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Abstract—Due to several limiting factors of using the
currently available 3D laser scanners, including their high cost,
an interesting alternative approach is arising among several
researchers. That approach consists of taking advantage of 2D
laser range finders in dynamic arrangement to generate 3D
data. Most 2D laser rangers are based internally on a rotating
mirror which deflects a laser beam in several azimuths. This
approach is valid if the device is kept static or with small
dynamics. However, if more demanding composite motions are
imposed to the scanner, namely rotations, the assumptions
made by the internal software are not met and measurements
will be affected due to the delays in the measuring process. This
paper takes into account the composition of internal plus
external movements to compensate for those distortions. The
range distances are still correct under those conditions, but the
raw instantaneous 3D data points are not, namely those on the
periphery of the scan with larger azimuths. The number of
applications of 3D laser is huge and the results are relevant and
applicable in many situations. Physically, the scanning vector
draws a rosette shape on the sensor plane and the third
dimension is presently achieved through concentric rotation of
a 2D industrial grade scanner. The exact shape of the rosette is
dictated by the angular velocity of the additional external shaft
and it is shown in this paper how this variable can be
controlled to achieve the most adequate combination of point
density and frame rate. Correction of the scans to account for
the external angular velocity is demonstrated.

T

I. INTRODUCTION

HE use of lasers in guidance and navigation is found in
diverse fields, from small mobile robots [1, 2], to aiding
huge ships in harbors and canals [3, 4] and warfare [5].
Several applications, such as ship harbor maneuver
assistance and missile guidance, use single beam lasers,
either to determine distance or to provide a detectable target
to be acquired through additional sensors or by humans.
Others, such as guidance of industrial robots [6] and most
research carried out in obstacle detection and path planning
[7], use 2D range finders as means of enabling the detection
of surrounding interest objects. These range finders have
become quite common also in guidance and navigation of
automobiles participating in competitions such as the
DARPA Grand Challenge [8] and are commonly
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complemented by the use of cameras. Only more recently
the use of 3D laser scanners has also been equated, but
publications still indicate that there are many difficulties
related to processing these data [9, 10]. Additionally, though
the equipment capable of producing 3D scans is
commercially available, they are still very expensive and
most are not eye safe nor indicated for navigation, but rather
for scene reconstruction.
Several authors have proposed configurations which
produce 3D scans based on nodding or rotating existing 2D
scanners [11-14]. In all published material, the angular
velocity which is imposed on these 2D scanners has been
considered low when compared to that of the internal mirror
and therefore these have traditionally been considered as a
sequence of 2D scans. The fact that they are nodded or
rotated at low speed basically reduces applicability to static
scenes and when there is very limited ego-motion. These
limitations have instigated additional research and
development of prototype hardware and software which is
reported herein.
II. PROTOTYPE SETUP
The Laboratory for Automation and Robotics (LAR) at the
Department of Mechanical Engineering, University of
Aveiro, Portugal, has developed a 3D laser unit with a
mechanical setup depicted in Fig. 1.

Fig. 1 View of the rotating laser range finder setup at the LAR.

The system is designed to rotate a 2D laser about a shaft
which is perpendicular to the scanner’s internal mirror axle.
The scanner is in forward looking position because it is to be
installed onboard a robot with a prevalent sense of motion.
To rotate the external shaft, a stepper motor is used with its
angular velocity controlled by an MCU. In order to establish
connection between the rotating scanner and the fixed part
of the platform, a slip ring with adequate signal to noise
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ratio and power capability has been installed.
The velocity feedback is achieved through a quadrature
encoder which is rigidly connected to the shaft, and velocity
commands are sent through a PC interface built around
CARMEN and IPC [15-17]. A new module, consisting of a
multi-threaded application running under Ubuntu Linux,
was developed to subscribe the 2D laser messages available
through IPC, to acquire the external shaft position provided
through USB by the mentioned MCU, and the combined
input data is then followed by adequate processing
procedures. Both laser message and position are timestamped and therefore this is used to deal with the
asynchronous nature of the combined data acquisition.
Because, in the present configuration, 2D scans are retrieved
in a single packet, precision of the time-stamping, at higher
external angular velocities, is absolutely necessary to assign
the correct external angle to each detected range. Hence,
range will have a director vector which is characterized by
its spherical coordinates.
With the mentioned setup, there are several interesting
features which, to the authors’ knowledge, have not been
previously exploited for 3D laser scanning in dynamic
environments. Probably the most interesting feature is that
the controlled shaft velocity allows the choice among the
most useful combinations of point density and rate of the 3D
scan.

