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Abstract— A prerequisite for mobile robot navigation is
a reliable sensing mechanism. Laser detection and ranging
sensorsor LADARs are widely used in mobile robotics. When
processing LADAR data for the purposes of feature extraction
and/or data association, most previous work modes such
devices as processing range data which follows a Normal
distribution. In this paper, it will be demonstrated that
commonly used LADARs suffer from incorrect range readings
at range discontinuities, which can have a much more
detrimental effect on feature extraction or data association
algorithms than random noise.

LADARs with separated transmitter and receiver con-
figuration can introduce a significant occlusion effect, as
the reflected laser energy from the target can be partially
occluded from the receiver. This paper will demonstrate
that false range values can result from LADARSs and that
the occurrence of these values can be reliably predicted
by monitoring the received signal strength. A useful design
criterion for the optical separation of the transmitter and
recelver is also derived for non-coaxial LADARs and the
exact environmental conditions which can cause range errors
is quantified so that such errors can be reliably predicted.

I. INTRODUCTION

In mobile robotics, range sensing is often a crucial
component of navigational and localization tasks [6], [4].
Laser detection and ranging sensors, or LADARSs, with
range and bearing information, have become an integra
component of many autonomous systems due to their
accuracy and relatively low cost.

The work in this paper is inspired by the processing of
LADAR range data for the detection of features for mobile
robot navigation [1], [8], [12]. Such agorithms are often
based on probabilistic methods which attempt to extract
information from the range data in an optima manner,
on the assumption that the range data is corrupted with
Gaussian noise. For example Guivant et al have made an
observation model for their Kalman filter based outdoors
navigation system, by assuming Gaussian noise [6]. Adams
was able to detect rangelreflectance discontinuities, by
optimally weighting new range data with simple recursive
line and constant curvature models - also based on range
data Gaussian noise assumptions [1].

In the experience of the authors, such feature extraction
algorithms often fail due to other systematic, unmodelled
errors from LADARs. For example, Kalman Filter based
and scale space detection algorithms [12], [11] can fall
catastrophically when range errors due to cross talk [9],
disparity [10] or multi-path effects [1] occur. Removing

such “outliers’ from range data can be achieved with lim-
ited success with standard techniques such as median filters
[5], based on certain assumptions about the erroneous range
data. This paper will demonstrate that significant range
errors can occur due to occlusion caused by a combination
of transmitter and receiver (transceiver) separation and the
scanning reflection principle!.

Firstly, the 3D scanning LADAR systems used in this
work will be presented in section 1. Then, in section |11
an overview of the problem will be demonstrated with
range/intensity data recorded from a scanning LADAR. It
will be shown that significant range errors occur at, or
near, range discontinuities, which have a detrimental effect
on feature detection algorithms which attempt to isolate
such range/intensity changes and then use such ‘end’ range
points for future data association [7]. The physical cause
of this effect will be studied in detail in section IV and a
theoretical model will be derived which allows such errors
to be predicted and detected from range scans. In particular
it will be shown that the amplitude of the received signa
will follow well defined profiles as the scanning mirror
rotates, which depends on the orientation of the scanning
mirror relative to the LADAR's transmitting and reception
apertures. The theoretical analysis applies to all detection
methods, since the range errors occur due to a significant
drop in received signal amplitude. Then in section V,
the theoretical model derived in section 1V are analyzed
to determine the parameters which cause the range er-
rors. Experimental results are shown in section VI which
demonstrate that such spurious range points can be reliably
detected, provided the signal amplitude and orientation of
the scanning optics and some environmental factors are
monitored with each range data value.

Il. 3D SCANNING LADAR SYSTEMS

Two LADAR systems used in this work. The main
LADAR system is based on a 1D Riegl LD90-3300EHS-
FLP model, as shown in figure 1(a). This sensor is a
time-of-flight (TOF) one with a reported maximum range
measurement capability of 400m. For robot navigation, a
desirable feature of any ranging system is that it provides
full 360° coverage around the robot in bearing, so that
all objects within the field of view of the sensor can be

lto the authors knowledge, an effect previously not examined for
LADARSs in the literature.
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Fig. 1. (@ 1D Riegl LADAR LD90-3300EHS-FLP, (b) in-house
developed 3D scanning mechanism and (c) 3D Riegl LADAR LMS
Z210i. The 3D mechanism in (b) and the 3D LADAR in (c) alow
continuous rotation of the scanning mirror about the vertical axis and
simultaneous control of the mirror’'s elevation about a horizontal axis.

