                                                                                                LOCALISATION OF A MOBILE ROBOT USING A LASER SCANNER

ON RECONSTRUCTED 3D MODELS

1

João Gomes-Mota, Maria Isabel Ribeiro

Instituto Superior Técnico/Instituto de Sistemas e Robótica

Av.Rovisco Pais, P 1096 Lisboa CODEX, PORTUGAL

e-mail: (jsgm,mir)@isr.ist.utl.pt

                                                           Abstract: T his paper presents a localisation algorithm for a mobile robot based on laser

                                                           range and reflec tan ce data mea sured with a Laser Range Scanner. It is suited to struc tured

                                                           indoor environments, with hori zon tal floor. T he environ ment models are available from a

                                                           previous 3D reconstruction using the same laser device. T he algo rithm estimates the robot´s

                                                           posture without any initial estimate. Its core element is the frame object, a geo me tric entity

                                                           that provides a precise loca lisation estimate when matched to another similar frame.

                                                           Keywords: Mobile Robot, Localisation, Laser Range Scanner, Reconstructed 3D Models.

                                                                                                 1. I
NTRODUCTION

T he RESOLV project´s goal is to deve lop a ge ne ral

purpose tool to reconstruct large and com plex indoor

environ ments, rendering the re pre sen tation avai la ble

to users anywhere in the world. T he system, termed

EST  ( E nvironment S en sing for T ele presence)

consists of a sensing head with a Laser Range

Scanner and a video camera con nected to a  com puter

where the sensor control and da ta pro ces sing are

done. T o extend the pro ject capa bi li ties allowing au-

to matic recons tru ction and sen sor displa ce ment, the

EST  was moun ted on top of a mo bi le plat form which

is requi red to exhibit an au tonomous beha viour, thus

reducing human local in ter vention and allow ing

remote control faci lities. T he mobile system, termed

AEST  (Autono mous EST ) is shown on Fig. 1 , with a

sam ple view of a 3D reconstruct ed scene presented in

(Sequeira et al , 1998). In the presence of a mobile

platform, ac curate lo ca lisation beco mes ne ces sary.

Further mo re, accu ra te posture es ti mation impro ves

the recons truc tion quality, while reducing the time of

execu tion of the environment reconstruction.

T he project follows the Internet para digm (RESOLV

homepage: www.hhdc.bicc.com/resolv/), thus the

recons tructed environ ment model is descri bed in

___________________________________

1
     This work was supported by Project RESOLV - Reconstruction

using Scanned Laser and Video of the ACTS programme, EU.

VRML format, all the reconstruction proce du re is

made on board, whilst it is con trolled through the

Inter net with a browser-like tool.

T he operation cycle begins with the localisation of

the mobile robot respective to the map reference and

proceeds with the 3D range acquisition with the laser

scanner followed by the surface texture´s acquisition

with the video camera. T hen, a new acquisition point

is computed in order to enhance the current re cons-

tructed model and to resolve occlusions, the robot

travels towards the new goal, dri ven by an

autonomous navigation tool developed by (Castro et

al, 1998) . When it reaches the goal point, the cycle

repeats.

Fig. 1 . AEST system and output

T he proposed localisation algorithm is built upon a

geo me tric object, termed a frame . When the frames

from the laser data and from the 3D recons tru cted

maps are created, , each frame  from one set is com pa -

red to all similar frames  on the other set. If a match

occurs, a candidate so lu tion to the pos tu re estimation

pro blem results. T he combination of all pos si ble solu-

tions gene rates a cloud of postures, which, after

clustering, reduce to a maximum likeli hood solution.

T he paper is organised as follows. Section 2

summarises the input data procedures and the main

parts of the al go rithm. Section 3 begins with the

frame  moti va ti on and pro ceeds to the frame  con cept

and its ope ra tions. Section 4 shows several stages of

an expe ri mental case and Section 5 contains the

conclu sions and some comments.

                                                                    2. A
                                                                                                   LGORITHM DESCRIPTION

T he localisation algorithm was developed within the

work frame of (Sequeira 1996a, 1996b and 1996c),

which provides the 3D recons tructed models of the

en vi ron ment, and the acquisition tools: the Laser

Range Scanner. T he proposed localisation solu tion is

optimi sed to this sensor and to the 3D model s.

