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Abstract Traditional methods of laser processing for off-road obsta-
We present a novel method for obstacle detection for cle detection usually involve 3 steps. First, using the
automated highway environments. Laser range scanners known pose of the sensor, range points are transformed
have frequently been used for obstacle detection for jnto elevations in a map. In image-based techniques, the
mobile robots. Although most laser scanners prOVide elevation map is genera”y sparse and noisy, and smooth-
intenSity information in addition to range, laser intenSity |ng is genera”y necessary before a terrain_typing a|go_
haS been ignored by most researchel’s. We ShOW that |aserrithm is run to C|assify areas Of the e|evati0n map as
intensity, on its own, is sufficient (and better) for detecting navigable or unnavigable. In more recent pixel-based tech-
obstacles at long ranges in mild terrain such as an auto- nigues, the map is updated pixel-by-pixel, and the local

mated highway. map containing discrete obstacles is scrolled with vehicle
) motion to make better and faster (lower latency) use of
1 Introduction new and old data. Both processes are complicated and

) ) ) ) these methods have another drawback in that elevation
Highway obstacle detection is a challenging problem. ans may not represent obstacles well. Discrete grid size
Highways present an unknown and dynamic environment anq cell elevation averaging make it impossible to repre-
with real-time constraints. In additioq, the high speeds of gant vertical planes[5],[7]. Range measurement devices
travel force a system fo detect objects at long ranges. haye additional problems such as inaccuracies and signifi-
While a variety of competing methods have been proposed cant noise at low signal levels, and range ambiguities.
for on-road obstacle detection most of the work has

focused on detecting large objects, especially other vehi- o the other hand, laser reflectance ought to provide us
cles. There are a number of methods that can successfullyyith a more direct means of finding obstacles or vertical
detect moving vehicles but the more difficult problem of - grfaces. At the long lookahead distances and grazing
f|nd|n_g small, static road debris such as tlre_s or crates angles typical of high-speed travel, horizontal surfaces
remains unsolved. Systems such as AHS which demandgpoyid provide very weak (or nonexistent) laser returns.

high levels of safety are not feasible unless these critical \iortical surfaces (obstacles), however, should result in
problems are addressed[1]. We propose to use laser reﬂec'stronger signals.

tance to detect small obstacles at high vehicle speeds in
automated highway applications. 2 The Laser Reflectance Model

Laser range scanners have been used for obstacle deteCtiOﬂThe brightness discrepancy between horizontal and verti-
for a number of years, especially for navigation in rough cal surfaces can be attributed to two factors, incidence
terrain. Laser range scanners operate by sweeping a lasegngle and range. Assuming the diffuse component of the
over a region of interest and measuring, at each pixel, the|aser reflection is Lambertian, we can model the laser
time it takes for the laser to leave and return to the sensor.reflectance signal with the following relation:

Since the speed of light is known, the distance to every

pixel can be calculated. Most laser range scanners also P
provide the intensity of the returned signal at every pixel.

However, this second piece of information, often referred

to as the reflectance, has essentially been ignored by mostVheréPrewmis the power in the returning laser pulses
researchers. the actual surface reflectanc®&p<1 8)s the angle
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of incidence of the beam with the surface ani$ the roreflectors (which are highly reflective) and rain or

range[8]. airborne debris (which may be very near), as bright spots
in the laser intensity image. To reduce the chance of label-
Assuming a vertical object with square cornérshould ling these bright spots as obstacles, it is important to over-

be anywhere from zero to 45 degrees (due to rotations sample, that is to sample more frequently than necessary
about the vertical z-axis). For horizontal surfaces at dis- for guaranteeing coverage alone. The oversampling factor
tances over 20m, howevérshould be between 87 and 90 is the number of lines in which an obstacle of minimum
degrees and should provide a much smaller return. Addi- heightp will appear. If our vehicle is traveling at speed
tionally, points on the obstacle should be closer than points and obtaining line scans at a frequeifigythen the over-

on the road contained in the same scanline. In the limiting sampling facton is:

case, where the sensor beam is located at obstacle height

and parallel to the road surface, laser intensity should be n = pf

non-zero only on obstacle pixels. viana

For reasonable valueg € 30 m/sa = 1°, p = 0.2 m, and

_ f = 36 Hz, our current scan rata),s approximately 14.

h£ a: O\-'\)c:}ﬂ\ An obstacle would appear in the line scartimes before
passing beneath the sensor field-of-view at which point the

) ) ) object would be at a distance L, where
Figure 1. A laser sensor is located at a height honthe | = (h—p)/(tana) = 45.8m.