“seen” from any vehicle orientation. Figure 1(b) shows a
3D scanning system developed at Nanyang Technological
University (NTU) for this purpose. The 1D LADAR in
figure 1(a) is mounted inside this system to perform as a
3D LADAR scanner.

The 3D LADAR shown in figure 1(c) is a LMS-Z210i
model from Riegl. Its rather slow rotating rate’ prevents it
to be used in mobile robots. However, in this work, this
kind of 3D LADAR is still used for comparison.

I1l. RANGE ERRORS IN LADARS

Reported range errors in LADARS are due to cross talk
and random noise [9], [1], [3]. A third type of error which
has received attention in triangulation systems, but has not
been analyzed in LADAR systems, is occlusion.

Figure 2 shows an intensity image® recorded from the 3D
Riegl LADAR (figure 1(c)) in a laboratory environment.

Fig. 2.

Received signal amplitude image recorded in a laboratory
environment. Each pixel value is proportiona to the received signa
amplitude. The small circle (labelled with "A”) shows a zero-signa
amplitude point.

In figure 2 the smal blue circle is shown to denote
zero, or extremely low received signal amplitude values.
These can be seen more clearly in figure 3 where the range
and amplitude of the received signa is plotted versus the
scanning mirror’'s bearing angle. This is taken from the
middle row of pixels (elevation angle = 40°) of figure 2.
When the amplitude reaches zero (or extremely low values)

2At the fastest rotating rate, it takes around 20 seconds for the LADAR
to fulfil asingle 2D scan.

Sreceived signal amplitude. In the paper, the two words “intensity”
and “amplitude” or “signal amplitude” will be used interchangeably. The
intensity is a ratio, which is a dimensionless quantity that ranges from 0
(least reflective) to 255 (most reflective) which is based on the strength
of the return signal.

Range /m
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Amplitude /0-255

= Amplitude=0
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Fig. 3. Range (above) and received signal amplitude (below) versus
bearing corresponding to the middle row (elevation angle being 40°) of
figure 2. Plots are shown here with bearing ranging only from 135° to
150° to clearly show the 0 amplitude and erroneous range reading points.

it can be seen that false ranges (range estimate = Om)
occur. These could, of course easily be detected as being
fase if their values were always zero. In readlity, LADARS
such as those from Riegl, Acuity Research and Sick*
respond in different ways to such range discontinuities. It
will be proved in section IV that all scanning LADARS
with separated transmitter and receiver configurations will
suffer a minimum in received signal amplitude due to the
disparity between the transceiver aperture irrespective of
the technique used to estimate range. And this paper will
present a method to reliably predict such range failures.
The effect of disparity or the “missing parts’ problem
in triangulation systems has been well documented [10],
however its subtle effect during the scanning of a LADAR
and the resulting received amplitude profile does not appear
to have been reported. Very few articles address the causes

1 and effects of range errors in LADARS which can have

a large impact on feature detection and data association

| agorithms. Notable exceptions are papers by Hebert and

Krotkov [9], Reina and Gonzalez [2] and more recent arti-
cles by Cang and Borenstein [3]. These articles address the
issues of range errors caused by random receiver/reflection
noise, cross talk and multiple path reflections.

IV. OCCLUSION DUE TO TRANSCEIVER SEPARATION

In order to predict what sensor and environmental pa-
rameters will cause range errors due to occlusion, the
physics of scanning will be studied in this section.

