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Abstract 

This technical repon outlines the laser ranger based h a d  detection derelopcd for the Lunar Rover projcct. Eveti though I I  i? 
designed with a rpacihc vehicle in  mind the concept wn he applied to a r i d e  variety of mobile robots. The IL?SCI system falls inlo 
two pans: rhe d m  acquisition section and B interpretation section. In the acquisition part i f  is described how thc inrrgdg ul the 
l a ~ r  system is checked. how low lerel p r o b l e ~ ~  are corrected and unreliable data i s  removed. I t  is also aswsrrd whethcl- rhr 
rernvlning d m  i s  sufficient lor the interpretation m i o n  to function pcoperly The interpretation sectinn tests for three difierrnt 
physical hazards: Stcp, dmp and belly bud. Tk signal Cmm the aoquisition and the intcrprerarjon section arc fwcd  tu wach a 
crnerpency slop signal controlling the rover at IDW Icvel. The differsnt tests xe heuristic rnetrica to reach a high proccrrinp r y c d  

A h  in appendix i s  pmrided infarmtion repd ing  various praeticd aspcis  such as calculating ihc optimal nurnkr of samples pr 
scm, the optimal motor s p d ,  3 0  rcsalution obtinnhle and neces~a~y. possible poritions of the l a w  scanner (in il xwcn whiclc 
ill a given rpccd .md cstiriiates of  the maximum t i l t  imglec allowing proper lacer operation. 

The views and C O ~ C I U L ~ U ~ S  contained in this document arc those oi  the authors and should nor he interpreted a? rcprcw>ting the olhcinl policich. 
either expressed or implied, o i th r  L.S. govcrnmenl. 
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1. Introduction 
We are investigating techniques to help humans operate rovers on thc moon. Our work belongs to 
a larger Lunar Rover Initiative, which aims to conduct a lunar mission, sponsored by private ven- 
tures, dedicated to returning to the moon before the turn of the millennium [Kroikov et d., 1993]. 
The mission would have rovers navigate hundreds if not thousands of kilometers ovcr sexrat  
years visiting sites of geological and historical interest. 

Research in autonomous vehicles have not yet reached at stage where it is a feasible techniquc Cor 
operation of rovers on the moon. Nor is pure human control acceptable due to the large time delay 
of commands and feed-back information. A possible solution to the problem is the safeguarded 
teleoperation [Simmons et al., 19951. In this concept the user specifies high levcl goals such as 
desired direction of travel and the vehicle autonomously decides how to execute the command in 
a way that optimizes a performance criterium. One central capability of the safeguardcd teleoper- 
ation is that the vehicle seeks to maintain system integrity by avoiding hazards and commands 
that could endanger the overall mission. Two different systems provide the data necessary to 
determine the level of threat a surface in front of the rover poses: Stereo vision and a lascr range 
scanner [Simmons e6 ui., 19961. 

The stereo vision system provides a relative wide medium-range view of the terrain in front of the 
vehicle (3 to 7 meters) but is rather slow (< 1 Hz) and has only fair resolution. The data from thc 
stereo system is used by a local obstacle avoidance planner to determine a route for the Rover 
which poses the least threat to the integrity of the vehicle. The laser based system provides high 
resolution (<lcrn) data at a high rate (AHz). As the laser covers the area right in front of the vehi- 
cle (75-125cm) detection of an obstacle requires an emergency stop command. Whcn the laser 
detects an obstacle the path planner is informed of the hazard and incorporates the information 
supplied by the vision system to generate a new and safe route. The vision system will keep the 
Rover out of hazardous situation most of the time but there are features i t  has problems detecting. 
The major weakness is that the stereo vision often cannot detect depressionshaters. reporting 
them as unknown areas. In addition the large look-ahead distance and hence the low resolution 
means that small obstacles may be missed. 

