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Abstract. Laser range finder (LRF) or laser distance sensor (LDS), further
referred to as LIDAR (light detection and ranging). LIDAR can obtain envi-
ronmental point cloud data, while a robot can realize environmental sensing by
adoption of the point cloud data generated and LIDAR-based SLAM (Simul-
taneous Localization And Mapping) algorithm. The precision of point clouds
provided by the LIDAR determines that of environmental sensing of the
LIDAR-based mobile robot. In this paper, a common correction algorithm has
been proposed to correct the inaccuracy of measured point cloud data caused by
mobile LIDAR, effectively improving the precision of point cloud data mea-
sured by the LIDAR under a mobile state. It also conducts mathematical
derivation of the algorithm, presents simulation and real world experiments
performed and verifies the necessity and effectiveness of the algorithm derived
by experimental results in the paper.
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1 Introduction

LIDAR were mostly applied in research-based robots in the past, featuring high
scanning frequency and dense sampling points [1, 2]. At the same time, researchers
ignored the missing data precision caused by LIDAR movement in a scan period due to
the robot using LIDAR with slow moving speed. At present, LIDAR is developed
towards low cost with the increasing demands of consumer robots [3]. Although
low-cost LIDAR has low scanning frequency and sparse sampling point, demanding
movement speed of the mobile robot has become requested. In this way, the precision
of the measured point cloud of LIDAR in the moving state has begun to become
crucial. It is worth noting that LIDAR supplier lack the power to achieve due to lack of
trace data of the moving robots and the application party lack feature knowledge of
LIDAR to solve the problems, since LIDAR data correction in the moving state situates
in the intermediate zone between LIDAR supplier and the application party. Thereby, a
data correction algorithm has been put forward in this paper in order to realize a more
precise measurement for LIDAR.

The remainder of this paper is organized as follows. The second section and third
section of the paper has introduced related research works and problem description as
well as theoretical derivation of LIDAR data correction algorithm in moving state; In
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the fourth section, it has analyzed experiments and results as well as the contribution of
the algorithm on the environment sensing of the robot; Conclusion has been conducted
in the fifth section.

2 Related Work

In the early LIDAR application, laser scanning equipment with high scanning fre-
quency was applied in detecting land-forms under the condition of airborne. With
scanning frequency of LIDAR is high, flight speed in airborne is still fast. Thus, it’s
necessary to resolve the space attitude located by each measuring transient within the
LIDAR scanning period, so as to obtain measured data of practical significance [4, 5].
Unlike other distance sensors such as sonars or IR sensors, an LiDAR is capable of fine
angular and distance resolution, realtime behavior, and low false positive and negative
rates. Similar to the application of airborne laser scanning equipment, LIDAR has been
extensively used in the existing highly-efficient SLAM algorithm [6-8], serving
numerous mobile robots. With the emergence of consumer robots, LIDAR has been
developed in a low-cost plan with advantages of smaller size and lower consumption,
scanning frequency, range and sampling points [3]. Although movement speed of the
moving robot gets faster with decreasing scanning frequency of LIDAR, calculation is
still conducted in scan [9] in the algorithms of mapping, localization and obstacle
avoidance, which not only ignores the pose changes generated by movement in the
measuring process of point cloud data in the scan, but also fails in presenting correction
methods and realization means for data in the scan.

3 Correction Algorithm

3.1 Problem Describer

A common LIDAR application is presented in Fig. 1. The robot can sense the envi-
ronment by the LIDAR carried. In general, LIDAR consists of fixed part and rotational
part; the former is for fixing on the robot or other moving platform, while the latter is
for an optical path realizing 360° environment scanning with utilization of rotated
measuring units, so as to obtain environmental point cloud data of the whole plane.
LIDAR is an important sensor for the application to sense the environment. The point
cloud data obtained can construct a grid map through the SLAM algorithm. Further, the
grid map is the basis of realizing navigation and obstacles avoidance of the robot. Also,
cloud point data is important for matching with the existing map to realize the functions
like localization. In this way, the precision of point cloud data will directly affect the
realization of its dependent functions.