To study the occlusion effect, an experimental setup was
made as shown in figure 4. To position the 1D LADAR
in figure 1(a) precisely and to dlide it in a controlled
manner in a direction paralel to the target surfaces, it
was mounted on the stacker of a milling machine and was
translated to scan the edge of two targets as shown in 4(a).
The range and amplitude information were recorded and
for one particular experiment, are shown in figure 5. A
minimum in the amplitude profile occurs because of the
separated transceiver configuration of the sensor. There

4LADARs commonly used in mobile robotics research.
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Fig. 4. (a) The LADAR is displaced past on an edge formed by a

target and a background. (b) The sensor is rotated 90° right so that the
transmitter and the receiver are displaced "coaxial” to the edge .

is a loss in received energy due to the non-coaxiality of
the sensor. When the amplitude drops below the minimum
working threshold of the LADAR, the range reading cannot
be trusted (it often reads zero for these two LADARS in
figure 1 but in general it may read any arbitrary value and
hence cannot be compensated by a simple low-pass filter).
Thisis the occlusion effect. Most LADAR sensors fall into
two categories. coaxia (e.g. most Sick LADARYS) or sepa-
rated (e.g. most Riegl LADARYS) transceiver configurations.
These configurations determine whether or not occlusion
OCCuUrs.
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Fig. 5. Range and amplitude when the 1D LADAR is transated on a
stacker to scan an edge.

The following analysis will mathematicaly derive the
profile of the received signa power from these two
LADARSs, as their scanning mirrors rotate so that the
transmitted laser is scanned past a range discontinuity. It
will then be shown how this profile can be used to predict
when range errors will occur and how to detect them. In
the analysis, the following assumptions are made;

1) The power in the transmitted and reflected light
beams is uniformly distributed over the circular,
cross-sectional area of the LADAR.®

5Note that the following analysis could be easily extended to other
non-uniform optical power distributions.

2) Assumptions 1 allows us, without loss of generality,
to model the scanning procedure with targets 1 and
2 parallel to the motion of the LADAR, irrespective
of their true orientation.

3) Due to assumption 3, the rotational, scanning motion
of the LADAR'’s mirror can be modelled as a linear
displacement of the LADAR'’s optical footprint past
the edge.

Initially, before the transmitted optical footprint inter-

sects the edge, it will fully illuminate target 1 at range
dy, as shown in figure 6(a). In this case, the received
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Fig. 6. (a) Only target 1 is illuminated. (b) Target 2 is completely
occluded due to the transmitter — receiver separation s. The footprint’s
area on target 1 is reduced.

signal strength is P; watts, which can be measured if the
amplitude of the received signal is available (as in the case
of the Riegl and some Sick devices). As the mirror scans,
the projected optical footprint will eventually completely
traverse the edge, so that it fully illuminates target 2 at
range ds. In this case we assume that the received signa
strength is P, watts (figure 7(d)).

In figures 6(a) and 7(d) we define the end condition
received power densities as:

Pla<o) = Py /mr} o)

where z is the motion of the LADAR measured from
the edge of target 1 and r;, and r, are the radii of the
normal components of the optical footprints on targets 1
and 2 respectively. The point x = 0 is defined when the
transmitted light beam just reaches the edge of target 1,
as shown in figure 6(a). The scanning of the LADAR’s
mirror is then considered to be equivalent to displacing
the LADAR in the direction shown in figures 6(a) to (b)
and figures 7 (a) to (d).

1) LADAR displacement = < 0 (figure 6a). The

received signal power is given by:

Pla>x,) = Po/7r3

@)
Define X as being the value of x at which target 2 just
becomes visible to the receiver aperture. This scenario is

depicted in figure 7(a):
X1 =(s—q)(d2 — d1)/d> ©)

where s is the transmitter — receiver aperture separation
and q is the effective radius of the receiver lens.

Pp<0) = Pz<oymri = Py = constant



2) LADAR displacement 0 < z < X; (figure
6(b)).The received power in this interval is:

Separated configuration--0
30 degrees

9 3] 29 3 SUch_gch:s_ ) .
P(OSZI;<X1) — Pl (1 _ _1 _|_ sin 1) —— Caoaxial configuration--90 degrees
s 2m
2
6, = cos ! (1 — _x) 4
dla

Equations 4 define the received power amplitude
profile, which is expected when traversing the edge
for 0 <z < X;.

