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Abstract

To ensure unmanned autonomous movement of ground robotic means, it is required to accurately determine the position and orientation
of the robot. The present study is related to the estimation of coordinates by comparing the scans of a laser scanning rangefinder in conditions
of semi-structed infrastructure and the absence of a global satellite communications signal. The existing methods of comparing scans have
significant drawbacks in the conditions of movement over a semi-structured terrain, associated both with the processing time of data from
the laser scanning rangefinder, and with the quality of the results obtained. The scan is preliminarily placed in a map consisting of cells.
FEach cell of around point scan is described by forces represented by the laws of physics or probability theory. In the cells of the map, we
take into account the mutual influence of all forces from each point of the scan and thus we obtain the resulting artificial potential field of
the scan. The position of the robot is estimated by the change in the number of acting forces of one scan per points of the next scan taking
into account their direction. We estimate the orientation of the robot based on the sum of the vector products of the forces and distances
to the given forces acting on the points of the next scan. This method allows you to calculate the displacement of the robot between scans
regardless of road conditions and terrain. This article presents the results of an experimental verification of the method on a mock-up of a
mobile robot equipped with a Velodyne HDL-32 LIDAR. We indicate the operating conditions of the method for a given LIDAR, as well
as the time spent on calculating the bias estimate. Given the peculiarities of the LIDAR, we present a method for eliminating the Doppler
Effect (distortion) for the original point cloud. A comparative analysis of the developed method for integrating wheel odometry data, inertial
and satellite navigation using the Extended Kalman Filter shows the applicability of this method to assess the position and orientation of the
robot in conditions of its movement over rough terrain.

Keywords: visual odometry, localization in semi-structured environments, localization in non-deterministic environments, method
of scan registration, normal distribution, sequential comparison of scans, scan registration in space, measurement of the path, Doppler
effect, LIDAR distortion
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MNocnegoBaTtensHoe cpaBHEHUE CKaHOB ANA HaBUMrauum Mo6unbHoro po6oTa
B YCNOBUSIX CNlaboCTPYKTYPUPOBAHHON MECTHOCTH