LIDAR is operated by scanning the whole plane environment with the optical path
via rotating the rotational part to measure distances of the measured objects at a certain
interval. Thus, measured point cloud data of the whole circle can be obtained. The
whole data with time stamp can be offered to the robot for calculation. Two extreme
cases greatly affecting the precision of LIDAR are proposed here. One is that we can
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Fig. 1. Application of LIDAR

predict the point cloud data on its measured flat of the LIDAR are just multiple
measurements of the same point when angular velocity of rotation of the rotational part
of the LIDAR is consistent with that of robot in a reverse direction, as shown in case 1
of Fig. 2. Two is when the robot moves and scans a wall that is vertical to its moving
direction, the robot moves rapidly from a distance far from the wall to near the wall.
We can predict that the point clouds generated by the wall that is vertical to the moving
direction will not vertical to the moving direction any more upon observing the point
cloud data in a scanning period.
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Fig. 2. Schematic diagram of extreme cases

We can obtain from the two cases that plane point cloud data given are close to the
measured object with only LIDAR measuring errors, under the situation of rotation
movement of the rotational part of LIDAR and no other relative movement, when the
fixed part of LIDAR is static with respect to the measured object. However, when
LIDAR is a moving state, the scanning movement within a scanning period contains
not only the rotation movement of the rotational part of LIDAR, but also translation
and rotation movements generated by the robot with fixed LIDAR with respect to the
measured object. What we do in the paper is to consider these movements in moving
state of LIDAR while correcting point cloud data of LIDAR in the scanning period, so
that the point cloud data in the scanning plane can accurately present the measured
object and improve the precision of LIDAR point cloud data.
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3.2 Mathematical Derivation

Cartesian coordinates indicating the position and orientation of an object in the envi-
ronment is a basic method used in the research field of robot. Method of the coordinates
transformation in the moving process of the robot has been presented in [10]. The robot
and all parts of LIDAR are assumed to be rigid bodies. Plane will be considered only.
Plane data are parallel to the floor collected for both single-line LIDAR and multi-line
LIDAR, ignoring Z axis data. Therefore, all data are projected to the OXY plane along
Z axis for the calculation, when the 3D coordinate are simplified to a 2D one.

The world coordinate is defined as { W} coordinate; The robot coordinate is defined
as {R} coordinate; The coordinate of the robot fixed with LIDAR is defined as {L}
coordinate; The robot coordinate is defined as {R'} coordinate with At (At <T') time;
The LIDAR coordinate is defined as {L'} coordinate with At (At <T) time; P, and P,
are the observing points in the world coordinate, of which, P; is the targeted point
observed in the starting time, P; is the targeted point observed with At (At <T') time.
Relative positions among each coordinate are presented in Fig. 3.
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Fig. 3. Relative positions of coordinates

It can be seen from Fig. 3, {L} coordinate is fixed on the {R} coordinate due to the
robot equipped with LIDAR, whose relative position is ‘&g = ORE, = eé(xoﬁqm,
Yoffset: Oofser); {R'} coordinate system is obtained by {R} coordinate upon moving with
At (At <T), whose relative position is regarded as X&p = & (X, Y, On); {L'} coor-
dinate is obtained by {L} coordinate upon moving with At (At <T'); Thus, the relative
position of {L'} coordinate relating to {R'} coordinate is Re, = &(xaﬁcse,, Voffset O(ﬁe,)
since LIDAR is fixed on the robot.
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The conversion relation of coordinate:
= (‘e ep aFey) 1Py (1)

Where, each symbol stands for:

AP — the point P is described by coordinate vectors relative to frame {A}

¢ — abstract representation of 3-dimensional Cartesian pose

A¢z — abstract representation of 3-dimensional relative pose, frame {B} with
respect to frame {A}

@ — pose composition operator

© — inverse of a pose (unary operator)