3) LADAR displacement X; < x < 2r; (figure 7(b)).
The power received in the displacement interval ol N :
Xy < a < 2r results from the two footprint sections x/mm
shown in figure 7(b) and is

Amplitudes at diferent scanning angles /0-255

Fig. 8. Estimated amplitude profiles of separated transceiver configu-
ration and “coaxia” configuration LADARS. In this case, the values of

01  sin20, involving parameters are: d1 = 5.8m, d2 = 12.6m, P1 = 115, P2 = 50
P(X1§x<2r1) = P |:1 B + o :| and s — g = 2.9cm.
% sin 260
rr |22 g
™ 2 profile) is similar and the minimum value in the amplitude

with is amost the same, which proves the theoretical model

) 2 . 2z — X1) to be correct. However the width of the change in the

¢ = cos (1 - —) b2 = cos [1 - T}amplitude curve in the actual case (figure 5) is a little

2 smaller than that in the smulated case (figure 8, the red

Let + — X, be the displacement of the LADAR at dotted profile). The_ possible reason of the Qiffergnce is

which target 1 just fails to occlude target 2. In this case, dge Fo the assumption that the Iase;r energy 1S un|formlly

geometrical considerations give d|str|but§d over the beam_cross section, which probably is

not true in reality. In reality, the laser energy concentrates

(s —q)(d2 — dv) ‘da (77 on around the center of the beam cross section, rather than

da normally distributed, which causes the rea «, the beam

4) LADAR displacement 2r, < z < X, (figure 7(c)). ~ width of the transmitted laser, is smaller than its labelled
The power received in the displacement interval  Value and hence causes the difference in both figures.

2r, < x < X, results from the single footprint in In Figure 8, individual estimated amplitude profiles

figure 7(c): corresponding to a certain scanning angle of the LADAR

relative to the sensed target are shown for particular values

dla

Xy =

Por<scxy = P <9_2 _ 512292) of d1, d2, P1, P2, a and s — q. In this paper, the scanning

& g angle 6 is defined as the angle between the direction

6, = cos—! {1 _ 20— Xl)] (g Of the transmitted laser beam and the center line of the

doax transceiver of the LADAR. When the LADAR scans, each

5) LADAR displacement = > X» (figure 7(d)). 0 corresponds a bearing angle (the angle the LADAR’s

Finaly target 2 is fully illuminated and the LADAR mirror rotates about the vertical axis). The relationship
has been displaced enough, so that no part of the between the scanning angle and transceiver configuration

footprint is occluded from the LADAR'S receiver is explained in figure 9. In figure 9(c), the scanning angle
aperture, Then: 0° corresponds to the separated transceiver configuration

in figure 4(a) while in figure 9(a) the scanning angle
Pla>x,) = Da>x,)T r5 = P, =congtant  (9) s 90°, corresponding to the “coaxia” type configuration
in figure 4(b). Figure 9(b) shows the general case with
scanning angle 6. As the scanning angle increases, the

(10) o X oo .
minimum value of the amplitude profiles increases which
where « is the beam width of the transmitted laser. means potential elimination of the measurement error at a
Equations 2, 4, 5, 8, and 9 between them, when 6,  certain angle. If the scanning angle reaches 90°, which
and 0, are replaced by their respective functions of x, corresponds to the case in figure 4(b), the transceiver
describe the complete expected received amplitude profile  configuration effectively becomes “coaxial” with respect
as the LADAR's transmitted laser is scanned past arange  to the vertical edge formed by the target/background and
discontinuity. In figure 8 (the red dotted profile), the the minimum in the amplitude profile disappears (as shown

amplitude profile is plotted versus the illuminated footprint  in figure 8, the blue solid profile).