vehicle with a depression angle. The laser hits an

obstacle of height p. 3 Results
In particular, if our sensor is located at a heightith a Recent tests with the Franklin laser scanner have shown
depression angke (see Figure 1), assuming a flat road, we that a laser reflectance-based system can detect 1-foot-
expect road pixels to return an intensity: high obstacles at ranges of 60 meters or less.
.3
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On the other hand, if the laser hits a vertical obstacle of
heightp, we would expect a returned intensity:

All laser data in this paper was taken with the Franklin
scanner, a joint effort betweer®K and CMU of Pitts-
5 burgh, and Z+F of Wangen, Germany. The laser is an
PopsSIN G Ccosx amplitude-modulated continuous wave (AMCW) sensor.
W AMCW sensors calculate distance by measuring the phase
P difference between the outgoing reference signal and the
Assuming the surface reflectance of the road and obstaclereturned signal. The energy or amplitude of the returned
are comparable, i.,,,4= Pops  then for a typical sensor sjgnal is used as an intensity measure. The Z+F laser uses
height of 1m, obstacle height of 20 cm, and sensor depres-two modulation frequencies to provide 15-bit range and
sion of P (so that the sensor is aimed at a typical looka- 16-bit intensity data. This is much greater resolution than
head distance of approximately 60 meters away) we find our previous ERIM laser scanner, which provided only 8
that ly,sis nearly 2 orders of magnitude greater thagp | bits of range and intensity. The improved intensity data
This huge intensity discrepancy is mainly due to the differ- has enabled us to detect objects further than the 20 meters
ence in the incidence angle. Although this intensity dis- possible with the ERIM[3]. For more details on the design

crepancy is reduced significantly for non-lambertian and performance of the Z+F laser[2] and the Franklin
surfaces, it has nevertheless proven sufficient for detecting scanner([4], readers are directed elsewhere.

many non-lambertian obstacles.

obs

_ 3.2 Laser Intensity-Based Obstacle Detection
2.1 Obstacle Tracking

The image below shows a sequence of single-line laser
Guaranteeing coverage of the road is important in an jntensity scans taken from a moving vehicle in a parking
obstacle detection system. We must be sure that we arejot at CMU (see Figure 2). The intensity has been inverted
scanning frequently enough that no objects may passfor better printing. The dark areas in the inverted image
undetected within our field-of-view. In faCt, coverage is (bnght areas in the origina| image) Correspond to obsta-

not enough. In a roadway environment, the detection sys- cles. A schematic illustrates what happens at tigets, t
tem may occasionally detect things such as roadway ret-



and % (see Figure 3). streak in the center corresponds to a vertical cinder block.
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Figure 2. A series of single-line (1-D) laser reflectance ~ Figure 4. A classification of the laser reflectance scans
scans taken from a moving vehicle (reflectance has in Figure 2, based on the absolute value of an edge
been scaled and inverted for better printing). Time operator. Black pixels indicate a potential obstacle.

t=0 is at the top of the image. Dark spots
correspond to obstacles. The vehicle passes two In laser series in Figure 2, the intensity of the cinder block
lamp posts on the left (the dark curves), and at a range of 25 to 28 meters averages 270 out of a 16-bit
approaches a cinder block in the center (25 to 30 maximum of 65535 -- we have already lost most of our
meters away). signal at this distance. Reflectance for the pavement, how-
ever, averages about 50, i.g,dloaqiS 5.4. Although this
is an ample intensity ratio to detect the cinder block in this
image, things become more difficult at longer ranges as

O - cinder block the returned signal strength decreases. Moreover, the ratio
| SN - is a far cry from the two orders of magnitude difference
amppost , - that was predicted. To understand why the obstacle-to-

pavement intensity ratio was not as large as predicted, we
needed to better characterize the reflectance model.