T he Laser Range Scanner provides very accu ra te

range measurements, from which 3D envi ron ment

models are created, at the expense of a long

acquisition time. A 2D laser pro file, scanned like-

wise, keeps the ac cu racy while minimising the acqui -

sition time, sin ce only one horizontal line is taken.

Since the localisation is bounded to the 2D planar

space (x, y and orien ta tion) a 2D horizontal profile

ought to be adequate.

In order to associate the 3D re constructed mo del to

the 2D range data, a similar 2D profile must be

extracted from the 3D model which is repre sen ted by

a list of surface des cri ptions, cur rently pla nes and

biquadratic sur faces ( Fig. 2 a). T o create a 2D profile

from the 3D recons tructed model, the 3D map is

intersected by an horizontal plane at the same height

of the sen sor head, resulting in a list of parametrised

lines and quadratic curves ( Fig. 2 b), denoted onwards

the map line list.

Fig. 2  (a) Surface model; (b) extracted map profile

On the range data side, the lines and quadratic curves

are extracted from the range data (Figure 3a) by

means of one of several statistical methods, na mely

the most popular Least Square Esti mation, e .g. Press

et al . T his method was chosen because it may be

imple men ted iteratively, enhancing the effi ci ency of

the line extraction procedure. T he result is the scan

line list ( Fig. 3 b).

Fig. 3  (a) Raw range data; (b) extracted lines

Currently, the localisation algorithm uses only lines,

since they proved sufficient and inclu ding the

biquadratic curves would add an un necessary

computational burden along with some noise. T he

two line lists share the same parameter notation and,

after sorting by decreasing size, constitute the start-up

data for the frame algorithm.

Fig. 4 . Frame algorithm steps

In Fig. 4  the algorithm flow is described. It begins

with the two line lists, used to create the frame  list

associated to each data source. T hen, each e le ment of

the scan list is matched to all possible elements of the

map list. When a match occurs, the co ordinate

transform between scan frame  and map frame  is

computed and the resul ting posture is stored.

T he final posture estimate is obtained through a

weight ed clustering procedure of all postures, aggre-

gating all points into a few clusters. T he existence of

several so lu tions is due to sym me tries. However, if a

suf fi cient number of frames  is used, the wrong

solutions have residual weight.

                      3. T

                                                   HE FRAME CONCEPT AND ITS OPERATIONS

T he lines computed from the range data are similar to

the lines extracted from the 3D models, except that

most of the scan lines are shorter, as a consequence

of partial surface occlusion in non-convex spaces and

scan angle hardware limits.

In the absence of any a priori  estimate on the mobile

posture, one must concede that any line in the scan

list could correspond to any line in the map list, as

long as the map line is of equal or great er length. If

the two lines correspond, the pos sible posture loci is

a straight line in the xy-spa ce with orientation

determined by the relative posi tion of the scanned

line to the mobile ( Fig. 5 ). In fact, due to line

symmetry, there is a ^mir ror~ solution if the

orientation is rotated

                                                                                                                      p
 radians.

Fig. 5 . Matching a scan line to a larger map line

T o disambiguate the xy position, a new pair of lines

is considered: if the two pair of lines are con cur rent,

the intersection of the possible loci due to each pair is

a single point:

Fig. 6 . Localisation using  two concurrent lines

T he frame  concept is a formalised version of this

reasoning. A frame  is a geometric object for med by

two concurrent lines. Its elements are the origin - the

point where the lines or their ex tension cross - and

two axis - the two lines.

T he frame  is defined by five local parameters and

three global parameters. T he local data is used to

com pa re frames  and is independent of the co or dina te

system, while the global data is used to com pute the

coordinate transform between map frames and scan

frames. T he local pa ra me ters are: the internal  an gle
between axis,

,
 and the  distan ce from the origin to

the start and end points of both axis: start

1

, start

2

,

end

1

 and end

2

 ( Fig. 7 ). T he global parameters are the

posture values, x , y ,  ( Fig. 8 ). T he map frames

global data is ex pres sed in world coordinates while

the scan fra mes global data is defined relative to the

robot.

