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Abstract

This paper presents a navigation system providing 3-D
position and spatial attitude data for outdoor vehicles.
Our system uses an odometer and an automatic laser
theodolite, the data of which are fused using a Kalman
filter. We show through different experiments carried
out with the SESSYL test station that the high accura-
cies required for some civil-engineering tasks are fully
satisfied, provided the beacons are properly positioned.

1 Introduction

The Computer Integrated Road Construction (CIRC)
aims to share a common numerical geometrical data
base from the design, through all the site operations
up to the quality control of the geometry of the struc-
ture. It relies upon the following technologies: Com-
puter Aided Design (CAD), automatic control, short-
range wireless communication and real-time position-
ing.

In this context, a recently completed EU Brite-Euram
research project resulted in the successful development
of new control and monitoring systems for road con-
struction equipment, to be integrated into compactors
(CIRCOM) and asphalt pavers (CIRPAV) as target
applications [11].

Designing an automatic process that takes the initial
CAD road design and translates this into a finished

product, a road built to specification, requires the pro-
vision in real-time of position and attitude information
for the different machines.

On compactors, an integrated system has been de-
veloped, using dead-reckoning sensors (Doppler radar,
encoder and fibre-optic gyrometer) in addition to RTK
GPS, unable to work continuously when alone (partic-
ularly under the bridges). A maximum deviation of 20
cm was obtained for 100 m long masks, which meets
the CIRCOM specifications [8].

On asphalt pavers, RTK GPS precision was not suf-
ficient and IMRU developed the measurement system
LASERGUIDE, designed to meet the project specifica-
tion for the spatial parameters of the paver, namely
£+30 mm in x and y, £10 mm in 2z, and +0.1° in pitch
and roll.

The paper describes the additional developments that
have been performed by IRCCyN, UEL and LCPC
outside the framework of CIRC, in terms of local-
ization algorithm. It is organised as follows. The
LASERGUIDE is described in section 2. Section 3 de-
tails the choice of representation of the mobile robot
3-D posture and proposes a 3-D evolution model.
The modelling of the LASERGUIDE measurements is
also presented and the resulting localisation algorithm
based on Extended Kalman Filtering (EKF) is de-
rived. Problematic situations for the initial localiza-
tion by theodolite are also presented. Results of tests
carried out on a mobile platform are given in section
4 and are followed by conclusions in section 5.



2 The Laserguide

2.1 Existing solutions

Some possible, currently available, solutions to the
problem of providing the necessary position and at-
titude information for the paver were considered ini-
tially. The first of these was GPS, and after some
careful study, was ultimately rejected for the follow-
ing reasons. The cost of establishing a Base Station,
together with its high speed and often long-range radio
link, as well as a minimum of one mobile receiver per
vehicle, is often significant in relation to the actual
cost of the vehicles themselves. Moreover, the sys-
tem is dependent on the field of view of its receivers
and this seldom can be guaranteed without interrup-
tion during a day’s operations. In some circumstances
that prevail, in Scandinavian countries for instance,
where a roadway is to be constructed through forests
or in cuttings, the satellite receivers are unable to de-
tect sufficient satellites to obtain a fix over periods of
several hours.

In addition to shadow zones where insufficient signals
are received, multi-path errors can be significant in
the environment of a work-site. These effects allow
measurements data to be produced but the noise fac-
tor associated with the position data can become un-
acceptably high. Furthermore, and following a loss
of lock between an individual mobile receiver and the
Base Station, there can be a significant delay in restor-
ing the full communication ability of the system. This
is particularly relevant to operation of a paver which
cannot pause whilst guidance information is inter-
rupted.

Practical accuracies quoted for 3-D co-ordinates from
a GPS receiver in this dynamic mode are between +5
and +10 mm for both = and y, and between +20 and
+30 mm in the z parameter (height) — well short of the
requirements of the new control systems for paving.
However, these can be improved under certain condi-
tions [10]. In addition, information concerning vehicle
tilts and heading can be obtained, albeit of less than
the required accuracy, by using a pair of spaced GPS
receivers fixed to opposite corners of the vehicle.

