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3D Sensing and Mapping for a Tracked Mobile
Robot with a Movable Laser Ranger Finder
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Abstract—This paper presents a sensing system for 3D sensingWe consider applying interpolation in order to solthis
and mapping by a tracked mobile robot with an appetsensor problem and generate plausible model data for TC#s paper
movable unit and a laser range finder (LRF). The-gpe sensor presents the 3D mapping method as well as advantlgbis

movable unit is mounted on the robot and the LRiRs&lled at the . . .
end of the unit. This system enables the senstrdage position and Sensing sys_tem th"?“ uses a L.RF equipped with anty
movable unit. Section |l describes related workect®n il

orientation so that it avoids occlusions accordingerrain by this ) i
mechanism. This Sensing system is also able towme he|ght of introduces an overview of the deVelOped trackedilmabbot

the LRF by keeping its orientation flat for efficiei@nsing. In this kind and sensing system. Section IV presents possibtérgpmodes
of mapping, it may be difficult for moving robot &pply mapping py this system and explains the sensing abilitiesaalvantages.
algorithms such as the iterative closest point JI#tause sets of the gaction V describes fundamental experiments whigrew

2D data at each sensor height may be distant @menon surface. In
order for this kind of mapping, the authorsréfere applied
interpolation to generate plausible model datalfoP. The results of
several experiments provided validity of these kimd sensing and
mapping in this sensing system.

employed to confirm 3D sensing ability of this syst&ection
VI explains the method for 3D mapping using intégtion and
shows experimental result.

Il. RELATED WORK

Keywords—Laser Range Finder, Arm-Type Sensor Movable Unit,

Tracked Mobile Robot, 3D Mapping.

|. INTRODUCTION

A.3D Sensing using LRF

A 2D laser range finder (LRF) is widely used folasensing
because it can detect wide area fast and can ol3Ain

3D sensing is a very important function for a mebil information easily. A lot of 3D sensing systemsngsthe LRF

robot to get precise surrounding information assfimes to
move working field efficiently. A 2D laser range findeRF) is
widely used for a 3D sensing because it can defieetarea fast
and can obtain 3D information easily.

In order to expand the 2D LRF to 3D sensing, thihars
have proposed a LRF sensing system, as shown irlFtat
has an arm-type sensor movable unit which is mauote a
tracked mobile robot [1]. This sensing system caange
position and orientation of the sensor in a movaloka of the
arm unit and face it at a right angle according teariety of
shape. The robot is therefore able to avoid ocotusn the
sensing of complex terrain such as valley, deep,hinside the
gap, and so on.

In addition, this sensing system is able to chahgéneight of
the LRF by keeping its orientation flat for efficiesg@nsing. In
this way, the height of LRF can be changed at eiqieival by
lifting it up and down vertically by the arm-typersor movable
unit. 3D map can be obtained by combining 2D maps
individual heights of the LRF. This sensing canidwoproblem
on accumulation point in conventional 3D sensinghoe by a
LRF with a rotating mechanism.

If a robot is moving in this mapping, however, iaynbe
difficult to apply mapping algorithms such as therative
closest point (ICP) because sets of the 2D da¢aclt sensing
height in a common surface may be too distant aatteyed to
get corresponding points.
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have been presented in earlier studies [2]-[4].those
measurement systems, multiple LRF sensors arell@ustan

different directions [5], or a LRF is mounted orogatable unit
[6], [7]. It is however still difficult for those syems to do
sensing more complex terrain such as valley, desg, for
inside the gap due to occlusions. As the othetaélavork, for
example, [8] proposed the combination of 2D LRF ateteo
vision for 3D sensing. This method however incredke cost
of sensing system.

Another study [9] has showed a similar sensingesgsin
which a range imager has been used to constrectaart model
of stepfields. The range imager in the system homess fixed
at the end of a pole in this system. Our propogstém is more
flexible because the sensor can be actuated.

