AN APPROACH TO UNDERWATER SLAM USING MECHANICAL SCANNING SONAR
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Abstract: This work aims to assess potentialitiesl dimits of a Simultaneous
Localization and Mapping (SLAM) technique in undater environments. Sonar data are
used to build environmental map in form of evidemg&l and information about the
vehicle’s attitude, coming from a compass, is iraggd in the process of matching local
maps. Performances of the proposed procedure heee tested in a pool and accurate
measurements have been taken in order to evaluatgitptively the results. Localization
errors for the position of landmarks and of theiglehturn out to be comparable with the
intrinsic uncertainty in sonar data.
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1. INTRODUCTION represented, in general, by means of feature maps.
Techniques based on the construction of evidence

The aim of this work is to assess experimentally grid and the use sonar in indoor environments are
potentialites and limits of a Simultaneous described in (Moravecet al., 1984), (Elfes, 1987),
Localization and Mapping (SLAM) technique (Elfes, 1989), (Martingt al., 1996), (Schultzet al.,
implemented in underwater environments by small 1998), while feature maps in indoor environmenés ar
class, cost-limited unmanned underwater vehicles. ysed in (Leonardcet al.,1992), (Schieleet al.,1994),
In general, the SLAM problem for an agent in an (Gutmannegt al.,1996), (Thrungt al.,1998).
unknown  environment consists in  building In our approach, we consider the situation in which
incrementally a map of the surrounding environment an underwater vehicle, actually a Remotely Operated
and in computing, simultaneously, its own location Vehicle (ROV), has to map a simple, static
on the map. This problem may be approached inenvironment and to localize itself in it. The sanso
several different ways, according to the sensoryused for exploring the environment is a mechanical
system of the agent, to the chosen representafion oscanning, single beam, imaging sonar mounted on
the environment and to other requirements andboard. This device provides a sort of acoustic Enag
constraints. In literature, approaches to the of the surroundings, since it measures the intgogit
underwater SLAM problem have been proposed inthe return signal from definite regions of the expt
(Leonard et al., 1995), (Newman, 1999), (Williams, area, giving more information than simple range
et al.,2000), (Tena Ruizt al.,2001), (Dissanayake, measurements. Sonar data are used to build
et al., 2001). The considered sensory system usuallyenvironmental map in form of evidence grid and
consists of sonar sensors and the environment isnformation about the vehicle’s attitude, comingrr



a compass, is integrated in the process of matchinghe imaging sonar, as a series of echoes, calles] bi
local maps, improving resolution and limiting each one coming from a region of space whose shape
computational burden. The environment is and dimensions depend on the shape of the emitted
represented by a grid map, as this choice allows toacoustic beam, on the distance and on other
exploit fully the available information and it fitgell parameters. In particular, in setting the operative
with its inherent discretization. conditions of the sonar, one can chose a maximum
In this paper, the experimental work initiated in range, that defines the extension of the region
(Conte, et al, 2006a), (Conteet al, 2006b) is  explored by a single ping, and a sampling resatytio
improved under some aspects. Sonar data processinthat defines the extension of the region origir@tn

is performed both at low level and at high logical bin in the direction of the beam. The number ofsbin
level in order toreduce the effect of noise, toidvo results in an obvious way. The value of intensity o
false echoes and to get more realistic maps of thehe echo depends on the presence of reflecting
environment. In addition accurate measurements ar@bjects and on their characteristics like substance
performed in order to evaluate quantitatively SLAM shape, roughness and it ranges from 0 (no retarn) t
results with respect to the actual position of 255. The characteristics of the available data, in
landmarks and of the vehicle. The performances ofparticular the fact that the position of a reflagti

the adopted procedure have been tested in a poabbject is quantized in relation to the chosen sargpl
with artificial landmark. resolution, fit well with the use of an evidencédgr
The localization and map building problem we map. The dimensions of the single cells in the grid
consider is illustrated in greater detail in Satt map are chosen according to the sampling resolution
where also the experimental apparatus is described@nd the information is obtained by interpreting the
briefly. Essentially, the ROV is assumed to take aintensity of the return echoes in terms of probgpbil
scan of the environment from its current positiod a  Of occupancy _ _

this is used to build a local map. Then, the ROV The sonar used in the experiments is a Kongsberg-
moves to a different position and it takes another Symrad MS 1000, with a head that generates a conic
scan. The last scan is matched together with thePeam having a width of 2.7°. This configuration has

previous one, updating the contained informatioth an beeln c}hlps?[ndsglceﬂt]he ixper;fr}nents arfe perforlrb@d in
allowing to build incrementally a global map. The pool of imited depth, where the use of a conicrbea