The other system considered for automatic guidance
of the paver is a Robotic Total Station (RTS) [1]. The
attainable dynamic accuracies of the respective com-
mercial systems are very similar. They are generally
equivalent to a standard error in direction of +5 arc
seconds, and in distance measured, to 6 mm. The
only mode of use for RTS instruments in vehicle guid-
ance so far reported is that where the instrument is

established in a fixed position at the rear and to one
side of the vehicle. The measurements are automati-
cally undertaken to a single target prism rigidly fixed
to part of the vehicle chassis, or in the case of a road
paver, to part of the ’screed’. Both update rate for the
measurements and dynamic accuracy requirements for
x, y and z are easily met.

However, use of a single RTS instrument cannot at
present provide real-time spatial attitude information
for a moving road paver. Accordingly, it is common to
employ either on-board sensors for heading and tilts
or to use two targets on the vehicle, for example, one
back right and the other front left, and consequently
operate two RTS instruments simultaneously [2]. A
further necessary feature of use is provision of a radio
data link to communicate the measurement informa-
tion from instrument to vehicle.

In practice, a RTS determines its own position and
orientation in relation to the local site survey reference
system before finding and locking on automatically
to the vehicle target prism. Thereafter, the prism is
tracked as the vehicle moves and the xyz co-ordinate
information for the target is transmitted regularly to
the vehicle computer for onboard control or display.
Clearly, in this process, the RTS is dedicated to only
one vehicle at a time. Further, the intrinsic accuracy
limit in the instrument measures of vertical angles,
for this single-ended measurement system operating
in site conditions, ensures that a required accuracy of
+5 mm in target height cannot be achieved beyond
about 250 metres range.

2.2 A new approach

In view of these shortcomings of the current systems,
and more particularly, since there appears to be lim-
ited scope for their improvement in the context of
site-vehicle guidance, it was decided to develop a fun-
damentally different approach. The technique chosen
was one based on an automatic laser theodolite, devel-
oped by, and first given a public demonstration in 1983
as an RTS in, what is now the University of East Lon-
don. Earliest publication of the main features of this
instrument is given in [3, 4]. Since then, the technol-
ogy has been developed in applications to surveying,
robot calibration and automatic tunnel guidance. A
features summary of LASERGUIDE is given below.

The theodolite operates by continuous scanning of a
compound laser beam comprising a pair of mutually
inclined fans. The rotation of the beam is monitored
internally by a single electronic angle encoder. When
either of the fan beam components strikes an elec-



Figure 1: A CIRPAV demonstration: the LASER-
GUIDE is mounted on a trolley drawn by the asphalt
paver and equipped with an encoder wheel

tronic or passive retro-reflecting target, the instanta-
neous reading of the encoder is latched and recorded.

There is almost no limit to the number of targets
whose directions can be measured per sweep of the
laser beams. For site vehicle guidance, the sweep rate
is 1 or 2 Hz, and for short-range position monitoring, it
can be increased to some 30 Hz. The repeatable point-
ing accuracy per target is between 1 and 2 arc seconds
for ranges up to 100 metres in good optical sight con-
ditions, and in this respect, compares favourably with
current performance of commercial RTS instruments
[5].

When the first prototype system (LASERGUIDE MK I)
was developed for paver guidance, the instrument was
designed to be set up at the rear and to one side of the
paver as for a conventional RTS. A fixed array of pho-
tocells constituted the staff unit and was mounted on
the rear of the paver. An infra-red laser pulse trans-
mitter was used to convey every sixth angular minute
marker from the instrument encoder to the staff. Time
interpolation at the staff enabled a computation of the
respective direction vectors to an accuracy of 1 to 2 arc
seconds. The six spatial parameters of the staff were
computed at the staff, and these could be translated
into spatial parameters for the supporting paver. The
first phase of testing of LASERGUIDE MK I used the
SESSYL facility at LCPC and took place during May
1998.

However, although providing more real-time spatial
information than a conventional RTS, and delivering
data of comparable accuracy, this configuration also
suffered from the same practical disadvantage; namely,
guidance was lost while the instrument was moved for-
ward to a new set-up. Obviously, the use of two in-
struments operating in leap-frog fashion does provide
a solution, but it is a crude and expensive one.

Figure 2: The LASERGUIDE mounted on station SES-
SYL and one of the robotic beacons

Accordingly, and in order better to exploit the capa-
bility of a LASERGUIDE system to measure to multi-
ple targets in a short space of time, it was decided
to mount the instrument directly on the vehicle itself
or on a towed sled or trolley (LASERGUIDE MK II;
see figure 1). Here, the electronic targets of the staff
are replaced by a number of local survey beacons dis-
tributed along the edges of the site, a configuration
which provides uninterrupted real-time vehicle guid-
ance.