B. 3D Mapping

A lot of works have considered the method for 3Dpma
puilding by 2D laser scanners. One of famous metti®tb use
the iterative closest point (ICP) algorithm [10]Judtter et al.
presented 3D mapping using the ICP [6] and 6D sanebus
localization and mapping (SLAM) [11]. Thrun et ptoposed
probabilistic terrain analysis algorithm for highegd terrain
classification [12]. Nagatani et al. proposed a rirgpmethod
based on the ICP algorithm and the normal distidiout
transform (NDT) algorithm [13].

In this study, we try to use the conventional ICEthnd to
obtain 2D map on each height of the LRF in pregskrsensing
system. In order to apply ICP, the sensing poinistrimtersect
at a common surface. If the robot is moving, howgeiteis
difficult to make intersected points at a commofficag because
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the sensor position is also moving at differentghtd. This
study uses interpolation to make the intersectedt@dor the
robot that is running. The method is inspired bg tork by
Kehagias et al. in which interpolation is used imler to
improve the performance of SLAM algorithms [14].

Il.  SYSTEM OVERVIEW

This section describes the tracked mobile robotsersing
system which have been designed and developedkinttidy.

A. Tracked Robot

We have developed a tracked mobile robot towarduees
activities. Fig. 1 shows an overview of the robggtem. The
robot has two crawlers at the both sides. A crastesists of
rubber blocks, a chain, and three sprocket whétis.rubber
blocks are fixed on each attachment hole of thenckiie of the
sprocket wheels is actuated by a DC motor to dxigeawler for
each side. The size of the robot is 400 mm (lengtBB0 mm
(width) x 230 mm (height), when the sensor is deded on the
upper surface of the robot.

‘ Laser Range Finder ‘
a
7

‘ Arm-type sensing unit ‘

~ Rubber block = Sprocket wheel

Fig. 1 Developed tracked mobile robot and sensystesm

B. Arm-type Sensor Movable Unit

The arm-type sensor movable unit consists of tvmsli
having a length of 160 mm and has three degreéeefom.
The links are connected by two RC servo motors @snéin
order to make the sensor flat easily when foldedtiter two
joints are also attached to the both ends of theecting links;
one is connected to the sensor at the end and ther
mounted on the upper surface of the robot. Thetrcdolift the
sensor up to the height of 340 mm and change &&ipo and
orientation by rotating those joints.

C.Sensors

D.Control System

The control system of this robot system consistsvof em-
bedded micro computers: Renesas SH-2/7045F and)b3F3
for controlling the main robot and the arm-typessermovable
unit respectively. A Windows/XP host PC managesaiitrols
of those units as well as scanned data of the sefise host PC
sends movement commands to individual embeddedomicr
computers for the robot and arm-type unit and regfiee sensor
data acquisition to the sensor. The sensor can cemioate
directly with the host PC. All communications fohote
protocols are made by wireless serial communicatiosing
bluetooth-serial adapters: SENA Parani-SD100.

E. Calculation of 3D Sensing Position

In this system, the robot can obtain 3D sensingipas from
the sensor data of the LRF and the orientationhef rbbot
obtained by the acceleration sensor. Wpgshows a position
vector of sensed point by the sensor, the 3D sgrsisition
vectorp in the base coordinate system can be calculated by

(pjonrrHs( psj (1)
1 1

where OHr shows a homogeneous matrix that represents a

transformation between the base position and thmotrdoody,
and "H_ shows a homogeneous matrix that represents a

transformation between the robot body and the senso

IV. SENSINGS BYARM-TYPE SENSORMOVABLE UNIT

The mechanism of this sensing system enables thethR
change position and orientation to face at a righgle
corresponding to a variety of shape. For example,densing
system is able to do sensing deep bottom area wtitheclu-
sions as shown in Fig. 2. Because the occlusiorbeaavoided
by this mechanism even for complex terrain, theototan
measure a 3D shape such as valley, gap, upwardvarveard
stairs more accurately than conventional 3D sensygiem
with the rotatable LRF. In addition, a robot carsgosing more
safely by this method because the robot does nettoestand at
close to the side of border. It is important whes tobot needs
to work in an unknown site such as disaster aregh@rother
hand, this arm-type movable unit can change thghteif the
LRF by keeping its orientation flat. In this way, Xbape
information in a horizontal plane is detected inteheight with
even interval. Consequently, the 3D shape of suding
terrain can be obtained more efficiently by moving LRF up