Fig. 7 . Local frame parameters

Fig. 8 . Global frame parameters

Once the two lists of frames are fully defined,  the

frame match procedure begins. T o test whe ther two

frames match, their local para meters are compared;

first the inner angle must be nearly equal (1),

otherwise the test ends; then both li mits of the scan

frames axis´ must lie within the li mits of the map

frames axis´, (2) and (3), with a small degree of

tolerance. It should be noticed that the tests must

account for sym me tries in case the axis  are reversed,

i.e., if axis 1 on the scan frame corresponds to axis 2

on the map frame. T here fore, the tests must be done

for both cases. For the sake of clarity only the direct

case will be described. T he test equations are (see

also Fig. 9 ),

a d a a d
Map

ang

Scan Map

ang

- £ £ + (1)

start start end end

Map

m

Scan Scan Map

m

1 1 1 1

- £ < £ +
d d (2)

start start end end

Map

m

Scan Scan Map

m

2 2 2 2

- £ < £ +
d d (3)

Fig. 9 . Frame match

T he -parameters are thresholds which may be tuned

to meet the noise level  in the scan data and the

degree of sym metry of the reconstructed map. In case

a frame match is detected, the three global values are

used to compute the transform vector relating the two

refe rences, the scan data in robot co or di na tes and the

map data in world (inertial) co or dinates.

The rotation angle, , expresses as

                                       q g g

                                                   = -

                                                                     1 1

                                                                      Scan Map (4)

and the reference translation, x  and y,  results from

the canonical transform equation:

                        x

                        y
x

y
x

y

                                     Map Scan

                       1 0 0 1 1

                  é

                  ë

                  ê

                  ê

                  ê

                  ê

                  ê

                              ù

                              û

                              ú

                              ú

                              ú

                              ú

                              ú

                                                        =

                                                                                                                -
                                                                   é

                                                                   ë

                                                                   ê

                                                                   ê

                                                                   ê

                                                                   ê

                                                                   ê
ù

û
ú

ú

ú

ú

ú
é

ë
ê

ê

ê

ê

ê
ù

û
ú

ú

ú

ú

ú

                                                                        cos sin

                                                                         sin cos .

                                                                                           q q

                                                                                          q q

D

D (5)

T he resulting vector ( x , y , ) is the mobile posture

in the world reference; it is added to the candidate

posture list. T he final step is the clus tering procedure

to group the cloud of postures.

T he cluster algorithm is based on fixed cluster radius,

variable num ber of clus ters and weighted samples.

T hese options follow the statistic cha rac te ristics of

the frame matching, resulting from the sta tistics of the

Laser Range Scanner: the range measure ments have a

small spread, leading to ac cu rate defined lines and

precise matching with the map frames. T he result is a

3D space ( x , y , ), where dense distinct clouds are

separated by lar ge empty areas. In spite of the precise

matching, weights are accorded to the various results

to discri mi nate the dif fe rent levels of confidence

gran ted to each frame match.

T he weighting criterion was deduced from the actual

range data analysis. T he scan frames with comparable

axis pro duce more accurate results, becau se a small

axis is more sensitive to errors, the origin embeds a

larger error, spe cial ly if the axis are far away from the

origin (if start

                                                                                    1,2

                                                                                                 is large); small axis are also more

prone to angle errors because of the reduced number

of points used in the line generation. T his reasoning

led to a weighting crite rion based on the product of

the two axis´ sizes. T he map frames are not used in

the weighting criterion since they are regarded as the

exact map representation.

Each element on the 3D solution space, p

i

 (i=1,...,N),

and the cluster points, c

j

 (j=1,...,C), are defined

likewise,

                                               [ ]

                       p x y w

                      w end start end start

                             i i i i i

                               i

                                    =

                                      = - × -

                                                    D D q
where

                                                 ( ) ( )

                                                                        1 1 2 2

(6)

                                                                       [ ]

                                               c x y w

                                                      j j

                                                                                   cl

                                                                                                               j

                                                                                                              cl

j
cl

j
cl

                                                             = q

(7)

T he cluster generation is very sim ple, at the expense

of some generality. It runs as follows:

i. The first point, p

1 ,

 is the seed of the first cluster, c

1

.

ii. If (8) holds, p

i

 is added to the cluster c

j

 ac cor ding

to (9) and the cluster weight is updated (10).

