when obliquely approaching a downward slope, 
the range measurements will gradually increase starting at 
the point where the laser line intersects the beginning of the 
slope, forming an 'elbow bend'. This characteristic shape is 
evident regardless of whether the front of the rover is ele- 
vated by a rock, and so is less likely to detect hazards erro- 
neously. However, in the signature approach it is difficult to 
quantify the danger a profile constitutes to the vehicle. For 
example, when approaching a minor downwards slope from 
different angles, the shift in range varies and so the steep- 
ness of the slope cannot be known. Thus, it is difficult to 
quantify what constitutes a real hazard. In addition, in the 
signature approach much more processing has to be per- 
formed, as the number of possible landscape feature signa- 
tures is relatively large compared to the number of rover 
limitations (Figure 3). 

Another problem with the interpretation approach is that 
the set of features may not cover all possible jandscapes 
encountered. Hence, safe operation would not be guaran- 
teed. To ensure safety (at the cost of sometimes stopping 
erroneously), it was decided to employ the direct method 

Step Ditch 

L 

Belly 

b 

Figure 4. Physical metrics: Step, ditch, and belly hazards 

based on the capabilities of the rover. Three hazard types are 
considered: 

Maximum traversable step (curb-like, bead on) 
Maximum traversable ditch (curb-like. head on) 
Belly clearance 

As the metrics are defined in terms of a single scan, no 
information is available about the transition from the surface 
currently under the rover to the scanned surface at the laser 
line. The transition must therefore be treated as a worst case, 
which is a step-like transition at the laser line. Also, since 
the laser subsystem does not know the current vehicle steer 
angle, to be safe it must analyze the complete laser line. For 
the step and ditch metrics, this translates into defining a sim- 
ple upper and lower threshold (respectively) directly on the 
3D elevation profile (Figures 3 and 4). The thresholds data is 
spatially filtered to prevent spurious signals from firing the 
metrics. A median filtering is used, which is quite fast since 
it operates in the binary domain (equation 1 for the step met- 
ric). 

where z is the elevation, z,, is step elevation threshold, 
nP is spatial filter length and W,, is the width threshold of 
the step hazard. N,, is the total number of samples in a 
scan line and the '>' operator is interpreted as yielding 0 if 
false, 1 otherwise. 

The belly hazard metric first estimates the slope by linear 
regression and then equalizes the elevation profile accord- 
ingly, yielding a level elevation profile centered around zero 
elevation. Based on the minimum and maximum elevation 
in this compensated profile, the most favorable levels of a 
positive Zc,, and a negative threshold Zcmin is computed 
(difference between the two levels is the body clearance 
minus a margin. see equation 2). 
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Figure 5 .  Hazard detection. The elevation profile is seen in the direc 
tion of travel from the vehicle. The laser is positioned at y=O, z=I . 

where Z,,,,,,, and Zscmcmin are the maximum and 
minimum elevation in  the compensated elevation profile. 
The compensated elevation profile is then tested for exceed- 
ing the elevation band defined by the two threshold levels 
and this output is filtered spatially as for the step and ditch 
metrics. Since this meuic is more computationally expen- 
sive than the other two, i t  is processed last (and only if the 
other two do not fire). The belly hazard metric is itself not 
capable of determining whether it is safe to enter the cross 
slope itself but only if there is a hazardous object on the 

As an example, Figure 5 illustrates the interpretation of a 
typical scene. The elevation profile is inclined to the left, rel- 
atively flat, and shows a small mound at y=-lm. The two 
dashed lines indicate the step and ditch thresholds. For 
y>OS the step metric has detected a hazard (denoted by 
‘0’s). No belly hazard is detected as the compensated profile 
lies within the two solid belly thresholds. 

slope. 