1.1. Laser system 
The sensor of the laser system is an Accuity 3000-LIR laser ranger operating in the near infra red 
band [Acuity, 1993a1, [Acuity, 1993bl. It sends a beam towards a rotating mirror that projects a 
plane towards the ground at approximately 45 degrees. In the current configuration the laser illu- 
minates the ground 100 cm in front of the vehicle which gives a 3D resolution unde.r Icm. The 
effective field of view is limited by the effective angle of incidence and is in practice 90 degree.s. 
The rates at which data is available depends on the desired resolution, the number of samples pr. 
scan and the maximum range detectable. Ln the run-time system data is available approximately 
every 25 ms. Figure 1 shows range and angle readings from a flat surface. 
Instead of a line scanner a 2D scanner could have been employed like [Kelly, 199.51. The reason 
for not doing so is that vision is potentially more mechanically robust as it contains no moving 
parts. As the Lunar mission has a time span of years this becomes an important issue. A second 
reason is that the splitting of the sensing task into a vision and a laser part builds in a level of 
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Figure 1. Range profile for a flat surface. 

re.dundancy enabling continued mission should either sensor become unavailable 

2. Data acquisition 
The proper function of the hazard detection metrics described in section 3 relies on the nvailabil- 
itp of valid data supplied at a fast and reliable rate. Validity of data focuses on e.g. exceptions in 
the SCSI board connected to the laser unit and the effective angle of incidence of the laser beam 
hitting the surface being measured. If this angle is too large the surface will reflect specularly and 
too little light will be reflected back to the laser to generate a valid reading. Therefore an integrity 
check and data selection need to be performed to assess whether the data is sufficient for the 
actual hazard evaluation. 
In order to reach a high data rate the number of samples pr scan must be reduced to a minimum 
and the motor speed must be set so that each data point i s  not overrepresented nor subsamplcd 
(data is sampled each 0.18degrees). Also the range resolution need to be set to a reasonable value 
as higher precision requires more time in the ranging process. 

2.1. Integrity check and data selection 
The first step in processing a laser scan is to determine the integrity of the laser system and to per- 
form self-diagnostics 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 metrics. 

These calculations use a number of laser ranger sensor signals: Absolute encoder (encoder 2), 
incremental encoder (encoder l), range, temperature, data out of range, buffer overflow, intensity 
of reflected light and ambient light. First the motor subsystem is checke.d through a test of correct 
motion of the mirror. this is done using three measures: 

- Is zero pulse captured? (absolute encoder) 
Full cycle loaded? +/- 45 degrees in front of the vehicle captured. 



- 
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 synchronizing pulse and a successful acquisition of ;I full cycle 
depends on the motion of the mirror. If the mirror is spinning too fast the zero pulse may he 
missed and if spinning too slowly a full range may not be available within the number 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 enoneous fault detection during star-up and temporary disturbances. See fig- 
ure 4. 

Is motor spinning? (incremental encoder) 

In addition to determining whether the mirror is pinning correctly a check is made of the laser 
temperature and whether there are internal errors (e.g. buffer overflow) on the SCSI interface 
board (which indicates that samples have been lost). Finally the system assesses whether the den- 
sity of 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 inci- 
dence, 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. 

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 integ- 
rity checking and data testing, it can be done in about 180 msecs (including 35 insecs for rhe 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 problem. In the case of  
mirror motion problems, new scans are commanded to see if the problem was just a result of spu- 
rious unfavorable conditions. For other problems, such as high temperature, different actions can 
be taken involving other systems of the rover (like applying extra cooling, shutdown 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. 
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Mirror spinning 

3. 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 metrics for each type of hazard that we want the laser to detect. These met- 
rics are defined in terms of  a single scan of the proximity sensor, so that no information needs to 
be saved between scans (increasing robustness and decreasing computation). also no information 
regarding the planned path of the rover is utilized nor is any dead-reckoning data used. 

e.ncoder 2 calculate angles Vmin 
(first 50 samples) 

3.1. Approaches considered 
When designing the metrics two approaches were considered. 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 v e y  
simple, it has the problem that the apparent elevation of the terrain in front of the rover is a func- 
tion 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 reliably and quickly, there are 
situations where potential hazards 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, whcn 
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Figure 2. Example of hierarchical derision level data fusion. The purpose is integrity check an 

data selection in one architecture. Sensor data is solid, inferences dashed. Implemented on the ter- 
rain robot Ratler. 