The beacons are established along a line of known
points along both sides of the road trajectory. Their
positions must be known accurately in terms of site
global x, y and z co-ordinates although they do not
have to be set out in a strictly regular spatial pattern.
The scanning LASERGUIDE measures the directions of
each of the beacons struck by its beams, and this data
is used to compute the instrument position and at-
titude. The minimum number of beacons necessary
to provide this information is three, although a re-
dundancy of at least one beacon becomes a practical
requirement.

These beacons, which have been developed for use
with LASERGUIDE, are robotic optical transponders.
They seek and maintain their pointing towards the
scanning laser instrument on the paver and, each time
an integral photocell is struck by one of the sweeping
fan beams, they transmit a very short optical pulse
back towards the instrument. These 'reflections’ latch
the single integral angle encoder used to generate the
six spatial parameters of the instrument and corre-
spondingly of its underlying road surface.

The LASERGUIDE instrument and one of its four asso-

ciated robotic beacons provided for the field tests at
LCPC in November 1999 are shown in figure 2.



3 3-D localization by EKF

From the measured directions of the beacons struck
by the laser beams, it is possible to compute by spa-
tial resection the LASERGUIDE and vehicle 3-D pos-
tures. As we will see in subsection 3.4, this approach
is used to evaluate the initial position and attitude
of the asphalt paver. But for real-time positioning,
an Extended Kalman Filter is used. Indeed, fusing
the LASERGUIDE angles with the measurements of an
additional encoder wheel presents several advantages.
First, it allows to maintain an estimation of the ve-
hicle 3-D posture even when angle measurements are
unavailable (either because the beacons are temporary
masked by another vehicle, or because the theodolite
measurements are erroneous). Secondly, it is possible
to take into account the angles issued by the theodo-
lite one at a time contrary to quasi-static approaches
where several measurements are used simultaneously,
as if corresponding to a single position and attitude
of the paver. And finally, although the LASERGUIDE
scanning rate is 1 Hz, integrating measurements of the
complementary sensor allows to provide position and
attitude data at a higher frequency.

3.1 Definition of the 3-D pose and
kinematic model of the vehicle

Six independent variables are generally required to de-
scribe the 3-D posture (position and attitude) of a ve-
hicle. For our application, the position is defined by
the co-ordinates (z,y,z) of the centre M of the en-
coder wheel in the reference frame Ry, and for the
attitude, the roll-pitch-heading angles have been cho-
sen. As a consequence, the 3-D posture is defined by:

X = [x7yﬂzﬂR7P7H:|t (1)

From this choice of representation a kinematic model
adapted to the asphalt pavers was derived. Since these
are very slow machines (about 10 cm/s) working on
smooth terrain with very progressive gradient varia-
tions, the vehicle is assumed to move between instants
ti—1 and t; on an inclined plane defined by the roll
and pitch angles R; 1 and P;_i. The movement on
this plane is considered as an elementary translation ¢
followed by an elementary rotation of speed w. Since
an unique encoder wheel is used, only § is measured
and w is estimated by EKF. Denoting 75 the sampling

rotation axis

Figure 3: Sensor modelling

period, the resulting evolution model is given by:

x; = Xj—1 + 0;cos(P;_1)cos(H;—1)
Yi = wi-1+difcos(Ri1)s H(H 1) +
cos(Hi-1) sin(P; )Sln( V)]

zi = zzl—l—é[n( sm(RZ 1)+...
—cos(H;—1) co ( 1) sin(Pi—_1)] (2)

Ri = Ri

P = P

Hy = Hi 1+Ts wiq

Wi = Wi-1

or by the vector equation:

x¢ =f(x¢ 1, u;) (3)

K3

where f is the prediction function, u the system input
(here only §), and x* the augmented state vector:

Xa = [I’y7 R’P’ H’w]t (4)

Actually, the evolution model and the proprioceptive
measurement are assumed to be corrupted by uncor-
related white Gaussian noises of mean zero and known
variances:

x{ = f(x{_ 1, ui + Bi) + o (5)

where a is the model noise of covariance matrix Q,,
and (3 the input noise of variance Q).