. ? ._allows to avoid reflection from the bottom and from
orientation of the ROV, and hence of the sonar, is

measured. during the scan. by a compass and thithe surface. The sonar head can mechanically scan a
. -d, aunng » Dy a compas. ' M3actor from 0° to 360°, with a minimum scanning
information is instrumentally used in dealing with

. ; . step of 0.45°. Contiguous acoustics beams may
the matching problem.By solving the matching partially overlap and this fact is exploited in

problem, the ROV localization problem is also reinforcing the information in the construction of
solved. The main idea we exploit here, is thetlaat  |ocal maps, as described in the next Section. The
acoustic images do not present perspectivetime required to scan a given sector depends on its
deformation, hence the matching problem is width and on the chosen range and sampling
consistent. The data processing, as well as theesolution. In order to assure a coherent inteapioet
procedure for building local maps and for matching of the acquired data, it is assumed that the vehicl
them together, so to construct a global map, aremotion during the acquisition phase is negligilse,
discussed in Section 3. Finally, some experimentalthat each single beam can be considered as
results in an emulation environment are shown in originating from the same point.

Section 4.

3. DATA PROCESSING AND MAP BUILDING

2. PROBLEM DESCRIPTION

The proposed SLAM technique is implemented by
The underwater environment we consider is assumedterating a series of operations which consist in:
to be static, so that relative distances betwegecth
in the scene do not change over time. The objectsl. constructing a local map (referred to the vehicle
that populate the scene are assumed to extend Point of view), using the information coming
vertically and to have a cylindrical shape, white t from the sonar;
ROV is supposed to move on an horizontal plane at
constant depth. This scenario models the situation 2. matching the actual local map against the global
which the ROV moves close to the piles which map obtained at the end of the preceding
Support an off-shore p|atform and it is asked tcp ma iteration, So to SatiSfy a best matching Condition;
the area and to localize itself. Since the regmie
mapped can be viewed as limited by two horizontal
planes and the objects are vertical cylinders, are ¢ 3. gluing the actual local map together with the
conveniently represent it by means of a two global map, according to the result of the

dimensional map. previous operation, so to evaluate the ROV
The information to be processed consists essegntiall ~ Position, and updating the information on the
of data collected from the sonar, while a compass i global map.

used to refer each sonar beam to the North. A ging o )
the sonar produces a return signal that is acquined At the beginning, when no global map is yet



available, the local map just constructed is ret@in Although the action of the logical filtering could
mask the presence of real objects, this negatieetef

3.1 Sonar data processing is of limited relevance in the construction of algl
map when several scans of the same region are taken

Before implementing point 1, raw sonar data are from different positions.

processed at low level and high level, in order to After the processing is completed, the resulting

reduce environmental noise (low frequency and highfiltered series of bins can be viewed as an aoousti

frequency noise), false returns due to the tramsienimage of the explored region.

behaviour of the ceramic transducer in the sonad he

and false (multiple) echoes (Newman, 1999), 3.2 Local map building

(Gambella, 2005). Figure 1 depicts a raw sonar

return signal by showing the intensity values af th After filtering, from the acoustic images that

series of bins corresponding to a single pinghia t correspond to each ping it is easy to construct a

case the range is 5m and the sampling resolutiorplanar, polar map, whose cells are determined &y th

0.1m. Raw data are processed in four different was.chosen scanning step and sampling resolution. The