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 elevated by a 
rock, and so is less likely to detect hazards erroneously. However, in the signature approach it is 
difficult to quantify the danger a profile constitutes to the vetucle. For example, when approaching 
a minor downwards slope from different angles, the shift in range varies and so the steepness of 
the slope cannot be known. Thus, it is difficult to quantify what constitutes a real hazard. In addi- 
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tion, in the signature approach much more processing has to be performed, as the number of pos- 
sible landscape feature signatures is relatively large compared to the number of rover limitations 
(see table 2). 

TY Pe 

Positive 
elevation 
(step) 

Negative 
elevation 
(ditch) 

Cross slopes 

Danger Importance 

Small, medium and 
large rocks stereo is reliable 

Step in landscape 
(broken rock surface) 
Boulders 

Ditch Important. Stereo has poor 
Step in landscape performance here 
(broken rock surfnce) 

Craters 

Dunes 

Lesq importnnt as 

Vision and laser equally good 

Another problem with the interpretation approach is that the set of features may not cover all pos- 
sible landscapes encountered. Hence, safe operation would not be guaranteed. To ensure safety (at 
the cost of sometimes stopping erroneously), it was decided to employ the direct method based on 
the capabilities of the rover. Three hazard types are considered: 

Belly clearance 

Maximum traversable step (curb-like, head on) 
Maximum traversable ditch (curb-like, head on) 

As the metrics are defined in terms of a single scan, no information is available about the transi- 
tion from the surface currently under the rover to the scanned surface at the laser line. The transi- 
tion must therefore be treated as a worst case, which is a step-like. transition at thc laser linc. Also, 
since the laser subsystem does not know the current vehicle steer angle, to be safe i t  must analyze 
the complete laser line. For the step and ditch rnetrics, this translates into defining a simple upper 
and lower threshold (respectively) directly on the 3D elevation profile (figure 9 and table 3). The 
thresholds data is spatially filtered to prevent spurious signals from firing the metric. A median fil-  
tering is used, which is quite fast since it operates in the binary domain. 
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Feature 

Belly hazard: Body clearance 

Max traversable step (curb-like, head on) 
Wheel radius - 2.5cm 

Max traversable ditch (curblike, head off) 
Wheel radius - 2.Scm 

The belly hazard metric first estimates the slope by linear regression and then equalizes the eleva- 
tion profile accordingly, 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 and a negative threshold is computed (difference between the two levels is the body 
clearance minus a margin). The compensated elevation profile is then tested for exceeding the ele- 
vation band defined by the two threshold levels and this output is filtered spatially as for thc step 
and ditch metrics. Since this metric is more computationally expensive than the other two, it is 
processed last (and only if the other two do not fire), see figure 4. 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 il 
hazardous object on the slope. 

Value 

0.17Sm 

0.2m 

-0.2m 

Step Ditch Belly 

the Seen‘rom front & 

L 

Figure 3. The three physical nietrics: Step, ditch and belly hazards. 

3.2. Example 
As an example, Figure 9 shows the interpretation of a typical scene. The elevation profile is 
inclined to the left, relatively flat, and shows a small mound at y=-lm. The two dashed lines indi- 
cate the step and ditch thresholds. For p 0 . 5  the step me.tric has detected a hazard (denoted by 
‘0’s). No belly hazard is detected. 
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TO filtering 

- - - - - _ -  hazard? 

I 

hazard? 

Range 

Figure 4. Decision level fusion of hazard detection the A rnetrics. The ‘density of reliable data 
sufficient’ block is an encapsulated hieruchy of decision le\,el data fusion. 

Figure 5. Hazard detection. The elevation profile is seen in the direction of travel from the vehi- 
cle. The laser is positioned at y=O, Z = I ,  
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3.3. Combining acquisition hazards and physical hazards 

Table 4: Physical metrics. 