3.2 Laserguide modelling and observa-
tion equations

The LASERGUIDE is modelled as shown on figure 3.
The fan-shaped laser beams are denoted (P,) and
(Py). The sensor centre S is given by the intersec-
tion of (P,) and (F) with the rotation axis Zg. An



encoder allows to measure the rotation angle p with a
precision of 1 arc second.

a, and «ap are the tilt angles of half-planes (P,) and
(Py). The plane containing S and orthogonal to the
rotation axis is denoted (P.). Vector & is defined by
(P,)N(P,) = [S, @) and vector b by (Ps)N(P,) =[S, b).
Angle 6 is given by 6 = £(@Sb) and vector Zg is such
that s = @ when p = 0. The frame Fs associated
with the sensor is given by (S, Zs, Zs A Zs, Zs).

Each laser beam emitter is associated with an IR re-
ceiver oriented along axis @ (resp. 5) Thus, whenever
the LASERGUIDE receives a pulse from a beacon, it
is possible to know which laser beam has struck the
target by checking which receiver has detected the sig-
nal. The corresponding encoder reading is denoted p®
or pP.

When the laser beams strike beacon By, the cor-
responding angular measurements p®* and p®* are

given by:
suk = _Sp, 5, cot(aa) +...
yk\/ Sz 4+ 9y2) — 522 cot(ay)?
vk = Sy Sz cot(aa) +... (6)
S/ (Cx7 + Sy?) — 522 cot(ay)?
p®* = arctan2(s¥F, k)
sbF = S5z cot(ap) + .
yk\/ (P2 + Sy2) — 522 cot(aw)?
AR = Sy cot(ap) + ... (7)
Swp/ (O3 + Syi) — 522 cot(ap)?
p¥F = arctan2(s®*, k) — 0
where by, = [*x1, Fyr, © 2k, 1]t are the homogeneous

co-ordinates of beacon By in the sensor frame Fg. Ac-
tually, only the beacon co-ordinates by, in the ref-
erence frame are known, and the homogeneous co-
ordinates °by, are given by:

Sbk = STM . MTO(X) ~Obk (8)
The homogeneous transformation matrix STy is fixed
once and for all after calibration of the LASERGUIDE
in the vehicle frame Fj; and the homogeneous trans-
formation matrix ™ Ty depends on the 3-D posture x
of the vehicle.

Finally, the LASERGUIDE observations at observation
instant t; can be rewritten in the following form:

Zj = g""* (x5) + 9)

where v is a white Gaussian noise of mean zero and
variance @, Z the system scalar output, and g*** the

observation function, the expression of which depends
on the laser beam which struck the beacon and on the
particular beacon struck by the beam.

3.3 Localization by Kalman filtering

Since the evolution and observation functions f and
¢®** are nonlinear, an extended Kalman filter is used
to compute the estimation X of the augmented state
vector and the associated covariance matrix P of the
estimate error.

At each sampling period, the state estimate is pre-
dicted from the input readings 9:

x{io = fOym0:00)
Pii.1 = APy, 1 Al +B;QsB] + Q.

(10)

with the following Jacobian matrices:

Of(x, u)
A, N 11
axa x”_x i Jui=0; ( )
of(x*, u)
B, = =% 12
ou O (12)

i—1li—1

And whenever a laser beam strikes beacon By, this
prediction is corrected as follows:

Sa _ &a a b,k
xj, = X, TK; (Zibk | (lez 1)) (13)
Py = Pyi1—K; C?‘ TPy
where the jacobian matrix C} bk i given by:
aga\b,k(xa)
colvk - 22 %) 14
i e (14)

ili—1
and the Kalman gain K; is defined by:

-1
K =Py (") (€ Py (€M) 4+ Q)

(15)

Actually, the IR pulses sent to the LASERGUIDE are
unsigned, which means that the beacons are undistin-
guishable. The chi-squared distribution test provides
a mean to know which target has been detected before
processing the updating step.

For each beacon Bi,k = 1...N, the so-called Maha-
lanobis distance is computed as follows:

120 — gl (xe, )|

dr =
\/C?‘M Pi|i71 (C;'llb’k)t + Qv

(2

(16)




In the case of a linear system corrupted by white Gaus-
sian noises of mean zero, and with a 1-dimensional
innovation, the Mahalanobis distance d has a 99.7%
probability to be lower than 3 [7]. Despite the fact
that in our application, the system is nonlinear, we
have kept this threshold. As a consequence, k such
that df < 3 indicates which beacon has been struck
by laser beam (P,) or (Fp) at instant ¢;.