2.5 Combining Acquisition and Physical Haz- 
ards 

To reach the single stophelease signal accepted by the 
vehicle the output of the physical and acquisition metrics 
must be combined. A simple solution is to add the signal 
producing a logical or. In this configuration acquisition met- 
rics and physical metrics are assigned equal weight or 
importance to the safety of the vehicle. However it is intu- 

itively clear that a metric fired in  the physical hazards group 
is more urgent or important to react on than a signal from an 
acquisition metric which essentially means that reliable data 
cannot be obtained. The acquisition metrics indicate that an 
obstacle may be covered by the laser scanner. The approach 
used therefore assigns less importance to the acquisition 
metrics than to the physical which positively reflects the 
presence of a hazard. 

The inputs from the two groups are fed into a number of 
temporal filters each designed to react to a certain combina- 
tion or occurrence of physical and acquisition hazards. One 
filter will react if 2 out of 3 scans show physical hazards 
indicating clear presence of a hazard. Another filter will sig- 
nal if 4 out of 7 scans show acquisition hazards reflecting 
that it is unsafe to continue driving in an almost-blind man- 
ner. Yet other filters will fire i f  a physical hazard appears in 
conjunction with a number of acquisition hazards under the 
assumption that it is likely that the acquisition hazards in  
this case cover over a real physical hazard but that data was 
too unreliable to apply the physical metrics. 

These filters are implemented as rank filters yielding a 
good suppression of spurious signals minimizing unneces- 
sary stops. As the filters are of different length the response 
time is different having the shortest response for an obvious 
physical hazard. This small lag of q scans is taken into 
account when calculating the pose of the scanner to yield the 
needed look-ahead: 

Under near-perfect conditions the fusion of acquisition 
and physical metrics will converge to the situation where the 
two groups are assigned equal weight as the number of 
acquisition hazards will decrease towards zero. 

2.6 Performance 
The integrity checks and hazard detection metrics have 

been implemented and tested in experiments on the Ratler 
vehicle to characterize their performance. The tests were 
conducted at a two-acre natural terrain site in Pittsburgh 
called the Moonyard, which was designed to replicate crater 
patterns and terrain features of the Apollo 1 1, Apollo 17, and 
Mare Tranquilitatis regions on the Moon. 

In terms of missed hazards, the performance is excellent. 
In a large number of runs on a variety of lunar-like natural 
terrain such as craters. rocks, pits, slopes, and waves, the 
system missed no hazards at all and the vehicle was stopped 
consistently and reliably at a safe distance before the hazard. 
For a few terrain types such as rough terrain the stop was 
issued late, but the vehicle was still stopped at safe distance. 
Craters will generally be climbed up on the small rim and 
then the vehicle will stop at a safe distance to the crater 
itself. The algorithm does not detect slopes unless they are 
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very steep and there is an abrupt change between the flat 
ground and the slope. However the slope or the transition to 
the slope does not constitute a hazard to the vehicle in the 
sense that it can get stuck or hit some terrain feature. It is up 
to other systems to incorporate inclination aspects into the 
safety measures. 

Few false detections are encountered, mainly due to 
specular reflecting surfaces and small angles of incidence. 
This is, however, very dependent on the scene used for test- 
ing and the pose of the laser scanner. Some of these prob- 
lems can thus be overcome by placing the sensor in  a more 
favorable location. These kinds of unnecessary stops are 
intermittent and are self-correcting in 0.5- 1 second. Another 
kind of unnecessary stops are encountered when climbing 
waves or undulations of long spatial period (in order of sev- 
eral meters). As the laser range is converted into an elevation 
with respect to the vehicle body the laser system will 
encounter a drop when climbing a wave as the laser hits a 
point on the other side of the wave. Similarly when descend- 
ing on a wave the start of another wave will cause a step 
metric to stop the vehicle. This is inherent to the stand-alone 
configuration as the system cannot resolve this slow or a 
more hazardous transition using only one laser scan. 

The cycle time is currently about 4 Hz on a 66 MHz 486 
in the test configuration. This includes no effort for optimiz- 
ing the algorithms, relatively dense sampling, and a high 
range precision, which requires more time by the laser (cur- 
rently 15% of the total time). It is expected that the speed 
can be increased considerably without significant loss of 
detection reliability by streamlining code and reducing 
range precision to more realistic values. For most of the tests 
a speed of 0.14 m/s was used. However speeds up to 0.4 m/s 
have been tried showing satisfactory performance, that is, no 
hazards missed. In all, the laser proximity safeguarding has 
proven to be a very valuable supplement to the overall navi- 
gation system. 