Otherwise, p

i

 initiates a new cluster, c

j+1

.

iii. The loop ends when all points are tested.

q q d

d
i cj angle

i cj i cj cent
x x y y

- <

- + - <
( ) ( )

2 2

(8)

x
w x w x

w w

y
w y w y

w w

w w

w w
j
cl j
cl

j
cl

i i

j
cl

i

j
cl j
cl

j
cl

i i

j
cl

i

j
cl j
cl

j
cl

i i

j
cl

i

=

+

+

=

+

+

=

+

+
ì

í
ï

ï

ï

ï

î
ï

ï

ï

ï

. .

. .

. .

D

D

q
q q

(9)

w w w

cj cj i

= +
(10)

T he result of the clustering process is a set of C

clusters in the form of (7). T he cluster list is then

sorted by decreasing weight and the clusters with less

than four points are dis carded, eliminating the

majority of wrong solutions generated by envi ron-

ment and algo ri thm sym me tries. T he result is the

possible posture list , conclu ding the frame

localisation algorithm.

Usually, the first element of the list concen trates

more than 80% of the total weight. How ever, in some

rare cases the weights may be dis tri bu ted more

evenly, creating a decision problem, which has been

solved with a likelihood evaluation (see Section 4).

T he major drawback of the frame localisation algo ri-

thm is its exponential nature. However, it is pos si ble

to cope with it, by effectively sorting and trim ming

the data objects. Also, sin ce the objects used are

stored in lists, the algo ri thm is inherently iterative; if

necessary, it is possible to ex tend the database by

simply adding new objects (lines or frames) and

process the new data while preserving the current

results.

T o begin with an efficiency optimisation, the small

and/or ill de fi ned lines are dis card ed (small lines are

extracted from a few points, incorpora ting larger

errors) and the remaining ones are sor ted. T his

measure prevents the propagation to the frame

generation of more than half of the li nes, in the

average. In case more frames are need ed, new,

smaller lines can be used to gene ra te them. Due to

square corners, the lines are usual ly groupe d into two

orthogonal direc tions, thus N li nes produce only N

2
/4

frames instead of N

2
 frames, as it would be

expectable.

T o reduce the number of frames and frame tests

further, the frame list also comprises some trim ming

techniques: all frames must have at least one ^long~

axis. T his eliminates small frames which match with

many other frames and are usually associated with

larger errors. It also helps re du cing the number of

tests. If the frames are sorted by decreasing order of

their longer axis, the match loop with one constant

frame ends as soon as the other candidate´s longer

axis is shorter.

                                                                       4. E
                                                                                                    XPERIMENTAL RESULTS

T o illustrate the frame algorithm, an example is

discussed. T he office room area shown in all ima ges

is ap proximately 11 meter long by 5 me ter wide. T he

3D model is shown in Fig. 2 a; it is fairly incomplete,

in particular in the area represented at the lower left

in Figures 10 to 12.

In Fig. 10 a, the scan line list is shown. T he possible

posture list has five elements, used to sketch the

mobile robot over the map lines ( Fig. 10 b). Fig. 11 a

represents the cor rect posture, chosen by its weight

(82% of the total weight), along with map lines and

the scan lines subset used to deter mi ne it. In a similar

representation, Fig. 11 b shows a wrong so lu tion,

highlighting the coincident lines which generate this

odd result.

T o solve this example only 15 frames are requi red.

Incidentally, the scan profiles for locali sa tion were

taken several months after the gene ra ti on of the re-

cons tructed 3D model, underlining the ro bust ness of

the algorithm to minor model changes.

Fig. 10  (a) Scan line list; (b) possible posture list on

                                           the extracted map list

Fig. 11  (a) T rue solution; (b)  false solution due to

symmetry

A likelihood evaluation using range data and map

lines was developed to measure the algorithm

accuracy. It is not a part of the frame algorithm, but a

useful, almost necessary, extension.

T he likelihood evaluation for two postures on the

possible posture list is presen ted in Fig. 12  together

with the mobile robot and the range data drawn over

the map lines. Although the postures are less than

0.1m apart (see also Fig. 10 b), solution (a) is far

more ac cu ra te than solution (b).