The resulting localization algorithm is given by:

Initialization: Xglo, Pojo
fori=1,2,... do
0; +— odometer measurement
a
A'L’ - Of (x%,u)

oxae -
a—~r @ — 8.
x _x%il“il,u—éZ

) of (x%,u)
B'L - ou

a
xO=X7_ 1i—1

A?\z 1(_f( i—1|i— 176)
Pz|’L 1(7A Pz 1|i— lA +B QﬁBt+Qa

< a
z\z 1

P~ Pz|z—1
for each angular measurement Z performed be-
tween t;_1 and t; do
for each beacon B do
C;_l\bf’ L 99" "R (x?)

oxa

Xr=xa
b — 120 =g &)
\/Ca\bk r_l\b k),JrQW
end for

if min(d¥) < 3 then
| « arg mind?¥

Kw—f’( a|bl a|bl ( a|bl) +Q)

)*
50 K()200) g0 )
P—P-K@ic!p
end if
end for

Xili

Pi|’i «— ?
end for

— x%

Algorithm 1: 3-D localization with unsigned bea-
cons by EKF

3.4 Localization initialization

To work properly, the EKF requires a good estima-
tion f{‘glo of the initial state vector. Since the paver is
assumed to be motionless when starting its work, we
have wgjo = 0 rad/s.

The initial 3-D posture Xg|q is computed from the full
direction vector (both horizontal and vertical direc-

—

Ys

Beam (Pb)

Beacon By,

Figure 4: Azimuth and elevation angles of beacon By
and corresponding LASERGUIDE angular measures

tions) to three non aligned beacons as follows.

When motionless, the LASERGUIDE is equivalent to a
theodolite, i.e. an instrument which can measure the
azimuth and elevation angles of a given target. These
angles are computed from the LASERGUIDE measures

p®* and pb* as follows:
) 00 g
_ qa.k anl{ap
A = p®* + arctan fan(aq

tan(ab; s(p™* = p"" = 0)
o), = arctan (tan(ag)- sin(Ay — p™*))
(17)

If one tries to solve the localization problem directly
by writing the equations that involve the position and
attitude of the vehicle, one obtains a complex system
of six nonlinear equations with six unknowns. Actu-
ally, as shown in [6], it is possible to reduce this sys-
tem to a problem with 3 unknowns by introducing the
distances between the sensor and the beacons as new
variables.

Let r; be the distance from the origin of the sensor
frame S to beacon Bj. The co-ordinates of By in the
sensor frame are given by:

Sxr = 7 cos(Ag)cos(og)
Sy = rpsin(Ag)cos(oy) (18)

By writing the (known) distances d;; between beacons
B; and Bj, three equations of the following form are
obtained:

aij =rifrj+1i/ri —di;/(ri ) (19)
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Figure 5: Variables involved in the computation of the
initial 3-D posture

where

a;; = 2(cos(o;) cos(A;) cos(oj) cos(Aj) + ...
cos(o;) sin(A;) cos(o;) sin(A;) + sin(o;) sin(o;))

(20)

Finding the values 7 provides the co-ordinates of the
beacons in the sensor frame. If one defines a frame Fpg
associated with the three non aligned beacons, one
can compute the homogeneous transformation °Tp.
Knowing Tz and MTg, it is easy to obtain the ho-
mogeneous transformation matrix 07, and hence, the
spatial position and orientation of the vehicle in the
work site frame:

Ty (x) =Tp - 5Tz - Ty (21)

As a consequence, the whole problem lies in finding
the good association beacons-angles (recall that the
beacons are unsigned) and in determining the proper
distances r1, ro and r3. The algorithm dealing with
this issue is not discussed here, but it works provided
the theodolite is not stopped on the cylinder generated
by the circle passing by the three beacons and normal
to the plane containing these beacons. This can be
shown by studying the observability of the following
system, defined from equation (20):

a=h(r) (22)

where the system output is @ = [a12, 23, 1] and
the state vector is r = [ry, 72, 73]t

The property of observability for a dynamical system
is related to the possibility to reconstruct the state
information given the inputs and outputs of the sys-
tem. In the specific case of static localisation using

theodolite, the problem is simple to study, since the
dimension of the output vector equals the dimension
of the state vector r. In this case, one simply finds the
non observable situations by checking the rank of the
jacobian matrix [%] Its determinant is given by the

following expression:

2 2, 52 2 .2, 2
ri—ratdi; ry—ritdi, 0
27y rir3
2 27 2 2 2, 2
A — 0 ry—T3tdy;  T3—rotdss (23)
’l“g’r’g T2T§
2 2, 2 2 279 2
T1*7"23+d31 0 T3*T1J2Fd31
rirs r3r?