v 4 Refining the Reflectance Model

Although the first-order reflectance model and our results
" |Vehicle at

indicate promise for laser intensity-based obstacle detec-
tion, we need to refine the reflectance model. We are cur-
) ] ] ] rently performing experiments to refine the model to
Figure 3. An overhead schematic of vehicle motion for  improve our detection system and extend its range. There
the laser series in Figure 2 (not drawn to scale). The  gre two major assumptions we made in using the reflec-
circular arcs represent where the laser scans would  tance model to compare obstacle vs. non-obstacle laser
hit the ground at each of 3 time instants. The wedge  jntensities. First, we assumed that both the road surface
at each position indicates the horizontal field of  4nq the obstacle were Lambertian in nature. Second, we
view. At time to, representing the first scanline in  555umed that the laser angle of incidence may be directly
Figure 2, the laser sweeps an arc on the ground. At rg|ated to the macro geometry. In fact, the returned inten-
time t,, the laser hits a lamppost, and continues to ity js ikely to depend on the orientation of microfacet
see it until time t when it passes out of the field of  stryctures in the surface. Microfacet structure and orienta-
view. At the same time, the laser hits the  {jon may play a larger role in determining the effective
cinderblock near the center of its scan. Whenever  gngje of incidence than the macro-orientation of the sur-
the laser hits one of these objects, it gets a strong  face. The large discrepancy between the predicted inten-
reflection (represented as a dark area in Figure 2). sity ratio and the actual intensity ratio in the previous

] ) example suggests this may be true.
Simple techniques are able to adequately separate obsta-

cles from pavement in the image in Figure 2. A classifica- 4.1 Reflectance versus Incidence Angle

tion image based on the thresholded absolute value of a

1x5 Sobel operator is shown in Figure 4. The two long To verify the reflectance model, we performed an experi-
dark curves correspond to two light poles, and the dark ment on several objects. We attached each object to a turn-



table, aimed the laser at the object, and rotated the objectFigure 6. Laser intensity versus incidence angle for a
through at least 90 degrees while measuring laser inten-  cardboard box. The model does not fit the predicted
sity. Thousands of reflectance measurements were aver- cosine curve for a Lambertian surface. The
aged at each angular increment to reduce the effects of difference between the curves represents the energy
sSensor noise. in the specular reflection.

Intensity versus incidence angle graphs are given for two Since obstacle types we might encounter on the road are
of the objects below (see Figure 5 and Figure 6). For com- varied, we can not expect to build a reflectance model of
parison, a cosine curve of approximately equal amplitude any object we might encounter. Fortunately, however,
is also shown on each figure. Intensity dropoff at shallow specular reflections are often likely to help the system
angles for both of these objects was similar to the behavior detect obstacles. Specular reflections off vertical surfaces
predicted by the Lambertian model and the macro geome- are directed back towards the laser sensor, and depending
try. Rougher surfaces deviate more from the predicted fall- on the size of the specular lobe may be seen by the detec-
off, though we need to perform more experiments to better tor. Specular reflections off horizontal surfaces, however,
characterize these deviations. are directed away from the sensor. This increases our
expected obstacle-to-road intensity ratio for many types of
The intensity data from the first object, a piece of matte obstacles. One exception to this is obstacles with highly
white posterboard, fits the Lambertian cosine model quite specular surfaces. In this case the specular energy is rarely
well. The intensity data for the second object, a cardboard seen by the laser sensor since it is unlikely that the laser is
box, does not fit the model well at incidence angles near exactly normal to the surface. For this reason, shiny vehi-
zero. This is likely due to a specular component of the cle surfaces can appear dark in laser images. Even then,
reflection. there is generally some portion of the vehicle which
reflects strongly, allowing detection (see Figure 7).
Regardless, vehicles are easily detected by a number of
Intensity other sensor systems, so this is less important than being
Pl able to detect small obstacles.
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Figure 5. Laser intensity versus incidence angle for T ———————
matte white posterboard. The model fits the

predicted cosine curve for a Lambertian surface. Figure 7. A dark vehicle on the right of the laser image

has a similar intensity to the surrounding pixels,
except for very strong reflections off the headlights.
The white vehicle is more easily detectable.

There were two important sources of error in this experi-
ment. First, it was difficult to accurately measure the abso-
lute angle of incidence. Relative angular measurements
were good to within 0.1 degrees, but the initial absolute
measurement was probably only accurate to within 2
degrees. Second, since the target surface could not be
placed exactly at the center of rotation, the laser spot
moved slightly along the surface during the rotation.
Although these movements were kept within a reasonably
uniform region on the surface, they would result in some
intensity variations.




4.2 Reflectance versus Range distances of 40 meters or more. This makes modeling and

) ) ) ) statistical-based approaches to obstacle detection more
According to theory, laser intensity should be inversely ifficult.

proportional to the square of the range. From most of the
laser images, it is clear that reflectance does fall off with
range. However, some strange behavior occurs in reflec-
tance images at low intensities. As can be seen from anzoo
image taken in the parking lot (see Figure 8), there are

alternating bright and dark horizontal bands on the asphalt 1s0o
instead of the predicted monotonic drop in intensity as

range from the vehicle increases. 1000
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Figure 9. Scatterplot of intensity versus range acquired
by moving an object away from a non-scanning

Figure 8. Part of a 2-D laser reflectance image taken in laser.
a parking lot. Notice alternating bright and dark
sections on the asphalt moving up the image from
the bottom. (Pixel values have been scaled for better I'ntensity Resi dual

printing).