Mctric 

Ditch 

Ste.p 

Belly 

Time filter 

Preprocessing Threshold Filter 

Zditch, clusters binary rank 

zstep, clusters binary rank 

linear regression Zbellr clusters binary rank 
compensation 

binary rank 

4. Performance 
The integrity checks and hazard detection metrics described above have been implemented, and 
currently experiments are run on the test vehicle Ratler [Purvis & Klarer, 19921 to characterize 
their performance. Preliminary indications are that laser proximity safeguarding will be a very 
valuable supplement to the overall navigation system. 

In terms of missed hazards, the performance is excellent. In a large number of runs on a variety of 
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Stop requested 

Rank filler It1 Rank filler #2 Rank filter #3 

Physical Acquisition 

I 1  
range 6 sensors 

Figure 6. Fusion of the acquisition metrics and the physical metrics. The median filters operate in 
the time domain. 

lunar-like natural terrain such as craters, rocks, pits, slopes and waves the system missed no haz- 
ards at all and the vehicle was stopped consistently and reliably at a safe distance before the haz- 
ard. 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 vehi- 
cle will stop at a safe distance to the crater itself. The algorithm does not detect slopes unless they 

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 i t  
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 testing and the pose of the 
laser scanner. Some of these problems 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 ondu- 
lations of long spatial period (in order of several 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 descending 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 66Mhz 486 in the test configuration. This includes no 
effort for optimizing the algorithms, relatively dense sampling, and a high range precision, which 
requires more time by the laser (currently 15% of the total time). It is expected that the speed can 
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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 satisfactorily performance i.e 
no hazards missed. 

5. Future configurations 
The configuration described in this reporr outlines the baseline of the laser scanner hazard detec- 
tion system, This baseline is characterized by not needing any information from the vehicle and 
very little in terms of the capabilities and modes of operation of the vehicle. By incorporating 
more information both on-line and apriori information a more advanced concept is possible yield- 
ing a higher performance in terms of unnecessary stops and detection efficiency. 

5.1. Metric modifications utilizing knowledge on turns 
Knowledge about the turn can be used to predict which parts of the rover will pass which parts of 
the laser line. The elevation of the laser line can thus be evaluated in the light of the specific body 
part of the rover relevant which will cause less unnecessary stops all other things equal as only the 
relevant limiting values are used. 

Information of the turn can be utilized in two ways: Apriori or on-line. A system based on the 
apriori knowledge of maximum turn rate or radius (limited by either soft or hardware.) does not 
rely on a communication line. This makes the system more robust to failure in the navigation 
computers and other on-board equipment. Using on-line information of the turn ratc or radius 
enables a more tight fit between the elevation profile recorded and the rovers limitations. See fig- 
ure fig 9. 

5.2. Utilizing positiodpose information from vehicle 
An obvious extension would be to incorporate information about vehicle movements. This would 
enable the laser system to maintain a map of the elevation in front (and in the path) of thc rover 
and utilization of more sophisticated 3D hazard metrics with increased performance. This would 
enable the metrics to determine e.g. whether the vehicle is about to enter a slope which is too 
steep or the occurrence of non-hazardous waves in the terrain which usually triggers a hazard 
detection in the baseline configuration. See figure 4. 

In conjunction with the planned path the metrics would be enabled to evaluate each point on the 
elevation profile in accordance with the specific parts of the rover that will be passing that point 
resulting in even more improved performance. However, the add-on should be kept apart from the 
base-line system so that there always is a working backup if the required information from the 
rover should become unavailable. 

The generation of n surface map may also find use in other contexts than just hazard detection. In 
a slow but high-precision mode the vehicle could scan a local area of interest adding another 
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Actual turn radius known Maximum turn radius known 

Maximum step Maximum step 

. 
Maximum ditch Maximum ditch 

Figure 7. Elevation profile seen in the direction of travel of vehicle. Left: Turn radius known 
exactly Right: maximum turn radius known. 