Jas obecneuenus 6ecnuaomHoe0 A6MOHOMHO20 OBUNCEHUS HA3EMHBIX POOOMOMeXHUUeCKUX cpedcme mpebyemcs mo4yHo
onpedeasams noaodcenue u opuenmayuro poboma. Hacmosuwee uccaedosanue cea3ano ¢ oyeHkoi KoopoOUHam ¢ NOMOUbIO CO-
nocmaenenus CKAHO8 Aa3epH020 CKAHUPYIUueco 0aibHOMepa 8 YCA08UAX CAaO0CMPYKMYPUPOBAHHOU MEeCMHOCMU U OMCYm-
cmeus cueHaaa en06aavHol cnymuukogol cesasu. Cywecmeayiouue memoos cONOCMAgAeHUsI CKAHO8 UMeIOm CYujecmeenHble
HedocmamKku 8 ycAo8uax 08udceHus no cAabocmpyKmypupo8aHHoU MecmHOCMU, C8i13AHHble KAK CO épemeHeM 00pabomku
0aHHbIX OM NA3€PHO20 CKAHUPYIOUeco0 0aabHoOMepa, MakK U ¢ Ka4yecmeom noayuaemuvix pesyiomamos. llpedaodcennuiii memod
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OCHOBAH HA UCNOAb308AHUU UCKYCCMBEHHO20 NOMEHUUANbHO20 NOAS QUKCUPOBAHHO20 pa3mepd, c030a8aemozo 045 Kaxucool
mouku ckana. [las npocmomot ONUCAHUS 8eCb CKAH NPeO8APUMENbHO NOMew,aemcs 8 Kapmy, cocmoauyr us sueex. Ilpu smom
onucsleaemble CUAbL NOMEHYUANLHO20 NOAS MO2YM Oblmb NPEOCMABACHbl 3AKOHAMU, OMHOCAUWUMUCS KAK K (pu3uKe mupa, max
u Kk meopuu eeposmuocmel. B suelikax xapmol npoucxooum yuem 83auUMOBAUAHUS @CeX CUA OM KAxcOOU MOUKU CKAHA, U,
makum 06pazom, NOAYHaemcs Umo2o80e UCKyccmeenHoe nomenyuaivHoe noie ckana. Ilosoxcenue poboma oyenusaemcs no
UBMEHEHUI0 HUCAA OelCMEYIOWUX CUl 00HO20 CKAHA HA MOYKU CMENCHO20 CKAHA ¢ yuemoMm ux Hanpaesenus. OueHka opu-
eHMayuu oCcyuecmensiemcs Ha OCHOBAHUU CYMMbl GEKMOPHLIX MOMEHMO8 CUN, 0elCMEYIWUX HA MOYKU CMENCHO20 CKAHA.
Takoii cnoco6 no3eoasem 6biCMpPo OYeHUBAMb CMeljeHUe PoOoma mexcdy CKaAHaMU 6He 3a8UCUMOCMU OM YCAOBUU 08UNCEHUA U
xapakmepa mecmHocmu. B cmamve npueedens pe3yibmamosl KOMNbIOMEPHOU anpobayuu memooa Ha OAHHbIX, NOAYHEHHBIX OM
3D-auoapa Velodyne HDL-32 u 0603nauenst ycaosus pabomol memoda 041 0aHH020 AU0apa, a makdice 8pems, 3ampavusaemoe
Ha pacuem oyeHKu cmeulenus. Beudy ocobennocmu audapa npu deuscenuu poboma npugodumcs cnocob ycmpanenus sgppekma
Jonaepa (ducmopcuu) 0a5 ucxoonozo obaaxa moyex. Ilpoeedennsiil cpasHumenvHblli AHAAU3 PA3PAOOMAHHO20 Memoda no om-
HOWeHUI K CNOCO0Y KOMNAEKCUPOBAHUSL OAHHbIX OM KO0AeCHOU 00omMempuu, 610K UHEPYUAAbHOU U CHYMHUKOBOU HAgUeaAUUU,
ucnoav3yruuli pacuupenuviii puavmp Kaamana (Extended Kalman Filter), nokaszvieaem npumenumocmov memooa 041 OUeHKU
ROA0NCEHUS U OPUEHMAUUU POOOMA 8 YCAOBUAX €20 DBUNCEHUS N0 CAAO0CMPYKMYPUPOBAHHOL MECMHOCMU.

Karoueesnte caoea: susyaivhas 00omempus, A0KAAUZAYUSL 8 CAADOCMPYKMYPUPOBAHHBIX CPedax, Memoo peucmpayuu cKda-
HO68, HOpMANbHOE pacnpedenerue, Nocaed08amenbHoe CPAGHeHUEe CKAHOE8, Pe2UCMpayus CKAHO8 6 NPOCMpPAHCmee, UsMepeHue

nymu, a¢pgpexm lonaepa, ducmopcus audapa

Introduction

The unmanned ground vehicles (UGV) are in
development in present by about 150 companies
around the world [1]. The most important tasks of
autonomous driving control are precise orientation
and positioning. In presence of the positioning er-
rors the vehicle cannot build the correct trajectory
to reach the route endpoint [2].

Most of the known UGV developers use driving in
pedestrian environment in presence of predefined map
and global satellite-based positioning system (GPS
etc.). However, the known works [4] say that at least
in Russia about 10’000 km of roads are considered as
dangerous routes for UGVs with weak, imprecise GPS
signal. Because of this, the developers usually concen-
trate on empowering of the onboard computer with
algorithms and environment observation techniques
designed for semi-structed environments [3].