First, an operation of masking is used to cancel th yalue of intensity of the return echo is associdted

influence of the transient behaviour of the ceramic gach cell and, in case of overlapping beams, the

transducer, which originates the high intensity \5i,e given to the cell is computed by a process of

rﬁturr;]s IOilr_1 th_e firstd bins. (‘jl’hen, an operatiolnlof weighed average. After normalization, the value
thresholding s used to reduce environmenta 0Wassigned to each cell may be interpreted as

frequency noise. The third step in the sonar dataprobability of occupancy.

processing Is an operation pf peak_ smoothing InUsing the information coming from the compass, the
order to remove large amplitude, high frequency . . . .
olar map is then converted into an oriented grid

noise. Finally, to remove false echoes from theason P S
data, an high level logical filtering is performéithe map, whose resolution is comparable, but may _be
filter we use is based on the fact that real otissac  different, from that of the polar map. Conversisn i
may give rise to a secondary acoustic image atsimply .made by Superposihg th_e polar map to .the
double distance from the sonar head. By thisgrid with the correct orientation (the grid is
observation, the implementation of the logicalefit ~conventionally assumed to be oriented towards
consists basically in detecting the first group of North), in such a way that the center of the polar
closely grouped bins which exceed a fixed thresholdmap, where the ROV is located, coincides with a
and in discarding the following ones. An example of conventionally chosen point.
the effect of the processing (masking, thresholding
smoothing and logical filtering) is shown in Figwte 3.3 Global map building and localization

o The next operation, corresponding to point 2 above,
is to match the local map against the global om¢ th
comes from the previous iteration. The occupancy

2501

seitl L Ll ol values associated to each cell, both in the lovdlia
_ : ol o2 the global map, are thresholded and binary quahtise
£ s || ; : — in order to retain only the relevant informatiordan
= : : P simplify the matching problem. In this way, one
e ; R f obtain two coarse maps, where free cells are given

ol the value 0, while occupied cells are given thei®al

: . 1. Matching is then performed by superposing the
; TT?M TT.T?.? Prcpccio® TT@W ; coarse local map onto the coarse global one in all
s Tl E gEE e s s 8 possible positions which respect orientation and in
Figure 1 - Raw sonar return signal. evaluating a functional which sums the products of
the values of corresponding cells. This procedare i
I S B e B justified by the fact that acoustic images, likesh
o f - obtained by the sonar, do not present perspective

deformation. Therefore, except for false echoes, du
to multiple refraction of the acoustic signal, and
_ : o environmental and sensory noise, acoustic images of
o G e A e S e s the same region, theoretically, match perfectly nvhe
) i e o S e v T they are correctly superposed. Maps can then be
: Do superposed in such a way to get the best matching
and the mosaic obtained by gluing them together in
. ; i the configuration corresponding to the best matghin
Ry e e ST G R represents a global map of the region.
" In our situation, the best matching of two coarse
Figure 2 —_Sonar retu_rn si_gna_l after low level and maps is obtained when the largest number of
high level logical filtering. occupied cells in the two grids coincides. False
echoes and environmental and sensory noise prevent,

P I L e

100 -

intensity

0 r

201




in facts, to have a perfect matching. Since the sampling resolution equal to 0.05m.
orientation of the maps is known, in looking foeth
best matching there are only two degrees of freedom
and the search is performed by shifting one map
horizontally and vertically over the other, in sugh :
way to have, at least, a partial overlapping. Tk

of matching is easily calculated by multiplying the

result is 1 if and only if both cells are occupi€d,
otherwise, so that the sum of the results is mawimu
in case of best matching.

After the best matching problem has been solved, th
two original maps at issue, that is those available
before thresolding and quantisation of the occupanc
values, are glued together in the configuration
corresponding to the best matching. Since the
position of the vehicle is know in each local mtqe Figure 3. Test area.

matching procedure allows one to plot the current

position of the vehicle, that is the position whére Figure 4 shows a thresholded and quantized version
last acquisition of acoustic data has been made, orof the global map obtained after iterating severes

the global map constructed so far. In additiom, th the procedure described in Section 3. Cells in the
occupancy values in the new global map can now bemap have dimension 0.05m 0.05m. Two of the
updated using the information contained in the lloca three object give rise to a set of closely grouped
map. For the cells which belong to both maps andoccupied cells, while, due to noise and false eghoe
overlap in the one obtained by gluing, the updatethe third gives rise to a scattered group.