coexistence of multiple scanners in the same area, or even
multiple scanners rotating in the same setup, by reducing the
likelihood of undesirable sensor interactions due to
simultaneous operation of the active principle.
Data acquired from the prototype, as mentioned, has the
particular feature of scanning 3D space with a director
vector that draws a rosette shape on a virtual plane
perpendicular to the external shaft. The range vector is
defined by its spherical coordinates:
r
r = r ( t ) ⋅ ⎡⎣cos θ ( t ) cos φ ( t ) cos θ ( t ) sin φ ( t ) sin θ ( t ) ⎤⎦ (1)

in which the range, r (t ) , and the internal mirror angle, θ ( t ) ,

are given by the laser unit internal systems. The origin of the
reference system is centered at the point where the laser
beam leaves the internal mirror. The second component of
the range vector is positive up and the third is positive
forward. The coordinate system is illustrated in Fig. 2.
y
x

III. CONFIGURATION PROPERTIES

z

The proposed configuration possesses non-negligible
angular velocity of the external shaft and, therefore,
processing of the 3D scene cannot be carried out simply as if
it were a sequence of 2D scans. The range vector
coordinates need to be corrected for the externally imposed
motion. Although, in this case, processing has additional
steps, it is not a computational bottleneck since there will
always be the need to account for sources of ego-motion
such as originated by platform motion and they are
necessary for correct perception.
The external angular velocity actually makes the scanners
range director vector travel along rosette shaped trajectories,
which are indicated for detecting objects without the need
for dense scanning. Necessarily, the sensor sacrifices point
density in favor of speed, but those objects which traverse
the scene scanned by this setup will very likely be detected.
Those situations in which detection will not occur are
concerned with objects that have spiral type trajectories
fitting exactly out of the scanners field of view or speeds
and that are not compatible with the scan rate.
The sensor used in this work is a SICK LMS-200, which is a
time-of-flight laser range finder. Because precision timing is
of utmost importance in this mode of operation, high speed
electronics are a major part of the internal hardware,
including FPGA and ASIC. Since scanning is still
performed by a single laser beam and avalanche photodiode
type sensor, this setup also provides a better platform for
42

Fig. 2 - 3D measurement coordinates

Range is determined by electronics connected to the laser
module and the angle by the reading of an encoder, as
shown in Fig. 3.

Fig. 3 The internal shaft encoder used to determine the internal mirror angle.
Based on image from [18].

The external shaft angle, φ ( t ) , is measured in real-time by
external electronics. The measurements in θ ( t ) are equally
spaced, therefore their relative time stamp can be assumed to
be fixed. The issue is that φ ( t ) evolves, asynchronously,
but at high data rate, during a full azimuthal laser scan; this
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distortion has to be modeled and corrected.
By normalizing the range vector and projecting it onto the
sensor plane, the rosettes are found by applying the
following expression:
r
(2)
xr = ⎡⎣cos θ ( t ) cos φ ( t ) cos θ ( t ) sin φ ( t ) ⎤⎦ ,
An example of the incomplete rosettes as calculated using
equation (2) is shown in Fig. 4.
The thin straight lines in Fig. 4 are those that would be
scanned by the ranger if it were to have fictitious
instantaneous snapshot capability triggered at the exact
instant that a new real scan begins. At 40 Hz the thin lines
would actually be scanned twice, once in one direction and a
second time in the opposite direction. A single scan is
plotted in Fig. 5 for clarifying the relation between scan and
its respective real scan line. Notice how the snapshot
capability would produce a single straight segment, with
origin at the initial time instant of the simulated distorted
scan, and how they can only meet again at the origin, when
the internal angle reaches π 2 .

complexity must be reduced by criterions sampling, such as
magnetic resonance imaging and missile target acquisition
[19-22].
In applications with rosette scanning by initial design, such
as those presented in [5, 21, 22], mostly based on the Risley
prism principle [5], it is possible to change the rosette
apertures by having control over the two angular velocities.
It is easier to focus around points on a particular range, but
such is not possible when using standard 2D scanners and
thus a less effective focusing mechanism must rely on
changing the external shaft speed. On Fig. 6, the effect of
changing angular rate to a non-integer multiple of the 2D
scanning rate, in this case 7 rps, is demonstrated for a single
shaft rotation.

Fig. 6 Sample of trajectory drawn by the director vector on a plane
perpendicular to the external axis and located 1 m ahead of the scanner
mirror. Case when the 2D scan is at 40 Hz and the external shaft speed is 7
rps.