Usage of laser range scanner (LIDAR) with
scan matching techniques allows to significantly
improve estimation of UGV’s position and orienta-
tion. However, for semi-structed (or so called semi-
structured) environments the special methods are
required to decrease the required amount of cal-
culations and/or matching quality. Thus, the task
of UGV realtime LIDAR scan matching for semi-
structured environment should be considered as ex-
isting and actualized.

In this paper the sequential realtime scan mat-
ching technique is adopted to determine UGV’s (also
‘robot’ here and below) coordinates in the model
space of semi-structured environment. The tech-
nique was tested on the scans produced by Velodyne
HDL-32E LIDAR sensor. As the base for compari-
son, the extended Kalman filter is used with the

data from wheel odometry, inertial navigation unit
(IMU) and GPS as input channels.

Target setting

The target set in this paper is to develop the
LIDAR sequential scan matching technique esti-
mating robot’s position and orientation while driving
inside semi-structed environment without usage of
the high-performance computing equipment (such
as GPUs). The treatment frequency should not be
less than the scanning frequency itself to ensure
realtime response.

Overview of the modern positioning
techniques for robots

Wheel odometry and IMU sensory analysis are
the traditional techniques of robot/UGYV positioning.
However, if the UGV is driving autonomously through
the semi-structured environment the wheel odometer
is vulnerable to the sliding effect and the IMUs are
also vulnerable to virtations. These conditions lead to
underestimation of the UGV’s linear speed, roll/pitch
sensory is jittered. The precision can also be improved
using SLAM matching the current position of the ro-
bot to the predefined map [5—9] but these techniques
require more powerful computing. The additional dif-
ficulty here is that the semi-structed enviroments don’t
have many unique objects for being matched with the
detected ones. The sequential laser scan matching is
one of the techniques that allows to perform realtime
refinery of the estimated coordinates.

As the most spreading method of sequential laser
scan matching the iterative closest point (ICP) me-
thod should be considered [11]. The method consists
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of multiple applications of transmission and rotation
(T and R) transformations to the points of the cur-
rently treated scan and then minimizing the sum:

1Y ?
ER.T) =+ > [x; -Re; - T

where X = {xJx, € R3,i=1,2, .., Ny} are the point
defined in the first scan, P = {pjlp; R3, j =1,
2, ..., Np} — the point defined in the second scan,
N= Ny= Np.

Application of ICP in semi-structed enviroments
is not recommended [17]. In the paper [18] indicated
that this method works for the scans captured in not
more than 0.5 m of distance between and 0.05 rad
of angular displacement. For semi-structed envi-
ronments ICP was tested as it is decribed in [10].
Authors of the paper [10] said that the main disadvan-
tage of ICP in semi-structed environment is absence
of possibility to implement realtime response. We sup-
pose that it is conditioned by usage of the multiscan as
the initial point cloud in that implementation, it leads
to increased amount of calculations.

ICP has many similar methods, closely connected
more or less, where in addition the point cloud fil-
tering is implemented [12]. Also the weighted point-
based approaches [13, 14] and double match approach
[15] are exist. Especially for weakly structured envi-
ronment the research [18] is known where Normal
Distribution Transform (NDT) [19] method is used.
In this method the predefined map should be created
from the cells where each cell stores the value of pro-
bability density in assumption of normal distribution
for the points of the cloud indexed within. Then the
minimal value of mutual correlation function should
be calculated for map and the scan to determine the
displacement. In NDT the cell size is important. If
the cell is too large, the detail of the environment
would be over filtered influencing precision of locali-
zation. In contrary, if the cell is too small the map
will become detailed increasing amount of calcula-
tions. NDT is difficult for implementation in realtime
responding system because of its requirements.

Several other approaches such as FLIRT, NARF,
FPFH [20-22] are the laser odometry techniques
based on searching for peculiarities within the scan.
They are very limited in application because require
high quantity of flat surfaces and straight lines to be
presented in the scan.

The main problem of scan matching within the
task of realtime robot position estimation in semi-
structed environment and absence of GPS is that the
precision of estimated T and R matrices is dependent
from initial displacement between the scans.