3 Safeguarded Teleoperation Field Trials 
We tested the safeguarded teleoperation system at three 

different sites: the Moonyard, the Highbay, and the 
Slagheap. 

The Moonyard (Figlire 6) is an artificial lunar analogue 
site occupying 2.5 acres and featuring 12 craters. This site 
contains terrain patterned after three distinct lunar areas. 
The Apollo 17 analogue features scaled models of the 
Shakespeare, Camelot, Victory, Bronte, and Shorty craters, 
located between models of the North and South Massifs. 
The Apollo 11 analogue contains a model of West Crater 
with its two distinctive “ears”. The Mare Tranquilitatis ana- 
logue contains flat, cratered terrain. Throughout the site, the 
crater depth is half the diameter, following the proportions 
of the smaller lunar craters. The largest crater measures over 
14 meters in diameter. 

t 
i 

Figure 6. Ratler traversing the Moonyard 

The Highbay is an indoor facility with a concrete floor. 
We performed testing here during inclement weather. Obsta- 
cles in this test area included robots, I-beams, furniture, 
trucks, forklifts, equipment racks, railing, barrels, posts, and 
boxes. 

The Slagheap is a IO-acre slag dump with little vegeta- 
tion. We conducted testing here for two principal reasons. 
First, the site afforded different terrain types, and so allowed 
us to verify that we were not unconsciously “tuning” the 
safeguarding system to work particularly well at the Moon- 
yard. Second, the terrain dried significantly faster than did 
the terrain at the Moonyard, and so enabled additional out- 
door testing. 

The safeguarded teleoperation trials proceeded by set- 
ting the Arbiter control mode from ’User is Boss’ to ’User is 
Partner’. In this mode, the user and safeguarding system 
both cast votes for driving velocities, and the Arbiter arbi- 
trates these votes and sends speed and steering commands to 
the vehicle controller. 

In practice, the user tended to cast votes only under cer- 
tain conditions: 

To halt the vehicle for safety reasons. We call such a 
halt an intervention. 
To halt the vehicle for logistics reasons such as swap- 
ping out batteries, taking shelter from rainstorms, 
and repairing components. 
To exercise the safeguarding system, for example, 
intentionally steering at a discrete obstacle. 
To save time at the boundary. Under autonomous 
control, the rover (correctly) halts at the boundary of 
the test area, and then begins a recovery procedure, 
which may include backing up, turning a modest 
amount (less than 10 degrees), and turning a signifi- 
cant amount (several tens of degrees). Depending on 
the terrain, this recovery procedure can take up to 
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several minutes to complete. To avoid this wait, users 
tended to steer away from the boundary. 

Trials were conducted under a wide variety of conditions 
ranging in lighting from dawn to dusk, in weather from rain 
to shine, in  wind from still to violent, and in ground mois- 
ture from baked dry to deep puddles. 

The test procedure required at least two people: the 
driver seated at a workstation in a truck parked outside the 
test area; the safety officer within view of the robot, and in 
dangerous terrain, within reach of the rover's kill switch. 

A majority (perhaps 70 percent) of the driving was per- 
formed by one user, and a minority (perhaps 20 percent) was 
performed by two other individuals, and a small fraction 
(perhaps 10 percent) was performed by a half-dozen other 
users, some novices and some veterans. 

Testing required approximately one hour of setup and 
one hour of teardown. The bulk of this time was dedicated to 
antenna mounting and cabling. 

79 1,822 

480 1,645 

4 Field Trial Results 
We conducted field trials during the summer of 1996. 

Figure 7 tabulates the distance traversed at each of the three 
sites, totalling almost 43 km. The typical travel speed under 
safeguarded teleoperation control was 50 cdsec ,  although 
the rover successfully travelled at its maximum speed of 70 
c d s e c  whde safeguarding. 