displacement. Compared with the measured amplitude in The above analysis is made to the 3D LADAR scanner
figure 5, the estimated profile in figure 8 (the red dotted  in figure 1(b). For the 3D LADAR in figure 1(c), only one

rlzdla/Z TQ%dQO{/Q
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is no longer illuminated. Target 2 is partially occluded by target 1, due to transceiver separation s. (d) Light is now received from target 2 only, with

no occlusion from target 1.
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Fig. 9. Top view of LADAR scanning mirror. ‘T,R’ denote the LADAR's
transmitter and receiver and the red arrows denotes the direction of
transmitted laser. (a) 6 = 90°, (c) & = 0° and (b) general case.

thing is different, which is that its rotating mirror rotates
together with the transceiver and their relative position is
constant. That means, for this kind of LADAR scanner,
the transceiver is aways “separated” (as the configuration
in figure 9(c)) no matter what the LADAR’s real bearing
angle is. When this LADAR scans past a vertical edge as
the one in figure 4, the estimated profile always has the
form of the red dotted curve in figure 8.

V. CAUSES OF RANGE ERRORS

To avoid range errors the minimum amplitude in the
profile must be increased to a value above the minimum
detectable amplitude value of the LADAR. In this section,
the theoretical model will be analyzed to determine the
effect of different LADAR design parameters and environ-
mental parameters which can cause the received amplitude
to fall below a predefined minimum value.

For the 3D LADAR scanner in figure 1(b), the funda-
mental parameter is the scanning angle 6 of the LADAR.
For the 3D LADAR in figure 1(c), it is not affected by this
parameter at all since the transceiver is always “ separated”.
In figure 8, by rotating the scanning mirror of the LADAR
from 0° to 90° (figure 9), the minimum amplitude keeps
increasing. In figure 10, the estimated signal amplitude
is shown versus the diding distance (z in mm) and the

scanning angle (in degrees), which corresponds to different
transceiver configuration in figure 9.
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Fig. 10. Estimated signal amplitude versus the dliding distance = and
the scanning angle 6. The other parameters used were d1 = 5.8m, d2 =
12.6m, P1 = 115, P2 = 50, s — ¢ = 2.9cm and o = 3mrad. The
minimum detectable amplitude of the LADAR is plotted as the plane with
amplitude = 18.

In figure 10, the minimum detectable amplitude of this
Riegl LADAR is assumed to be 185, and as the scanning
angle 6 reaches (n+1/2)7 rads (n integer), the minimum
amplitude will be larger than 18 and then no range error
will occur. In figure 11, the minimum amplitude in each
amplitude profile corresponding to a scanning angle in fig-
ure 10 is plotted versus the bearing angle. Compared to the
minimum detectable amplitude of the LADAR (the dotted
line with amplitude=18), it can be seen that, the minimum
will be larger than the minimum detectable amplitude and
no range error will occur if —160° < 6§ < —20° and
20° < 6 < 160°. Since the minimum detectable amplitude
of each LADAR is different, the particular angular bearing
range in which the range error will disappear depends
on this value for the given device. For LADARs which

SFound by experiment.



maintain a constant separation between the transmitter and
receiver (figure 1(c)), the range errors can always occur.
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Fig. 11. Minimum amplitudes versus the scanning angle 6. The
minimum detectable amplitude of the LADAR is plotted as the line with
amplitude = 18.

The second parameter to be analyzed is a sensor pa
rameter, s — ¢ (the transceiver separation) in equation 3.
Both LADARSs are affected by this parameter. As expected,
figure 12 shows that by decreasing s — ¢, the minimum
amplitude value can also be increased, thus decreasing the
chances of false range values. During LADAR design, this
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Fig. 12. Estimated signal amplitude versus the dliding distance = and
the sensor parameter s — ¢. The minimum detectable amplitude of the
LADAR is plotted as the plane with amplitude = 18.

parameter should be kept as small as possible while keep-
ing the transmitter and receiver till separated to guarantee
that al of the transmitted light leaves the LADAR.
Further parameters which affect the minimum value
of the received amplitude are environmental, namely the
distances and the reflectivity of the targets which form the
scanned vertical edge. Again, both LADARs are affected
by these parameters. If we decrease the distance of the
background target so that the two targets are closer to
each other, the minimum amplitude value is aso increased.
This makes sense since if the two targets are put at the
same distance, the front target cannot occlude the reflected
laser from the background target. In another case, when the
received power P, from the background target is increased
(corresponding to a higher reflectivity of that target), the

minimum amplitude value is then also increased. It is
interesting to note that for almost all combinations of edge
separation ds — dy, increasing the reflectivity of any one of
the surfaces does not significantly increase the minimum
in amplitude, as shown in figure 13.