Scan matching method proposal

The proposed scan matching method determines
the robot’s position using comparison between the
current obtained LIDAR scan and the synthesized
potential field of the basis. As the basis the first
obtained LIDAR scan is used. To calculate the po-
tential field, the fixed-size discrete potential area
is assigned. For each area in the potential field the
forces are equipotentially and equidistantly distri-
buted. Within the abovementioned discrete areas
vector of force for the given point within the area
is oriented to the scan point and its value is in-
verse-proportional to the distance between the scan
point and this given point. If the radius of the area
defined for the scan point is smaller than sensor’s
resolution factor, the forces are considered non-in-
terfering, and in opposite case for some points the
field-induced force should be calculated from the
sum of vectors. Thus the initial state of the poten-
tial field is determined for the basis. Then each ob-
tained LIDAR scan should be placed in the poten-
tial field determining the force for each point which
are now considered as induced force point. Then
the resultant force and torque should be calculated
for the entire scan (as the mass factor 1 is taken).
As the complete result the coordinate displacements
are calculated by axis Ox, Oy, Oz. Below one of the
possible implementations of such method is given.

The Algorithm

STEP 1. The first scan obtained from LIDAR
is assigned as the basis. It is converted into the
map stamp subdivided into the fixed-size cells and
snapped to LIDAR itself. Each cell in this setting
is a 3-dimensional cube defined with edge length.
Then the sphere with radius R is build centered on
the basis point and it also is subdivided by the cells
but now the force point should be defined in the
center of each cell. The graphical representation of
such definition for flat 2D space is shown on Fig. 1.

Then the vector of force is determined for each
force point with the following value:

1
Fl=—
A=

here r — is a distance between force point and cen-
ter of the sphere, as it was described above. As an
analogue here the Coulomb's law could be consid-
ered for electrically charged particles. The distribu-
tion of lengths for F vectors is not strictly defined,
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Fig. 1. An example of the formation of force points near the point
of the basis scan in the plane case

so, for example, the normalized distribution with
0 — expectation value could be used here too:

|F| = Lexp _i
o\2n 262
here o is dispersion of the force points relatively to
the center of the sphere R.
STEP 2. Now the resultant force would be cal-

culated from all cells of the map with every point
of the basis:

| |
| — |
| F RN
e I
| l\ \ﬂ"--- I e 0 |
[ . e R e S S [
wY N |
| PR R |
! PP SRR I
| LIS |
1 o o o e W e o |
! !
| TN = |

Fig. 2. An example of calculating the resultant force for two inter-
secting potential areas (spheres) (F,, F,, are the forces acting on
the first and second points of the scan, respectively, F; is the sum
of forces F; and F,)

Fig. 3. The potential field of scan

here we have Fij — the mocked "gravity" for i-point
located in the cell j, where i = 1..N/ and N is
quantity of the force point located in the cell j,
j=1..M and M — number of the cells. The graph-
ical representation of this step is given on Fig. 2.

Fig. 3 contains the example of the potential field
generated for the use case.

Now every cell defined in the basis is assigned
with the vector of force.

STEP 3. Now the new obtained scan P = {pjp; € R?,
i=1,72,.., Np}is assigned to the map. Every point
p; is now represented with the map point ¢; where
Pprc) eS8, S:P->C ScPxCand C=
= {¢ | j = 1..M} is the set containing all existing
cells for the instance of algorithm. For the every
point p, the force F; is now determined.

STEP 4. The rebase criteria: if the quantity of
the forces defined for the current obtained scan is
less than 60 % of the forces defined in the basis,
rerun the algorithm from the STEP 1. The criterion
for 60 % is described below.

STEP 5. Estimation: angular displacement. The
orientation axis a, is determined from:

_ Ny FZJ x L.
=y

here we have L; — the vector that locates the point
p, relatively to the center of the scan (LIDAR origin
point).