Fig. 4 Sample of trajectory drawn by the director vector on a plane
perpendicular to the external axis and located 1 m ahead of the scanner
mirror. Case when the 2D scan is at 40 Hz and the external shaft speed is 5
rps.

Fig. 5 Sample single scan drawn by the projection of the director vector.
Case when the 2D scan is at 40 Hz and the external shaft speed is 5 rps.

The rosettes are incomplete, actually half rosettes, because
the particular 2D scanner performs useful scanning only on
a 180º sector and thus the time it spends on the blind 180º
cannot be plotted. Rosette scanning of domains is found in
several sensing applications where computational
43

On Fig. 7 is the same angular rate for a single 2D scan and
with the thin line indicating the situation if the scan were
instantaneous and it demonstrates that the trajectory is more
deformed. On Fig. 8 is the same situation after 3 complete
shaft rotations and it demonstrates how the density of the
scans increases when external angular is chosen with that
criterion in mind.

Fig. 7 Sample single scan drawn by the projection of the director vector.
Case when the 2D scan is at 40 Hz and the external shaft speed is 7 rps.

During data acquisition, an IPC process is running and
messages are passed between the 2D laser scanner module
and a 3D laser module which also interfaces with an MCU
reading the encoder connected to the external shaft. The 2D
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laser scan is time-stamped and this time-stamp is applied
immediately after a scan packet starts being received. There
is some uncertainty on the exact moment that the internal
electronics provide the packet for reading, and this requires
further study.

a complete scan of the range finder.
IV. PRELIMINARY EXPERIMENTAL RESULTS AND ANALYSIS
In order to verify the validity of the proposed correction, an
experiment has been setup. The setup consists of having part
of a plane ceiling scanned by the prototype at a vertical
distance of around y = 1.04 m in the near-field and with the
external rotation shaft parallel to the mentioned plane. This
is shown in Fig. 8 and allows the calculation of simple
statistics and for a conclusion to be drawn about the validity
of the proposed correction.

Fig. 8 Sample of trajectories drawn by the director vector on a plane
perpendicular to the external axis and located 1 m ahead of the scanner
mirror and after three complete shaft rotations. Case when the 2D scan is at
40 Hz and the external shaft speed is 7 rps.

The MCU’s main task is to keep track of the encoder
position and free time is dedicated to publishing this value,
which it manages to perform at a high rate. This value is
read by a single thread in the parent process and timestamped immediately after reading, with several values
being kept in memory to enable interpolation. The 2D values
are first acquired by internal electronics and are evenly
sampled and the angular velocity of the internal stepper
motor is also controlled internally.
Because both serial interfaces have hardware buffers, so
there remains some uncertainty in the exact time at which
data was acquired. This uncertainty is reduced as long as the
threads can keep up with the sensor throughput. To
eliminate problems resulting from buffer underflow, the
threaded serial port reading is blocking and therefore it will
stop the thread from running until data is available.
The proposed correction is very simple at this time and
consists in the following assumptions. The scanner is
externally rotated at a constant angular velocity and it is
assumed that the internal mirror is controlled so that it is
capable of keeping a constant angular velocity. The effect of
Coriolis forces are assumed negligible, but this depends on
mirror stability and is not known to be true in practice. In
case the assumptions hold, we have an estimated correction
of the form:
∆θ × k
φ ( t k ) ≅ φ ( t0 ) − γ m
(2)
, k = {0,1,...,360}

Fig. 9 Experimental setup with leveled range finder scanning the ceiling.

Two situations have been tested, one at close range and a
second one at medium range; the close range consists of the
patch between 0 m and 4 m from the scanner by two meters
wide (centered on the external shaft), and the far range is the
patch between 10 m and 14 m by two meters wide and for
each of these patches a local average distance is calculated.
Because the sparsity of data at high speeds would not
provide reasonable statistical confidence without very long
runs, the external angular rate has been kept at 1.5 rps.
Additional work is also necessary to decouple the MCU and
encoder power supply from that of the power electronics (to
reduce the effects of current surges due to stepper motor) for
correct operation at higher speeds.

ω

because it is known that each 2D scan is produced at around
37.5 Hz [23], the value of ω is 13320 º/s and the value of
∆θ m is the scan angular interval, selected to be 0.5º. The
external shaft angular velocity is γ and is controlled by the
MCU. The initial value of φ ( t0 ) is considered to be the one
obtained by interpolation or extrapolation immediately after
44

Fig. 10 Empirical exceedance distribution of distance when scanner is not
rotating.