HOKUYO URG-04LX[15] is used as the LRF sensor in thi,ertically and keeping its orientation flat. Detagtiilt angle of
system. This sensor can scan 240 degrees arealdaih o the robot by the acceleration sensor installethénrobot body,

distance data every 0.36 degree on a 2D plane. Sdrisor
equipped at the end of the arm-type unit is ablehange its
position and orientation.

We have also installed an acceleration sensor drtuee
orthogonal axes to detect tilt angle of the robothband to
control the orientation of the LRF to be flat cop@sding to the
tilt angle. The use of this sensor enables thetgpm-movable
unit to change the height of the LRF with keepisgrientation.
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the robot can performs this kind of sensing eveemit is on
rough surface.

V.3D SHAPE SENSING

We employed fundamental experiments to confirm basic
sensing ability of the sensing system. In the arpamts, several
kinds of shape — upward stairs, a valley and a cender the
robot — were measured by the sensing method pessénthe
previous section.
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measurement points. Actual position values of thesets are
described in the figure.

The robot stayed at one position, 250 mm away fthen
border, and the sensor was located over the vhailehe arm-
unit. The sensor angle only was changed and ther gaint
angles of the arm were kept to fix sensor posit@snthe same
way illustrated in Fig. 2. The rotation angle oétbRF varied
from O degree to 90 degrees every 1.8 degrees. $&ariming
was performed for each sensor angle.

Fig. 6 shows the measurement result. We can sgeivailar
shape to the actual valley. The measurement positfor

A.Upward Stairs reference points are also denoted in the figure. gdstion

Fig. 3 shows an overview of the experimental emriment values show that accurate position can be senstdssensing
for a measurement of upward stairs. The stairfogeged 1100 system. Table | shows actual and measured distaiticesrror
mm ahead of the robot. Each stair isB® in height and depth. ratio values on the reference points. Even thobgtetror ratio
The robot stayed at one position and the LRF semasrlifted for the point e was higher, the most of points trevalue less
vertically by the arm-type unit from the upper s of robot to than about 5 %.
the height of 340 mm with equal interval of 50 mEach
scanning of the sensor was performed for each thdigk robot
was tilted 10 degrees to confirm the usefulness hef t
acceleration sensor in the robot. The robot detedte
orientation by the sensor and controlled the heifhbe LRF
according to the orientation.

Fig. 4 shows the measurement result; almost saagesto
actual environment was obtained in this sensintesys

Arm-type sensor
movable unit

Fig. 2 Sensing of deep bottom area without occhsio

C.Cave under Robot

We employed an experiment of measurement for aesbbp
cave under the robot. Fig. 7 shows a schematicatiagf the
environment in the experiment. The dimension efdhve was
set to 880 mm (width) x 400 mm (height) x 600 mrapth).
Eight reference points were given at each corn¢ghetave to
estimate actual errors.

The robot stayed at one position as previous experis and
the sensor was located in front of the cave bytheunit. Each
of joints except for the last joint was rotatedfiteed angle to
keep the sensor position. The angle of the LRF eatied from
0 degree to 70 degrees every 1.8 degrees. Eachisgamas
performed for each sensor angle.

Fig. 8 shows the measurement result. This ressdt sthowed
almost the same shape to the actual environmené Th
measurement position values for reference poiné aso
denoted in the figure. Table Il shows actual and sonezl
distance with error ratio values on the eight mfee points.
The error ratios demonstrated accurate sensinigisrsystem;
the maximum was 4.4 % and average was 1.9 % fqodaiks.