The rotation matrix a,

R - 1-2-7> 2-w-z
2wz 1-2-7°
here z = sin(|a,|/2), w = cos(|a |/2).
The linear displacement estimation is calculated

as the sum of all forces defined in the current LI-
DAR scan divided by quantity of them.

a

NI’
>

i=1

K|

IRy =

here K is the quantity of cells where FZJJ 0, K< M.

STEP 6. The expression (1) is used to calculate
the overall displacement and quantity of the force
vectors. The stepping model is described below.

STEP 7. Iterate over steps 4—6 until the com-
pletion condition is achieved: the quantity of forces
for the current iteration is over 99 % of the forces
determined on the previous iteration.

STEP 8. The current scan is considered as the
new basis after the completion condition is achieved
before iterating over steps 1—7 again.
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Experimental implementation and test

For the described algorithm, the implementation
was built based on Robot Operating System (ROS)
Melodic Morenia [23] on language C++. As the
data source the.bag files, containing scans recorded
with Velodyne HDL-32E were used. Scanning fre-
quency is 10 Hz, linear speed of the UGV 5.5 m/s,
angular aperture 180° in 0-starting range. The an-
gular resolution is about 0.2°. The obtained point
clouds were distortion is corrected and filtered by
distance (#,;y, "may) tO increase stability.

Correction of point cloud

The LIDAR cloud deforms while the robot is mov-
ing. The total distortion depends on the values of the
linear and angular speed robot. In [24], it is proposed
to correct this distortion by the Cauchy method only
in case of 2D space. However, due to the movement
of the robot in semi-structured terrain, ignoring the
distortion of the cloud in the roll and pitch angle can
have a negative effect on the operation of the algo-
rithm. Therefore, it is suggested to use the following
idea to correction distortion point cloud.

All scan points P can be divided into subsets
formed by vertical scan points for a fixed value of
the LIDAR rotation angle ¢ in the horizontal plane:

2n/AS
PI={pfli=132}, P= J P/, A5=0, AL,
q=A3

here Az, — time interval of forming a set of points
P?in total scan time dT; AS — horizontal resolution
LIDAR; ®; — LIDAR angular speed.

Then, the set of points with corrected distortion
PZ,.... derived from the original P by multiplying
each point p? =(x,y, 7T to the homogeneous
transformation matrix T,

TR _ q.
Vi pi correct — TAtqpi )

R r
(S )

here R, u r,, — rotation matrix and translation
vector, respectively.
The rotation matrix has the form:

here ¢! = cos(ogAt,), sh = sin(ofA1,), cé’ = cos(coﬁAtq),
5§ =sin(wfAt,), ¢l = cos(w!At,), s =sin(oiA1,),
of, of, 0! — projections of the angular speed the
robot movement on the axes Ox, Oy, Oz basis scan
during formation the set of points P.

Translation vector ry, defined as:

ViAtL,

Ty, = viAtL,
q

v Al

here vi, v, vl — projections of the linear velocity
of the robot movement on the axes Ox, Oy, Oz basis
scan formation the set of points P9.

Filtering point clouds by distance

Velodyne LIDAR HDL32E returns a large num-
ber of points, which increases the computational
load. In order to reduce the load, the point cloud
is filtered by distance (Fin, Fmax)- 1his procedure
significantly reduces the computational load, but a
small amount of information could be lost.

The median value of the number of points (17500)
falls on a distance of 8 meters. Based on the inter-
quartile range for setting the near and far distance
thresholds, 75 % of the average number of points
above and below the median were taken. Thus,

Foin = O m and r,,, = 22 m were determined.