- — transformation of a point by a relative pose, e.g. - p

From the above relations, it can obtain:

-1

Cosonﬁket —sin Ooﬁfxel Xoffset
LéR - @RiL ~ Sineoﬁ‘set Coseoﬂset Yoffset = RTZI = LTR (2)
0 0 1

cosO,, —sin0,, x,
Rep~ | sin0,  cosO, ym | =FTw (3)

0 0 1

R cos Hoﬁ‘set —sin eoﬁset Xoffset .
éL’ ~ sin Qoﬁset cos qufset Yoffset ="Tp (4)
0 0 1

In the formula, we use the symbol AT to denote that homogeneous transform
representing frame {B} with respect to frame {A}. Note that ATy = (BTA)fl. The

symbol ~ is denoted that the two representations are equivalent.

Lp, and LP, are presented as P, = (Ex, Ly,l)T and L'P, = (¥x,Ly, I)T in

homogeneous form. That is,

Lpy =1Tg -RTw -XTy -L'P, (5)

(p,,0.) is the P, observing data obtained by LIDAR, thus,

Ux=p,- cosf
! ¢ ¢ 6
{Ly=pe-sin9e ©)

Measured correction value of point “P, is (p,0) with At (At <T) time based on

timestamp:
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p= |V iy

arctani—)yc (x>0, Ly eR)

arctani—jz +n (kx<0, Ly>0) (7)
0= arctan% - (*x<0, ty<0)

z (tx =0, Ly<0)

-z (tx =0, Ly<0)

A special situation should be noted, when it’s £x = 0,Ly = 0, 0 has infinitely many
solutions with p = 0. It has a practical significance in physics, namely, the measured
value after At time is just the position of LIDAR at the moment represented by the
timestamp. However, the measured value p = 0 is less than the minimum range of
LIDAR, which will be ignored in the later use.

All data measured in a frame of LIDAR are converted into the coordinate of

moment represented by the timestamp to complete the correction of data in that frame.

4 Experiments

In this section, it aimed to validate the necessity and effectiveness of the algorithm
proposed in this paper through conducting simulation tests and real world experiment.

4.1 Simulation Tests

The LIDAR simulation parameters used in the simulation is conducted based on per-
formance parameters of Hokuyo UTM-30LX and Inmotion ILD26TRI described in
literature [1, 11] (Table 1):

Table 1. List of LIDAR simulation parameters

Type

Sample (point/scan)

Range (°)

Frequency (Hz)

Std dev (mm)

Hokuyo UTM-30LX
Inmotion ILD26TRI

1440
360

360
360

40
8

30
60

Linear velocity of the moving robot is set as v = 1.5 m/s and the angular velocity as
o = 2rad/s in normal speed, while linear velocity is set as v = 6 m/s and the angular
velocity as w = Srad/s in high speed. Deviation generating between LIDAR installa-
tion center and rotational center of the robot has been considered in the translation
speed occurring in the high-speed rotation during simulation.

The simulation is divided into three groups, including: measuring in a moving robot
with installation of UTM-30LX LIDAR in normal speed, measuring in a moving robot
with installation of ILD26TRI in normal speed and measuring in a moving robot with
installation of UTM-30LX LIDAR in high speed; And moving status of each group is
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Hokuyo UTM-30LX
v = 1.5m/s

Hokuyo UTM-30LX
w = 2rad/s

Hokuyo UTM-30LX
v =1.5m/s w = 2rad/s

Inmotion ILD26TRI
v =1.5m/s

Inmotion ILD26TRI
w = 2rad/s

Inmotion ILD26TRI
v =15m/s w = 2rad/s

Inmotion ILD26TRI Inmotion ILD26TRI Inmotion ILD26TRI
v =6m/s w = 5rad/s v =6m/s w = 5rad/s

Fig. 4. Simulation result (Color figure online)

composed of translation, rotation and translation as well as rotation. Coordinate pre-
sented in Fig. 4 is the LIDAR coordinate at the moment of starting scanning. We can
see from the simulation results, the black trace simulates the moving trace of a moving
robot in the scanning process of a frame; the black and white areas simulate areas with
obstacles and without obstacle in the environment, respectively. The red point cloud
simulates a frame of point cloud data collected by LIDAR; while the green one is the
point cloud data of a scan upon corrected by the algorithm proposed in this paper.
Starting from the positive direction of X-axis, the scanning process is completed upon
scanning a circle along the counterclockwise.