Estimated amplitde/0-255

" Amitude of the signal received from
background tasgel0-255

Fig. 13.  Estimated signa amplitude versus the sliding distance =
and the amplitude of signal received from the background target. The
minimum detectable amplitude of the LADAR is plotted as the plane
with amplitude = 18.

V1. RESULTS

Finally, some experimental results are presented. Firstly,
a semi-structured, outdoor environment (a car park area
within the NTU campus) is used. Figure 14 shows a
received amplitude image recorded from the 1D-sensor
based LADAR in this environment. In figure 14, a black

Fig. 14. An intensity image of an semi-outdoor environment from the
1D-sensor based 3D LADAR. ‘A’ in the figure denotes a container.

container (position ‘A’) and the behind white wall form an
edge where the occlusion effect could possibly occur in a
LADAR scan. The ranges of the container and the wall
were recorded and so were the received signal amplitudes.
With this information, as shown in figure 15, an amplitude
profile (the red amplitude profile denoted as ”Estimated
amplitude” in the legend) similar to those in figure 8 by
using the theoretical model was produced. We can see
that the minimum expected amplitude value in this case is
lower than the LADAR’s minimum detectable amplitude.
Hence, in this case, range errors are expected at the edge.
Compared with the actual amplitude data (the blue dotted
profile ) in the same figure, it can be seen that the shape
and minimum of the amplitude in both actual and estimated
profiles are almost same except that the width of the
change in the estimated amplitude is larger than that in
the actual one, for the probable reason that the actual laser
beam width is larger than the theoretical one used in the
estimation.
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Fig. 15. Estimated amplitude profile from the middle row (elevation
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profile.

o fh'gr('(.t. |

8l S .
h\-‘ " : I
6 a|
v @ degree|
D e
4 L.. W l |
| r-- F wC .20
5’ B degrees
ol 0 € e ey
S degrees—— = ) F |
= H ) T
.2,_.....__-—] 51 ~ — |
A} - > |
s 180 ! 2%
| degrees . |
P 160 2
Adegrees f |
10k J .
z r ¥
A5 -0 5 0 5 =

¥ (meter)

Fig. 16. Plan view of the range data from the middle row (elevation
angle is 40°) of figure 14. The small blue triangle denotes the position
of the LADAR. The red lines are range data. Capital letters A to J
denotes objects in the environment, in which A denotes crouching people,
B, H, I arepillars, C isthe container, D is abackground wall, F' denotes
bicycles, E,G are a corridor and J is another wall. The blue lines
marked —20°,0° etc are scanning angle bounds defining areas where
the occlusion may occur (See figure 11).

Figure 16 shows the plan view of the range data from the
middle row (elevation angle is 40°) of figure 14. According
to figure 11, false range values may occur at certain
scanning angle ranges, which are —180° < 6 < —160°,
—20° < 6 < 20° and 160° < 6 < 180° etc and these
reginos are marked on figure 16. The edge formed by the
container and the wall falls in the scanning angle range
—20° < 6 < 20° and then false range values are expected.
Figure 17 shows the signal amplitude and the range data
from the same row versus the LADAR'’s bearing angle to
depict the false range values at the edge . It can be seen
that at the edge, @ minimum in amplitude occurs and its
value is below 18, the minimum detectable amplitude of
the LADAR, producing false range estimates as expected.
At this point, the range value should be replaced with its
prediction if the range data is to be used in some feature
detection methods[12].

Another experiment was carried out in an indoor envi-
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Fig. 17. The actua range data and the signal amplitude data versus
bearing from the same row (elevation angle is 40°) of figure 16.

ronment. Figure 18 shows an intensity image recorded by
the 3D LADAR in figure 1(c) in the same laboratory as in
figure 2. For this LADAR, the scanning bearing angle is
irrelative to the occlusion effect.