VI. 3D MAPPING

A.Mapping using ICP

Specially this study considers the situation in alhrobot
runs in the environment with moving LRF up and down
vertically. In this case robot can obtain surromgd2D planar
shapes of the terrain from the LRF. The arm-typesee
movable unit of this sensing system can do it ga%ile can
build map with localization using SLAM techniquesich as
ICP, presented in a lot of earlier studies. In tidse, however,
we need to consider that the height of LRF mayifferdnt in
each scanning. Basically, two sets of scannedigatdrF have

B.Valley to be on the same plane: the same height in thes ¥sle need to

A shape of a valley was set up as an experimemal e get two sets of data on the same height to geesponding
ronment. Fig. 5 shows its schematic diagram. THieywavas points. However, in most of cases, it may not tseigsd that the
610 mm deep and 320 mm long. We gave referencdspain sensing is done at the same height of LRF.
each corner of the shape to estimate actual emArevon

E
Fig. 4 Measured 3D terrain of upward stairs
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Fig. 6 Measured shape of a valley with measurerpesttion values

for reference points

TABLE |
MEASUREMENTDISTANCES ANDERRORRATIOS ON
REFERENCEPOINTS FOR THESHAPE OF AVALLEY

distanct mm
point | actua | measure | errol | errol ratic [%]
a 645.¢ 625.¢ 20.C 3.1
b 645.8 618.1 27.7 4.3
c 948.2 944.3 3.8 0.4
d 948.2 904.4 43.8 4.6
e 797.9 737.6 60.3 7.6
f 393.3 373.1 20.2 5.1

B. Interpolation of Scan Data

In order to solve this problem, we apply interpioiatto
generate plausible model data for ICP. Fig. 9 shibe/soncept.
Suppose that the robot is moving from right to kefid three
sensings have been made in sequence. In the #n=ing, the
sensing height is between the first and second tweigh is
generally impossible to apply ICP algorithm amdmgé sets of
sensing point data because there are no corresgpmidita
which should be a reference model of the map. teoto
generate the reference model, an interpolation pplied
between the first and second data for the heighhefthird
sensing. The black triangles in Fig. 9 indicate itiierpolated
points for the reference model. These points aedl &S the
corresponding points to do ICP.

The interpolation is applied to the sensor positemd
orientation for simplicity; it consists of a lineiaterpolation for
the position vector and a spherical linear intempioh for the
rotation [16].
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Fig. 5 Experimental environment with reference goior a shape of Fig. 7 Experimental environment for a shape of eaander the

robot with reference points
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Fig. 8 Measured shape of a cave under the robbtméasurement
position values for reference points (unit: mm)

TABLE Il
MEASUREMENTDISTANCES ANDERRORRATIOS ON REFERENCE
POINTS FOR THESHAPE OFCAVE UNDER THE ROBOT

distanci mm
point | actua | measure | errol | errol ratic [%)]
a 677.1 648.2 29 4.4
b 677.7 686.1 8.4 1.2
c 792.0 795.8 3.8 0.5
d 792.0 775.8 16.2 2.0
e 476.8 461.6 15.2 3.2
f 476.8 463.8 13.0 2.7
g 628.7 631.9 3.2 0.5
h 628.7 634.4 5.7 0.9

The linear interpolation for the position vectprfrom two
vectorst, andt, is represented by
t = (L-r)t+rt, @)
wherer is the ratio of interpolation. In this study tteio of the
height of the sensor was given for r so that
_h-h,
B hz_ h1
whereh; is the current height of the senslay, andh, arethe
heights in previous sensinds (> h; > hy). tj, t, andt,are
obviously corresponding tb;, hy , andh; respectively.

In order for the spherical linear interpolatione ttotation is
represented by quaterni@ = (do, q). Assumingv is the

@)

r
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Fig. 9 Conceptua

vector of the rotational axis ards the rotational angle around
the axis, the vecton = (g1, 02, 03)" is defined as

=sin ¢ @)
q sm(zjv
and theqqp is given by
=cod ¢ (5)
do co{zj.