Surface map an wavy terram 

X (samplesa o.lsrn) 

Figure 8. Surface mapping using laser scanner and dead reckoning data. 



modality for research use like shapekize analysis of rocks. Used on-line the map could cnhance 
the user interface as an overlay on the video images in teleoperatcd mode. 
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8. Appendix: Acquisition considerations 

8.1. Optimal number of samples pr scan 
Encoder-2 gives one pulse per rotation (zero pulse) and is used to determine the absolute orienta- 
tion of the readings of the incremental encoder encoder-1. Acquisition of a good scan requires 
acquisition of minimum one zero pulse and that the field of view is covered completely. Sampling 
360 degrees ensures availability of a zero pulse. This will also cover the field of view but this may 
be distributed into two parts placed in each end of the array in the internal rcpresenvation. The 
field of view is easier to process if data are placed consecutively in the recorded array. Therefore 
360 degrees +FOV need to be scanned (worst case). 
Having a FOV of 90 degrees (effective maximum FOV) and a resolution of 2000 samples pr 360 
degrees a total of 2500 angles pr scan is needed. Assuming that the mirror can be kept within 2% 
of the optimal speed (one sample pr angle) 3333 simples pr scan is required. Practical experi- 
ments show that 2800 samples are sufficient when using a PI control for thc motor. 

8.2. Optimal motor speed 
Setting the speed through the SCSI interface sets the dutycycle sent to the motor. The actual aver- 
age voltage sent to the motor also depends on the voltage supplied to the motor power terminals 
on the SCSI board. To calculate the optimal motor speed in terms of motor units acceptable tu the 
interface board the sample coverage C, (samples pr encoder increment) is expressed in  terms of 
basic system variables including motor constants, encoder constants and poser driver constants: 

where 
V: Motor supply voltage applied to SCSI board (known to some extent: +/-5%) 
R,: Commanded scan rate 
K,: Constant related to scan rate 
K,: Motor constant 
KO: Motor amplifier gain (dimensionless to dutycycle) 
K,,,,: Encoder constant 
&: C.ommanded motor speed 

As most of the variables are not known apriori an experiment must be conducted to infer the val- 
ues. The individual values of the parameters are not interesting in this connection and they can 
therefore be grouped into a new compound variable K,, in the steady state, simplifying the experi- 
ments: 
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Using V=24v, R s 4 ,  S n ~ 4  C, is measured to be C,= 2.656125. This gives K,,=0.0017252. More 
experiments show that the mean value of K, should be approximately 0.0017. Thc expected/pre- 
dicted motor speed S, can now be computed using equation 3 inserting the desired C,T, 1: Rs and 
C,=1 (optimal coverage): 

Using equation 3 in practice shows that K, should be approximately 0.0013. The motor RPM 
should in principle be linearly dependent on the voltage but testing shows that this is a relatively 
reasonable but not ideal approximation. Therefore S,, is not completely linearly proporlional with 
RPM complicating the matter. 

The SCST interface board does only accept integer motor speed units in the rangc 1-43. This 
means that effects of quantization cannot be neglected especially at low speeds where thc effect 
bec0me.s a very important feature. If the optimal motor speed is e.g 10 a fluctuation of  c/- I unit 
will result in a speed in the range from 90- 110% of the optimal speed. As the speed should be kept 
below 100% to ensure the capture of the zero pulse a 50% speed will result. A way to minimize 
the quantization effect is to keep the predicted command motor speed as close to 43 as possible. 
This can be done by adjusting the supply voltage. 

How close the mirror speed can be to the optimal value is also dependent on the motor controller. 
Experiments have shown that a PI controller performs satisfactorily. Practical experiments show 
that speed can be maintained in the range from 90-100% using a commanded motor speed of 
approximately 15 corresponding to 2800 samples/scan using 24 V supply. 