Figure 8 tabulates the median cycle times for the three 
primary safeguarding modules. The sterec and planning 
modules executed on the same Pentium 133 running the 
Linux operating system. Note that their cycle times are mea- 

sured by operating system calls during operation i r t  .:* 
guarding system, and as a consequence the times ::7\.lude 
delays due to interprocess communications (incluA:\c Ines- 
sage blocking), disk i/o, memory swapping, net\vctc\ \.olli- 
sions, network dropouts, and PCI bus i/o related t\\ 

digitization. For the stereo timing, the processing ll\\'I(lded 
image and pose acquisition, image rectification, n~\\:\~;\lized 
correlation, and conversion to Car!esian coordiiut,-, ne 
stereo algorithm computed 156 disparities and p e l  (\\nl,ed 
correlation in a 25x 17 window. The distribution of iil\\,%s had 
a standard deviation of 107 ms. For the planning tiinll\p, the 
algorithm processed an average of 4,342 elevation ~ \ I I \ ~ ,  per 
cycle, with a typical lookahead distance of 4 to 8 i \ \ , b t C r s ,  a 
typical ground resolution of 8 cm, and a total o f  I * ;lrcs 
evaluated per cycle. The distribution of times had :I \l.\l,el;lrd 
deviation of 49 ms. Note that the processing for si , .~\ . , ,  :lnd 
planning is interleaved. 

During the field trials, the driver noted each :III,I ,.\ 
occasion at which the safeguarded system did 11,~ .lcje- 
quately protect the rover from danger. Examples (11 I . l l l u r e  

include colliding with a rock (which occurrccl ,,.\ c,.al 
times), tipping over (which never occurred). we vcd 
2.4 failures per kilometer (16 failures over 6.7 kill) Ils,ng 
stereo-based safeguarding alone, and 0.8 failures i' ,sl ki lo- 
meter (36 failures over 42.7 kmj using multi-seiih,\l 
guarding with stereo and laser. This indicates that 11 i \ -  Illl,lti- 
sensor approach is 3 times more effective than I I I C  
based approach. 

Previous versions of the safeguarding systciii , ' I  .I\IICd 
every kilometer or so due to memory exhaustion. '1'11~\ \,cr- 
sion ran indefinitely, exhibiting almost no memory t c s . 1 ~  ., 

5 Discussion 
This paper described the addition of a laser s s i i h ~ t ~ , :  ,ys- 

tem to an existing system for safeguarded teleopcr;lil,,ll 
remote rover. The paper presented the results of an c \ ~ , ~ ~ ~ ~ ~ ~ ~  
and realistic testing program that demonstrate coii~. I I I %.I l y  
that the multi-sensor system is more effective and I I I ~ I ~ ( .  

able than the previous single-sensor system. 
Although the implemented laser system proved ct I,., I lve ,  

numerous improvements are possible. One major C ~ I , . ~ ~ . . , ~ ~ ~  

would incorporate information about vehicle ino~~l~llll.,lts 
and also use previous scans. This will enable the 
tem to maintain a representation of the terrain in  froll! a ,I 
rover, enabling more sophisticated three-dimensional l141,;[rd 
analysis to determine, for example, whether the vslll, 1,: is 
about to enter a slope which is too steep. 'This cxi(.ll.;lon 
would bring the work close to the w r k  by (Krotkov 11~c)4j 
but without the 2D scanner. 

Like the laser system, the overall multi-scnstlt. .,:ifc- 

guarding system proved effective, but affords i i i i l l l , . l  

opportunities for improvement. First, turning r l l i i l l ~ * ~ t ~ c r ~  

after the laser system has detected an obstacle S I I I I I I I , I  
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Figure 9. Nomad 

executed at lower speed. This will mitigate the effect of unfore- 
seen collisions during the rotation. Second, the stereo cameras 
should cover a wider field of view than 80 degrees. This will 
improve the rover's ability to maneuver around obstacles. 

Future work will port the multi-sensor safeguarded releop- 
eration system to a new vehicle (Figure 9) and demonstrate a 
200 km traverse over the Atacama desert in Chile during the 
Summer of 1997. 
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