In a frame denoted Fis3, the origin of which is the
centre of the circle of radius R passing through the
three beacons, and the z axis of which is orthogonal to
the plane containing these beacons, the homogeneous
co-ordinates of beacon By and the theodolite centre S
are given by:

123y, = [Rcos(6), Rsin(0y), 0, 1] (24)
123g = [pcos(f), psin(8), h, 1] (25)

Hence, we have:

r? = R4 p?>+h®—2Rpcos(f; —0) (26)
d;, = 2R*(1— cos(f; —6;)) (27)

With this choice of representation, the numerator of

determinant A is given after simplification by:

(R? — p?) (sin(0y — 0) + sin(By — 3) + sin(f3 — 61))”
(28)

which means that A = 0 & p = R, since 07 # 05,
92 7é 93 and 93 7é 91.

As a consequence, the whole set of non-observable po-
sitions with a theodolite is contained in the cylinder
generated by the circle passing through the three bea-
cons and orthogonal to the plane containing these bea-
cons, which means that near this cylinder, the accu-
racy of the estimation of the initial position falls dras-
tically.

4 Experimental results

4.1 The Sessyl station

To evaluate the LASERGUIDE performances, we have
used the SESSYL station, which is the localization sys-
tems test and research facility of the Laboratoire Cen-
tral des Ponts et Chaussées. Its main objective is to
support the research work and localization systems as-
sessments carried out in the field of site robotics and



Figure 6: The SESSYL station

dynamic positioning of construction equipment. Most
of land positioning systems, either static or dynamic,
can be evaluated on this bench:

e GPS receivers, absolute, differential and Real-
Time Kinematic,

e radio positioning systems using ground beacons,

e optical systems using laser triangulation, such as
the LASERGUIDE,

e levelling systems using laser plane, etc.

It consists of a closed track composed of a metal rail
fixed upon a concrete wall and a mobile carriage mov-
ing on it. The upper part of the carriage is a platform
which can be controlled in height, pitch and roll by
three jacks and which supports the tested localization
system.

The computation of the SESSYL reference trajectory
requires a static calibration. To this end, a SOKKIA
NET 2 theodolite was used to perform a static sur-
vey of 300 positions of the carriage around the track.
The curvilinear abscissa of each station (distance trav-
elled by SESSYL along the track from the origin of the
reference frame Fy) was also computed using the mea-
surements of the theodolite.

During a test, the following data are stored with a
frequency of 64 Hz:

e the position of the platform relative to the car-
riage (with three position transducers),

e the attitude of the platform (directly measured
with two inclinometers),

Degree of freedom  Amplitude Accuracy (£20)

T 81 m +5 mm
Y 16 m +5 mm
z 30 cm +2 mm
R 6° +0.07°
P 6° +0.05°
H 360° +0.1°

Table 1: Movement amplitude and accuracy of the
SESSYL station

e the distance travelled by SESSYL along the track
(with an encoder, the resolution of which is 3 mm,
and which is corrected every 10 to 15 m),

e the time (with one millisecond resolution).

Since the trajectory followed by the carriage is per-
fectly known, it is possible to reconstruct at each sam-
pling period the complete 3-D posture of the platform
in the reference frame Fy. Table 1 summarizes the
main features of SESSYL. For further details on this
station, the reader is referred to [9].

4.2 Tests and results

Although only three beacons are needed to localize the
mobile platform, a fourth one has been settled (see fig-
ure 7) and it is used in the positioning computations.
Several tests have been carried out. The data issued
by all sensors are recorded and post-processed so as
to compare the reference 3-D posture of the SESSYL
platform with its estimation by our 3-D localization al-
gorithm. The movements of the mobile platform have
been programmed as follows:

e tests 1, 2 and 3: one or two complete laps at con-
stant speed (10 cm/s) without height, gradient
and cross-fall variations,

e test 4: one complete lap without height, gradi-
ent and cross-fall variations, but with numerous
stops, so as to simulate the real motions of a paver
on site,

e tests 5 and 6: one complete lap at constant speed
with variations of the cross-fall angle,

e tests 7 and 8: variations of height and gradient
angle. The platform movements are programmed
so as to simulate a vehicle moving on a road with
a variable slope.