4.2 Real World Experiments

The experiment setup is composed of a mechanical arm carrying LIDAR, as shown in
Fig. 5. Highly-precise movement can be realized and accurate movement locus can be
obtained with the mechanical arm that can well restore the real scene of moving process
of the moving robot.

The experiment is divided into two groups that robots are carried Hokuyo
UTM-30LX and Inmotion ILD26TRI, respectively; each group consists of scanning
plane point cloud in a static state, in the translation of normal speed and in the
translation and rotation of normal speed. LIDAR parameters are presented in Table 2.
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Fig. 5. Experiment setup

Table 2. List of LIDAR parameters

Type Sample (point/scan) | Range (°) | Frequency (Hz) | Std dev (mm)
Hokuyo UTM-30LX | 1080 270 40 30
Inmotion ILD26TRI | 360 360 8 60

Normal linear velocity is set as v = 1.5m/s, while angular velocity is set as
o = 2rad/s. Experiment results are shown in Fig. 6. The coordinate system shown in
the figure is the LIDAR coordinate when starting scanning. The red point represents a
scan of point cloud data collected by LIDAR; While the green one represents a scan of
point cloud data upon correction. Starting from positive direction of X-axis, the
scanning process is completed upon scanning a circle along the counterclockwise.

4.3 Discussion

We can see from the simulation and experiment results that the scanning frequency and
movement speed of the robot are important factors affecting the measuring accuracy of
point cloud. The LIDAR with low scanning frequency has a large pose change in the
scanning process of a scan under the same moving state, presenting poor precision of
its point cloud; The faster the movement speed, the larger influence will be exerted on
the precision of the point cloud. Furthermore, rotation movement has a larger influence
on the precision of cloud point compared to the translation movement. To some extent,
although the correction algorithm changes the density distribution of the point cloud,
but the correction results that point cloud accurately reflects the real environment to
validate the necessity and effectiveness of LIDAR data correction algorithm in moving
state.

Hence, we suggest that the correction algorithm is essential to the family service
robot using low-cost LIDAR with low scanning frequency. Also, it shall pay attention
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Hokuyo UTM-30LX Hokuyo UTM-30LX Hokuyo UTM-30LX
static v =15m/s v =15m/s w = 2rad/s

Inmotion ILD26TRI Inmotion ILD26TRI Inmotion ILD26TRI
static v =15m/s v =15m/s w = 2rad/s

Fig. 6. Experiment results (Color figure online)

to lower the rotational speed of such kind of robot in control. Moreover, the LIDAR
shall be fixed around the rotational center of the robot to decrease offset, thus reducing
high-speed translation caused by rotation.

5 Conclusions

In this paper, we have presented the necessity of correcting LIDAR measuring point
cloud data in moving state and validated the effectiveness of the correction algorithm
upon experiments. Considering pose changes of LIDAR moving platform in the
scanning period, translation and rotation movement of the moving platform were
overlaid with the rotational scanning movement in the algorithm, whose data can
accurately reflect the real measured environment. The algorithm is suitable for pro-
cessing point cloud data of 2D and 3D LIDAR flat scanning, especially the family
service robot using low-cost LIDAR and the pursuit of rapid movement and guarantee
no collision of the environment. The correction algorithm given in the paper can be
popularized to all environmental sensing tasks using LIDAR, which can also provide
algorithm references for sensor data pre-processing of the algorithm end and data
encapsulation of LIDAR supplier, contributing to improving mapping, positioning,
obstacle avoidance and other algorithms of robots using LIDAR data.
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