To verify the laser reflectance model and to isolate the
cause of the banding in the laser intensity image, we col-
lected single point laser data while moving a target along
the optical axis. This allowed us to generate a laser inten-
sity versus range scatterplot (see Figure 9). We found the
best fit curve of the fornh = A/z wheleis the laser
intensity,z is the measured range, afds a constant, and
then plotted the residual between the predicted and mea-
sured intensity (see Figure 10). Figure 10. A scatterplot of the residual intensity error
between the predicted reflectance (based on range)
At shorter distances, and consequently higher intensities, and the actual measured reflectance. Note the
our results agree well with the model, i.e. reflectance is distinct oscillations in the residual. The frequency
inversely proportional to the range squared. However, at  of oscillations corresponds to the ambiguity interval
long distances and low reflectances, the plot of the residual  of the AMCW laser.
reveals an unmodeled oscillation in the intensity. The
oscillation in the residual has a period of approximately 5 Conclusion
6.5 meters, which is the ambiguity interval of one of the
laser modulation frequencies. We currently believe this is While it is unlikely that any single sensor can detect all
caused by optical crosstalk. A constant source of reflection obstacles, laser intensity-based methods appear promising
in the scanner optics, such as an internal reflection from for high-speed, long-distance detection of small obstacles
the focusing optics, would cause a reflection at a constantfor automated highways. Many of the obstacles we have
distance and therefore constant amplitude and phase shiftused in our experiments so far are medium-sized (mainly
As the range to a real target is increased, the internal for convenience in verification). However, since the detec-
reflection would be alternately in phase and out of phase tion capability is based more on angle of incidence differ-
with the reflection from the object, which would cause the ences between road and obstacle than size, we expect to be
banding seen in our images[6]. We are currently conduct- able to robustly detect smaller obstacles. An additional
ing experiments to verify our suspicions. Although this advantage of our method is that a laser intensity sensor
residual is small (only 5% of the signal at 10 meters could be lower power and far cheaper than a laser range
range), it becomes a significant percentage of the signal atsensor.




[5]Hebert, M., C. Thorpe, A. Stentz, edstelligent Unmanned
Nevertheless, there are likely to be some obstacles which ~ Ground VehiclesKluwer Academic Publishers, 1997.
may be very difficult to detect using laser reflectance. Very [6]Hebert, M. and E. Krotkov. 3D measurements from imaging
dark or highly specular surfaces may “disappear” in laser ~ laser radars: how good are theytage and Vision Comput-
images. Laser range would not help in these cases since it ing, vol. 10, no. 3, April 1992.

. : : P [7]Matthies, L. and P. Grandjean. Stochastic Performance Mod-
is unreliable at low intensities. Hopefully, these obstacles eling and Evaluation of Obstacle Detectability with Imaging

would be detectable with radar or stereo vision. Range SensortEEE Transactions on Robotics and Automa-
tion, Vol. 10, No. 6, Dec. 1994.

6 Future Work [8]Nitzan, D., A. Brain, and R. Duda. The Measurement and Use
of Registered Reflectance and Range Data in Scene Analysis.

We are currently obtaining samples of asphalt and con-  |EEE Proceedingsvol. 65, No. 2, February 1977.

crete. We plan to repeat the turntable and moving target
experiments with these samples to better model the laser
intensity for typical highway surfaces. The ease with
which we can detect obstacles at long distances depends
on improved modeling.

Increasing the laser power would also improve obstacle
detectability at long ranges since it improves the signal-to-
noise ratio. However, there are eye safety considerations
SO we may not be able to increase laser power much more.
Since the signal-to-noise ratio depends on the laser energy
reaching a point, we can also improve detection by main-
taining the laser power while reducing the sampling rate,
or speed, of the laser. Our current scanner has a 360 degree
horizontal field-of-view. This is unnecessary and wasteful
since we throw away most of the data. A better scanner
design for highway-based obstacle detection would use a
polygonal mirror and a smaller horizontal field-of-view.
This would allow us to maintain or even increase the line
rate of the sensor while decreasing the sampling rate and
improving our signal-to-noise ratio. It might also be possi-
ble to reduce sensor angular resolution by a factor of two
to reduce the sampling rate.

Finally, we will test our detection methods on a wider vari-
ety of obstacles and material types, including tires, wood,
cement, metal, and ceramic.
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