Scan registration time

Computer for testing of the registration of scans
was carried out using an intel core i7 7700HQ pro-
cessor. The time for calculating the force field for
one scan averaged 5 ms, and the time for search-
ing for the displacement was 9 ms (Fig. 4) in the
obtained software implementation of the algorithm

| Time of processing, s
| 0.03 :

0.025¢

q.,49 _e9,49,49 qq4q49 qq49
cach SACaCy CySiSa +CqSy .
— q q qq49
Ru, =] S5 CaCp —C§Sg L 2 2 7 7 R T T e
_célsq chgcg + sgcq SgSZCg + cqsg Fig. 4. Time of potential field calculation and scan alignment:
! ! ! ! 1 — time to calculate displacement; 2 — potential filed calculation time
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The radius of the sphere R for one power point
in the computer experiment was taken equal to 1
m. The time was measured using the class ros::Time.

Accuracy of the method depends on distance
between basis and inserted scan on

After first procedure registration scan, for new
scan is applied using the uniform transformation
matrix. This method has a limitation due to the
fact that the scans can differ from each other dur-
ing the movement, therefore the number of points
involved in attraction will be less, and the estimate
with damage and orientation will be incorrect.

Therefore, it was proposed to update the basis
scan depending on three parameters: the distance
between the new scan from basis scan, the num-
ber of points attracting into the force field and the
number of iterations to estimate the displacement.

To determine the boundary conditions of the al-
gorithm as the ground-truth position of the robot,
the Extended Kalman Filter (EKF) estimate [25],
which received wheel odometry data, inertial data,
and satellite navigation data, is used (Fig. 5).

As can be seen from Figure 6, along the Ox axis
at a mark of 9 meters, the error with respect to the
EKF was 15 cm, and at 12 the algorithm could not
determine the offset. Thus, the basis scan needs to
be updated at a certain distance. It can be seen from
the figure that it should not be changed 8 meters.

Accuracy of the method depends
on the number of iterations

In the process of computer modeling, it was
found that at a distance of 6 meters from the basis
scan, the number of iterations does not exceed 50
(Fig. 6). Then small fluctuations (60...70 iterations)
appear in the interval from 5 to 8 meters.

At a mark of 10 meters, the number of iterations
overcomes the threshold of 200, while the error in
estimating the displacement between scans increas-
es (Figure 6). Thus, in order for the scans to be
matched correctly, the number of iterations should
not exceed 100.

Accuracy of the method depends on the number
of points inside the potential field

In the process of registration scans, the number
of points of the new scan attracting of the artificial
potential field changed in accordance with the de-
pendence, the graph of which is shown in Fig. 7.

Axis distance Oy, m
0 o s—— o

-0.5

-1

-1.5

0 2 4 6 8 10 12
Axis distance Ox, m

Fig. 5. Estimation of the displacement of the coordinates of the ro-
bot. Dashed Main line — output from Kalman filter, Main line —
odometry by laser scanning rangefinder

Number of iteration

400

200

Fig. 6. Changing the number of iterations depending on the dis-
tance between scans

Number of scan points in potential field

3000 PNy

2750 i w\\\ i

250 N\
2250 “H

2000
1750
1500

AWALVEUI

|“ e

25 50 7.5 100 125 150 17.5 Distance,m

AN, |

Fig. 7. Changing the number of scan points inside the artificial
potential field depending on the distance travelled by the robot

The figure shows that with a sphere radius R =1
m, the number of points attracting of the force field
of the basis scan after 10 meters of movement was
about 63 %, after which the displacement between
the scans was not estimated.

Thus, to update the basis scan, the following cri-
terions were adopted: the distance of movement is 8
meters, the maximum number of iterations is 100,
the number of points that fall into the force field of
the basis scan is at least 60 %.
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Threshold the offset step estimation

The scan registration time can be reduced by
choosing the correct initial offset step. One of such
approaches is the introduction of a mathematical
model of the movement of the robot.

In this work, to speed up the operation of the
algorithm, a rather rough assumption was made
that the movement of the robot corresponds to the
movement of a material point. Accordingly, during
the time of receiving two nearby scans d7, the robot
can move by no more than the value X:

here X — estimation of the longitudinal displacement
of the robot; v — estimation of the current longitudi-
nal speed of the robot in the direction of movement;
a — estimation of the current longitudinal accelera-
tion of the robot in the direction of movement.