8.3. Range and angle resolution related to 3D resolution 
One parameter to minimize in the design of the data acquisition process is the time used for range 
estimation. This time consumption is related to the range quantizatim which is programmable via 
the SCSI interface. The more precise range reading the longer time is required to achieve the data. 

The h e r  scanner scans in a polar pattern making the 3D precision dependent on both the rmge 
precision and the angular resolution. As the encoders yield 2000 samples/revolution and the scan- 
ner is mounted 1 m above the surface and pointing 45 degrees down the 3D quantization due to 
angular resolution is 

At the side of vehicle (laser beam45 degrees to the side): Aalgle(x.y,z)=(-3, 14.4.44, 3.14)rnm 
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- In front of vehicle: &n,~e(x,y,z)=(O.Oa, 4.44, 0.00)mm 

where x is forward, y is to the left and z is upwards (elevation). 
As the encoder resolution is fixed this constitutes a limitation on the 3D precision. The rangc pre- 
cision of the 3D information obtained by the range readings should therefore be of the same order 
of magnitude to reach an good wade-off between time consumption and precision. With a resolu- 
tion of the range of 3.513rnm the 3D quantization can be calculated to be: 

In front of vehicle: Arang,(x,y,z)=(2.47, 0.00, -2.47)mm - At the side of vehicle (laser beam 45 degrees to the side): Arange(x,y,z)=(l.7S1 2.47, -1.75)mm 

Naturally if a more coarse 3D description is sufficient subsampling in angles and a lower range 
precision can speed up the data acquisition and the subsequent processing. 

The effect of smearing due to motion of the sensor platform depends on the time consumption of 
data acquisition. The FOV is 90 degrees corresponding to 5M) angle samples. With a rangc resolu- 
tion of 3.5mm the maximum rate of acquisition is 39 KHz (with a maximum range of Sm). A 3D 
smearing of 3mm would require a speed of the platform of 136 d s .  Smearing is therefore not an 
issue in the Ratler platform or the Lunar Rover. 

8.4. Positioning of the laser on the vehicle 
In order to guarantee vehicle safety the laser needs to be mounted so that it scans an area far 
enough from the vehicle to allow reliable detection of hazards and safe stopping of the vehicle. 
Furthermore the path scanned by the laser plane should be wide enough to contain the vehiclc 
driving straight or turning and for some safety margins. This should be in the range of operaling 
speeds. These goals constrains the possible position and poses of the laser ranger for the purpose 
of emergency stopping system. 

First the position and pose is determined by length and position of the laser line detecting the 
obstacles as seen on figure 9. 

The laser line needs to be in a certain distance in front of the vehicle in order to be able to stop the 
vehicle in time This distance dobj is given by equation 4. 

where 
n: Number of points in time filter 
tp,,: Processing time of one scan (worst case) 
r,,,,,: Time needed for data acquisition. 
vnlUr: Maximum speed. 
d,Tto,,: Stopping distance 
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Figure 9. The laser line in relation to the vehicle. 

Example: v,,=O.SOm/s, n=3, r,,,=4095/39000=0.l05s (sample rate 3 and 4095 samples/scan). 
fproc=0.4s and dS,,=0.3m. 
The distance to the object would be dobj = 1.257jm 

Once dobj has been found the length of the line yine can be calculated. An approximated value is 
given in equation 5 

where 
w,,= Width of vehicle 
ws= Safety width 
r= turning radius 

example: r=6.5m, wV=2.29rn w,=O.Sm. The laser line width would be wline= 3.5356111 

Knowing the length and the relative position of the line in relation to the vehicle the possible posi- 
tions of the laser can be calculated. The distance dlaser from the laser line to the laser is defined by 
equation 6 

M.'lille 

dloser ' FOV 2 tan - 
2 

where 
FOV is the effective field of view of the laser scanner. 
With FUV=90" and the examples shown above the distance to the laser would be dlc,.Tcpl ,7678111. 
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FOV is programmable and the experiments have shown reliable data at up to FOV=116". A 
smaller FOV results in less samples to be processed speeding data processing step up. The data 
acquisition time is fixed due to geometrical constraints inside the laser unit mainly the position n l  
the zero pulse. 