Fig. 18. Received signal amplitude image recorded in the same laboratory
environment in figure 2 by the 3D LADAR in figure 1(c). ‘ A’ denotes a
container.

In the environment, a black container (denoted ‘A’ in
the intensity image) formed an edge with the behind
white door. Again, the distances of the container and the
door and the amplitudes of signals from the two targets
were recorded by the LADAR. With this information, an
amplitude profile which is similar to the red dotted one in
figure 8 by using the theoretical model was produced, as
shown in figure 19 (estimated amplitude profile 1). From
this profile we can predict that the minimum amplitude
vaue in this case is lower than the LADAR’S minimum
detectable amplitude and hence range error is predicted to
appear.

In the actual data, amplitude drops below the LADAR’s
minimum detectable amplitude and range errors occur at
the edge, which corresponds to the model.

From the analysis in section V, four parameters (the
scanning angle 6, the transceiver separation s — ¢, the
distances and the reflectivity of the targets which form the
scanned vertical edge) can be tuned so that the minimum
amplitude value at an edge can be increased and hence
range errors can be avoided. For this3D LADAR, the effect
is irrelative to the bearing angle and it is impossible to
change the parameter s — ¢q. Hence, here we changed the
environmental parameters—the reflectivity and distance of
the target and investigated the effects on occlusion. First,
the black container was covered by a white canvas so
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Fig. 19. Estimated amplitude profiles: 1 corresponding to the
middle row (elevation angle is 40°) of figure 18; 2 corresponding
to the case of changing the black container in figure 18 to white;
3 corresponding to the case of increasing the distance of the black
containter in figure 18.

that its reflectivity became higher. From the analysis about
the effect of different reflectivity on amplitude profile, the
minimum amplitude should increases a little as increasing
the reflectivity of either surface. By changing the amplitude
information only, we use the theoretical model to estimate
the amplitude profile again and it is shown in figure
19 (Estimated amplitude 2). In the profile, although the
amplitude from the front target is increased a lot, the
minimum amplitude increases only by a small amount, but
remains above the minimum detectable va ue of the sensor,
and hence the range error should be avoided.

The white canvas cover was then removed from the
black container and we reduced the distance between it
and the white door behind it. By using this information,
the amplitude profile was estimated again and shown in
figure 19 (Estimated amplitude profile 3). In the profile, the
minimum amplitude is increased and much larger than the
minimum detectable value of the LADAR. Similar actua
range and amplitude curves to that in figure 17 but with
the amplitude at the edge above the minimum detectable
value of the sensor and no range errors are omitted.

From the above analysis and results, it can be seen that
the theoretical modd is effective in predicting range errors
caused by occlusion. After the range errors are detected,
it is necessary to replace these erroneous points with
predictions when the LADAR is used in feature detection
applications [12], [8].

VIlI. CONCLUSION

This paper evaluates false range values caused by oc-
clusion effects when using LADARs with non-coaxial
transceiver configurations. It has been shown analytically
and experimentally that a minimum in the received signal
power will occur, which can be below the minimum
operating signal power necessary for correct operation and
hence cause erroneous range readings. For applications
such as feature detection and data association, this effect

will introduce unwanted measurement errors and can cause
the failure of feature detection agorithms and range noise
reduction techniques. However, by using the proposed
received signal power model, such erroneous range values
can be predicted and detected before further processing.
Also, from this model, it can be seen that the minimum
received signal power depends on sensor parameters such
as the transceiver aperture separation and the scanning
angle, as well as environmental parameters such as the
reflectivity and separation of the targets. This dependency
information is important for LADAR users as well as
LADAR designers and alows them to avoid or, at least
predict false range data caused by occlusion. This paper
has shown that the chances of occlusion errors can be
minimized by minimizing the separation of the LADAR's
transceiver at the design stage. Further, a large separation
of the targets being sensed is much more likely to cause
false estimation than the reflective qualities of the targets
themselves. Hence the derived models can be used to
guarantee that all range values at edges will be sensed
correctly within certain target separation bounds.
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