Figure 7: 3-D position of the SESSYL platform and
location of the four beacons for a test with height and
gradient variations

The first validation is to verify that the platform ro-
tation speed w is properly estimated by the EKF.
The comparison of the estimate @ with the output
of a fibre-optic gyro fixed on SESSYL shows that both
speeds are almost identical and confirms that, with the
LASERGUIDE, an encoder wheel is sufficient to evalu-
ate the 3-D posture of asphalt pavers.

The second validation consists in seeing to what extent
the positioning requirements defined in the framework
of the CIRC project are satisfied. To this end, the
following percentages have been calculated:

e estimations within the planimetric tolerance:
\/(ISessyl - -%)2 + (ySessyl - Q)Q < 3 cm,

estimations within the altimetric tolerance:
|ZSessyl - 2| <1 cm,

estimations within the R-positioning tolerance:
|RSessyl - R| S 0-107

estimations within the P-positioning tolerance:
|PSessyl - P| < 0-10;

fully satisfying position estimations,

fully satisfying attitude estimations,
o fully satisfying posture estimations.

Table 2 reports the positioning accuracy of the LASER-
GUIDE. Tests 4 and 8 excepted, more than 95% of
the estimated 3-D postures satisfy the requirements
defined by the end-users of a localization system for
asphalt pavers.

Test ay z R P zyz RP  all

1 99.7 99.6 985 99.6 994 98.1 97.7
99.7 100 98.7 99.9 99.7 98.6 984
97.8 100 99.1 99.9 978 99.0 96.8
99.6 998 984 959 994 945 94.3
99.3 99.7 985 993 99.1 979 974
96,9 99.1 98.8 99.8 96.0 98.8 95.0
99.7 984 99.7 981 983 979 96.9
96.0 999 989 99.2 959 983 948

0 O Ui Wi

Table 2: Percentages of estimations within the fixed
tolerances

Figure 8: 3-D position of the SESSYL platform and
location of the three beacons for the additional test.
The areas where the planimetric error exceeds 3 cm
are visible in the zy plane.

Yet, these performances can be drastically reduced in
particular conditions. The test presented in the fol-
lowing subsection illustrates this phenomenon.

4.3 Additional test

Our concern was to evaluate the EKF behaviour when
the asphalt paver moves through the cylinder prob-
lematic for the initial localization. To this end, three
beacons have been positioned so that the resulting
cylinder intersects the SESSYL track. As figure 8 testi-
fies, the positioning accuracy drops when the carriage
approaches the cylinder and the LASERGUIDE perfor-
mances are strongly degraded (see table 3).

To avoid such a phenomenon, one will have to make
sure that four beacons are always visible for the
LASERGUIDE and that these beacons do not belong
to the same circle.



Test zy z R P zyz RP  all

9 80.3 999 989 999 80.3 98.8 79.2

Table 3: Percentages of estimations within the fixed
tolerances for the additional test

5 Conclusion

In order to determine precisely and in real-time the 3-
D co-ordinates and spatial attitude of asphalt pavers,
a localisation system, which fuses by Kalman filtering
measurements issued by an odometer and an auto-
matic laser theodolite, is proposed.

Through the different experiments carried out with
the evaluation station SESSYL, it has been shown that
a second proprioceptive sensor was not necessary to
evaluate the rotation speed of the machine in the
rolling plane, since its estimation by the extended
Kalman filter precisely corresponds to the outputs of
a fibre-optic gyro fixed on the station.

Moreover, with this navigation algorithm, 95% of the
estimated postures meet the accuracy requirements,
namely £3 c¢cm in x and y, £1 c¢cm in z and +0.1°
in pitch and roll. As a comparison, the positioning
error of the previous method, based on quasi static
3-D localization, had for standard deviation ¢ = 4 cm
in x and y, and ¢ = 2 cm in z. We see that the im-
provement is really significant with only one additional
encoder wheel.
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