The position and the pose on the laser is illustrated in figure 9. The laser is pointing toward the 
center of the circular arc. Note that the center of the arc is the top of the largest (positive eleva- 
tion) obstacle the object detection system will allowed the vehicle to pass. 

meters v=0.25ds v=0.5m/s 

dobj 0.7788 1.2575 

"line 3.3836 3.5356 

dlQ*er 1.6918 1.7678 

Figure 10. The position of the laser. 

The angle of incidence a should not become too large as this may result in specular reflection. For 
more information on this subjects refer to section 8.5. 

v 4 . 7 5 d s  

1.1363 

3.1624 

1.8812 

dl,,,, im) 

Table 6: Horizontal resolution. 

Horizontal quantization 

right ahead (mm) to the side 45" (mm) 

1 3.1416 6.3030 

I .5 

I 2.5 I 7.8540 I 15.7575 I 

4.7124 9.4545 

1 3  I 9.4248 I 18.9090 I 

2 
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Table 6: Horizontal resolution. 

4 a w  (m) 

Horizontal quantization 

right ahead (nun) to the side 45" (mm) 

3.5 

The equations can also be used to determine the FOV of interest given the vehicle constraints and 
sensor position and pose. 

10.9956 22.0605 

8.5. Maximum tilt angle of laser scanner 
A limiting factor of the laser range system is that it requires a certain amount of light to be 
reflected back to the laser for detection. The intensity of the reflected light depends on a numbcr 
of parameters counting specularity, reflectivity, angle of incidence etc. Specularity and reflectivity 
are parameters inherent to the material being measured but the angle of incidence is related to the 
pose of the laser and is thus a design parameter. To reveal the maximum angle of incidence at 
which the scanner system can be expected to work properly a number of experiments have bcen 
conducted. 

The angle of incidence is a function of the tilt angle of the laser and the scanning width. In the 
experiments the scanning width was 90". The surfaces were approximately flat. The maximum tilt 
angle is defined as the maximum angle where the 'high variance' metric of the safeguard system 
is fired in approximately 10% of the scans. Each surface is tested at five different places to ensure 
consistency. The sensor was placed 136cm above the surface. Angle is measured between the 
laser plane and the normal of the surface plane (0" is laser pointing straight towards surface). (Set- 
tings for the high variance metric were:THRESHOLD=Scm, and CLUSTERS=S). 
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Table 7: Tests for different surfaces. 

Spatial 
period 
(mm) 

Place Mean 
(degrees) 

Concrete floor i PRB 0.1 56.8 

Concrete floor, 
car barn, bldg. D 

I .4x 

Slag heap, 
Car barn, bldg. D, 

0. I 

Asphalt, 
parking lot, PRB 

61.6 2.41 

Surface 1  ax tilt angle lase 

Properties, conditions 

~ 

coated, grey, specular 
(relatively clean), indoor 

uncoated, grey, matt 
dirty, indoor 

light grey, matt, dirty 
indoor 

dark surface 
outdoor 
sunny 

Std. dev. 
(degrees) 

10 

6 

69.6 

< I 7  
(Not possi- 
ble to reach 
90% good 
scans) 

1.14 

As the maximum tilt angle is defined as the maximum angle where the ‘high variance’ metric 
detects beginning unreliability the tilt angle stated is the absolute limit given the current setting of 
the ‘high variance’ metric parameters (can be loosened if desired). The practical application 
should keep a safe margin to this angle. This is especially true as the vehicle when climbing a 
small object with the front wheels will increase the effective tilt angle of the sensor Le. the angle 
relative to the surface. Also the landscape may be curved so that the surface normal at the point 
where the laser beam hits the ground is considerably different from the surface normal beneath 
the vehicle. None of these situations constitute a hazard to the vehicle as the presencc of unreli- 
able data will issue an emergency stop command but unnecessary stops may slow down the mis- 
sion. 
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