Fig. 12 . Likelihood test of two solutions using range

data and map lines

T he likelihood evaluation uses the dis tance from each

point in the range scan data to the map lines. A dis-

tan ce his togram is computed and the likeli hood

measure is defined as the fraction of scan points

closer to the map lines than 0.05 m.

T he table shows the two posture coordi na tes and the

associated likelihood measure:

Posture  (a) Posture  (b)

        x

             cl
                   [m] 2.296 2.217

        y

             cl
                   [m] 2.381 2.366

        q cl
                      [rad] 0.02164 0.01920

        Likelihood [<0.05m] 84.5% 47.5%

T he likelihood evaluation is also used to discard the

wrong solutions present in the possible posture list,

solving any ambiguous cases.

                                                     5. C
                                                                                  ONCLUSIONS AND

C
OMMENTS

T he major achievement of this algorithm is to

accurately localise the mobile without any  a priori

know le dge of its posture. It proved most ade qua te to

the RESOLV appli cations, where the goal is to map

an environ ment, because it can cope with large un-

known areas, keeping its ^anchor~ on the available

re cons tructed 3D model; its cons traints are met by

most indoor environ ments: flat ground and ver ti cal

surfaces.

T he line ex traction - not described - is the only com-

pu ta tio nal intense procedure. Afterwards, all data are

comprehensively embedded in geometric objects,

characterised by few parameters. T he match opera-

tions reduce to simple arithmetic and tests; the cluster

procedure is also very simple and is performed in one

loop.

Unfortunately, problems may occur if the envi ron-

ment has a high degree of symmetry, for ins tan ce, in a

long corridor with evenly spaced doors or in a cubic

or cylindrical room. In such cases, the al go rithm

needs an asymmetric portion of the en vi ronment to

disambiguate between the periodic solu tions - just

like humans.

A second, more subtle, difficulty arises from the akin

nature of the mapping and localisation algorithm:

they use the same sensor. T hus, when the recons truc-

tion fails, the localisation may also fail. T his hap pens

most often with mir rors and win dows and with dark,

soft or highly tex tured sur faces. T he pro blems with

glassed sur fa ces have been mini mi sed with the

reflectance data. T he lat ter cases re qui re a new

sensor, because such sur fa ces re turn very weak

signals, if not, no si gnal at all. T o ove r co me these

local problems the 3D mo del must contain some

reliable surfaces where the algorithm anchors.

T he Frame Algorithm has been embedded in a multi-

layer algorithm to increase the accuracy. It is now the

first stage of an algorithm with 0.02 m and 0.003 rad

maximum error.

REFERENCES

Castro, J., Vítor Santos, M.Isabel Ribeiro, A Multi-

Loop Robust Navigation Architecture for Mobile

Robots . In Proceedings ICRA´98 - IEEE Int.

Conference on Robotics and Automation,

Leuven, Belgium.

Press, T eukolsky, Vetterling, Flannery, Numerical

Recipes in C , Chapter 15, Cambridge University

Press, USA.

Sequeira, V. (1996a), J.G.M.Gonçalves, M.I.Ribeiro,

Active View Selection for Efficient 3D Scene

Reconstruction , Proceedings ICPR´96 - 13
th
 Int.

Conference on Pattern Recognition, pp. 815-

819. Vienna, Austria,

Sequeira, V. (1996b), J.G.M.Gonçalves, M.I.Ribeiro,

3D Recons tru ction of Indoor Environments ,

Proceedings ICIP´96 - Int. Conference on

Imaging Processing, pp.405-408. Lausanne,

Switzerland.

Sequeira, V. (1996c), Active Range Sensing for Three

Dimen sio nal Environment Reconstruction ,

Ph.D. Thesis , Instituto Supe rior T écnico,

T echnical University of Lisbon, Lisbon,

Portugal.

Sequeira, V., K. C.Ng, S. Butterfield, J.G.M. Gon çal-

ves, D.C. Hogg (1998), Three-dimensional

textured models of indoor scenes from

composite range and video images , In R.N.

Ellson and J.H. Nurre, editors, Proceedings

SPIE, T hree-Dimensional Image Capture and

Appli cations, vol. 3313, To appear 1998.