The spherical linear interpolation of the quatemniQ;, from

Q1 and Q,, which are corresponding to the rotations of the

sensor at height; andh;, is given by

Q=0 sin((}— rNa) + sin_(ra) (6)
sin w sin w

where

w=cos*(Q, M,)- @)

(Q1- Q) represents an inner product of quaterni@randQz

From this computation of the interpolation, we cdtain a
homogeneous matrikdj; and Hi> to compute interpolation
datap; from two sets of scan dapgandp, respectively. In this
study the interpolation of scan daipare determined by

Hu(fl) (r<05),

( piJ: (8)
! | P2 (r > 05)
2| q -
C.Experiment

- 4000
- 3000
=" 2000

+-4- 1000

b7

1000 0 1000 [mm]

Fig. 10 Experimental environment for 3D mappingpepview)

Fig. 11 Overview of 3D mapping experiment

VII. DISCUSSION

This study has employed fundamental experiments3r
shape sensing for upward stairs, a valley, andra aader the
robot. From Fig. 4, Fig. 6, and Fig. 8, we cantbe¢the almost
same shape was measured respectively. These rimrkfore
confirm that this system is useful for shape sensirgpmplex
environment.The result of 3D sensing of aeyal shown in
Fig. 6, especially indicates an advantage of tresented
sensing system; it enables to do sensing deep nbodiea
without occulusions. In addition, the robot can itlsafely

A basic experiment of 3D mapping by this method waSecause it does not have to stand at close todtdeb The

employed. In the experiment, robot moved forwardaifiat
corridor as shown in Fig. 10, which is the uppesvwi with
moving the LRF up and down and made each planairsgfor
every 40 cm distance. Fig. 11 shows an overviewhef
experiment. The LRF was moved vertically from theper
surface of the robot body to the height of 340 non.the
purpose of validation of proposed method, the sgnsositions
were intentionally scattered. ICP data at the sgnkications
were combined using odometry information of theotob

Fig. 12 shows the built map in this experiment. bhdt data
for each sensing height were described by individiféerent
line. The robot position in each sensing is indiddby a circle
and the sensor height at the position is indicdgé square.

reason why the error ratio of 7.6% occurred for bkerence
point e, as shown in Table |, is that the positi@s acute angle
for the sensor. This error could be improved if kheation of
the sensor so that it can face to the right posttocthe point. The
result of 3D measurement for a cave under the raibsx
demonstrated another ability and strong advantaigeh®
sensing system. Fig. 8 showed that this systemlenals to
obtain 3D information for such a shape which anywemtional
sensing system has never been able to measureoWoye¢he
error ratios showed accurate sensing as shownkte Ta This
sensing system must be useful for 3D shape sespigally in
rough or rubble environments such as disaster Hrea.
experimental result described in Section VI indicatthat

This result shows valid 3D shapes of the envirortmempresented method for 3D mapping by this sensintgsyss

Obstacles against the wall were also detected eatatimost
correct position in the result.
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useful. Fig. 12 shows almost actual shapes andiqusiof
environment including obstacles.
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Fig. 12 Experimental result of 3D mapping

The result of the experiment suggests that thegotation is

useful for 3D mapping when robot is moving fastm@oerrors
however occurred in some corners. These errorsomag from
some odometry errors due to slip of tracks in tlowement as
well as the error in ICP operation with incorrecital by
interpolation. More robust mapping by correspondiegtical

sensing points should be considered.

VIIl. CONCLUSION

This paper presented a 3D sensing system with ysen-t

sensor movable unit and 3D mapping method usiregpota-

tion for the ICP algorithm. The experimental resstiowed that
this system is useful for accurate and safe 3Deskapsing as

well as 3D mapping. Because this sensing systena vasiety
of sensing mode, we need further consideratiomefsensing
and mapping strategies for more complex environment
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