Fig. 10 to Fig. 12 show the set of empirical cumulative
exceedance distribution for real data, collected using the
mentioned setup. These distributions are for the local
average and have been estimated from sets of about 2000
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samples. The cumulative exceedance distribution is defined
as the probability that a random variable exceeds a given
level, i.e. the probability of exceeding the minimum of a set
is 1 and for the maximum the probability is estimated as the
inverse of the size of the set.
Fig. 10 shows the empirical distribution for data from the
scanner at fixed position; ideally, the empirical distribution
would reduce to a vertical line, which would be the exact
distance from the scanner to the ceiling (roughly 1.04 m),
but with real data there is still some dispersion. Table I
shows some summary statistics for data plotted in this figure
and there is about 5 mm of error amplitude in the first case.
TABLE I
ERRORS FOR SCANNER AT A FIXED POSITION

statistic/angle
Near-Field
max(d)
min(d)
std(d)
Medium Field
max(d)
min(d)
std(d)

+90 º

- 90º

1.047
1.038
0.002

1.043
1.037
0.002

1.114
1.113
0.000

NA
NA
NA

the form of the probability distributions. Taking
y = r cos (θ ) sin (φ ) , the first aspect is that at close range the
range finder has greater timing errors at short distances.
Secondly, by designating the errors in φ as δφ , with the
probability density function pδφ , y may be rewritten as
y = r cos (θ ) sin (φreal + δφ )

and

by

applying

transformation of random variables,
dδφ
,
pδφ dδφ = p y dy ⇒ p y = pδφ
dy

the

(3)

and the law for the derivative of the inverse, one finds that y
has a probability density function of the following form
(apart from a multiplicative factor which depends on the
interval for the errors):
pδφ
py ∝
.
(4)
1 − ( y r cos(θ ))2

TABLE II
ERRORS FOR ROTATING SCANNER

statistic/rotating Not corrected
corrected
Near-Field
max(d)
1.210
1.170
min(d)
1.083
1.067
std(d)
0.027
0.023
Medium Field
max(d)
1.272
1.255
min(d)
1.117
1.093
std(d)
0.037
0.034
In Fig. 11 and Fig. 12 are presented the empirical
distributions for the near-field and medium field,
respectively, for data collected when the scanner is rotating.

Fig. 12 Empirical exceedance distribution of distance for medium range, for
real data collected when rotating the scanner.
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Fig. 13 The theoretical probability density function for the errors in
determining the external shaft angle.

Fig. 11 Empirical exceedance distribution for short range, for real data
collected when rotating the scanner.

By looking at equation (1), with an arbitrary range, the
disparate amplitude of the errors can be explained as well as
45

If the shape of the error probability density is chosen to be
identical to that plotted in Fig. 13, which is the result of
adding a truncated Gaussian added to a triangular (the
approximate form may be found by a probability density
estimator but here it was performed heuristically), and with
the real angle taken to be π 2 + π 10 (just for the sake of
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having a shift about the value of 1 meter obtained at π 2 ),
then the theoretical cumulative exceedance distribution is
that provided in Fig. 14. There is some resemblance to the
previous figures with real data, indicating that corrections
are indeed necessary and furthermore that the correction
proposed herein, though important, is by itself still not
enough to compensate for the errors from lack of
synchronicity and possible errors in calibration of the
readings from the encoder. These results indicate that it is
also important to have a reference plane to estimate the
lead/lag of the external angle.
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Fig. 14 Shape of the theoretical empirical distribution.
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V. CONCLUSIONS
Errors due to ego-motion of 2D laser scanners, recently
considered a viable solution for real-time 3D scanning, have
to some extent been overlooked.
The theoretical results, backed by the results from real
experimental data, have clearly demonstrated that the data
from a rotating or nodding setup requires corrections if the
angular rates are increased above certain levels. Even at low
angular rates, and distances such as the ones associated to
the real experiment reported herein, errors due to rotation
reach several centimeters.
Ideally, the setup would have been to locate a long box
shape on the ceiling, and to demonstrate that attributing a
single external angle to the 2D scan originates wrong
coordinates to an extent which cannot be overlooked.
However, such was not possible at this time because it
requires much more control over the experiment.
Future work will be dedicated to identifying and removing
further sources of error which are triggered by the use of the
range finder in dynamic environments, including additional
angular and linear ego-motion due to mounting on mobile
platforms.
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