In addition to the maximum step, it is necessary
to set the minimum threshold at which the algorithm
will stop looking for an offset. Although the algo-
rithm can converge to both local and global mini-
mum, it is necessary that the lower threshold for the
number of iterations does not significantly affect the

Dispersion of velocities if the robot is not moving

Coordinates Value dispersion
V. 4,1098e-07
v, 6,7807e-07
V. 1,3276e-06
W, 3,4141e-04
W, 6,2856e-04
W, 5,2658¢-04

| Standard deviation, m
0.6 r

Fig. 8. Deviation of the trajectory obtained using laser odometry
compared to the output from the Kalman Filter:

I — X Standard deviation; 2 — Y Standard deviation; 3 — X offset;
4 — Y offset

accuracy. To determine the minimum displacement
step, the root-mean-square deviation (RMS) of the
linear and angular velocities of the robot is selected
if the robot is not moving. The variance of linear
and angular and velocities, presented in Table, was
determined over a 10 second interval.

Based on the given data, the standard deviation
of linear and angular displacements was obtained —
0.0001 m, 0.002 rad, respectively. Thus, at a LIDAR
scanning frequency of 10 Hz, the linear and angular
displacement steps should be at least 0.00001 m and
0.0002 radians, respectively.

Accuracy of the method depends
on the radius sphere of force filed each point

The last tunable parameter of the algorithm is
the radius of the sphere. This parameter strongly
depends on the model of the LIDAR, since the
number of force spheres of the basis scan directly
depends on the resolution of the LIDAR. If the total
amount of forces is too small, the estimate can be
made with essential error. However, a significant
increase in the size of the sphere will increase the
time for calculating the potential field and registering
scans. During the operation of the algorithm, it was
experimentally established that for the Velodyne
HDL32E LIDAR, the sphere radius equal to 1 m
is optimal. With a decrease in the sphere radius, the
estimation accuracy sharply decreases. As the radius
of the sphere increases, the time for calculating
the force field increases, which is why the first
scan is skipped and information about the robot’s
displacement movement is lost. Therefore, developers
are invited to experimentally search for the required
sphere size depending on the LIDAR model.

Calculation of the estimation error of the
developed method

Additionally, a comparison was made with the
estimate obtained with the EKF by the following
formula:

here x — estimate position robots according to the
developed method, x' — estimate from EKF, K —
number of scans.

The comparison results are shown in Fig. 8.
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The calculated error was 0,27 m on the axis Ox,
0,21 m on the axis Oy, 0,15 m on the axis Oz.

The results of the experiment show that the laser
odometry method allows one to accurately determine
the path went by the robot. The deviation error of the
developed method with respect to EKF was 3.4 %.

Conclusion

This article proposes a new method for scan
matching to estimate the displacement of a robot in
a semi-structured area. This method showed good
results: when working on only one core of the Intel
Core i7-7700-HQ processor, the time for estimating
the offset was 9 ms, while the cost of calculating the
artificial potential field of the basis scan was 5.0 ms.
Although sometimes the calculation and formation
time reached 24 ms. It should be noted that the time
spent on calculating the offset is much less than in
the NDT method, and the amount of computing re-
sources is not significant.

The magnitude of the error in estimating the dis-
placement in comparison with the EKF was 34 %
in a section lasting 18 seconds with an average linear
speed of 5.5 m / s. The approach used in this me-
thod allows the offset to be determined regardless of
the environment, since the scans are attracted of the
potential field created around the points of the basis
scan. It should be noted that only one force will act
on each point of the scan, due to the resolution of the
LIDAR, and therefore the direction with this approach
is known a priori, and the time to search for the dis-
placement will be spent only on determining its value.

The disadvantages of this method include the need to
adjust the algorithm depending on the type of LIDAR.

In the future, it is planned to replace the simplest
model of the motion of a material point with a ki-
nematic model taking into account the mass of the
robot with boundary conditions for evaluating the
convergence.
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