procedure that has been implemented computes a
new occupancy value by means of the following
formula, whergg denotes the occupancy value on the
global map andl denotes the occupancy value on the
local one:

gnew:g+| _gXI-

It has to be noted that this choice is quite
conservative, since according to it the occupancy £ ooy
value cannot decrease. Although this can be usefu L e
to assure a safe naViga.tion, it is clear that after B e e et e e L e e e

several iterations the map may become inconsistent . i

Other strategies for updating the occupancy values [ e e S R

the global maps can however be chosen, according t § I

differnt objectives and constraints. 0 N R S S N N S S S
25 2 15 -1 0.5 1] 04 1 15 2 25

4. EXPERIMENTAL RESULTS Figure 4. global map after seven acquisition phase
o ] In order to evaluate quantitatively the performance

In order to Ilmlt_ costs, experimental tests of .the of the proposed procedure, an estimated position of
proposed technique have been performed in ape opjects has been computed by implementing a K-
circular pool (16m diameter, 1.4m depth) containing means clustering algorithm. In doing this, we have
a number of objects (obstacles or artificial ysed an a-priori information about the number of
landmarks), consisting of PVC pipes (20cm gpjects, that, in any case, does not play any irole
dl_ameter, 1.40m length) in vertical position (see the construction of the global map and in the
Figure 3). - localization of the ROV. The centroids of the cérst
The test environment turns out to be quite noisk d  are assumed to indicate the position of the ohjects
to multiple reflections, and, in spite of low level The various positions of the ROV during the
filtering, this may influence significantly the acquisition phases are indicated by small “x”.
performances. _ _ The object localization errors, namely the diffeen
Here, we report the results of one experiment inpetween the estimated positions of the objects and
which three objects have been considered and sevefhe measured ones, as resulting at the end of each

acquisition phases from different positions haverbe phase of acquisition and of map building, are plbtt
performed. The actual positions of the objectsaind Figure 5 - 7.
the ROV have been measured and the measurementgaple 1 allows one to compare the measured position

have been compared, as explained later on, with thgy; the ROV during each acquisition phase and the
estimated values. Acoustic data have been collecteGstimated one at the end of the phase.

setting the maximum range equal to 5m and thegrrors in the position of the objects remains



relatively small and their magnitude is comparable Moravec, H. P. and A. Elfes (1984). High resolution

with the chosen sampling resolution. The errohm t maps from wide angle sonaProceedings of the
estimated position of the ROV appears to be subject 1985 |IEEE International Conference on
to larger oscillations. Robotics and AutomatiorSt. Louis, Missouri,
USA.
4. CONCLUSIONS Newman, P. (19990n the structure and solution of

SLAM building problem PhD thesis. Australian
In conclusion, the proposed SLAM procedure has Centre for Field Robotics. Sydney, Australia.
been shown to be feasible and implementable on-lineSchiele, B. and J. L. Crowley (1994). A comparison

with a low computational burden. The results of position estimation techniques using
obtained in terms of localization of the objectd af occupancy gridsProceedings of the 1994 IEEE
the vehicle appear to be sufficiently accurate for International Conference on Robotics and
navigation in the test environment, although they a Automation pp 1628-1634. San Diego, CA
corrupted by noise. Further improvements will Schultz, A. C. and W. Adams (1998). Continuous
consist in modifying the updating strategy in ortter localization using evidence gridsProceedings
guarantee consistency of the global map over severa  of the 1998 IEEE International Conference on
iterations. Robotics and  Automation Philadelphia,
Pennsylvania, USA.
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Figure 6. Error in the coordinates of object 1. Figure 8. Error in the coordinates of object 3.
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Table 1. Measured (x,y) position and estimated
position of the ROV

meter

02 i i i i i
1 7 3 4 5 B 7 acqg.

1 0.53 0.9 0.53 0.90
AnqlisTId prise acq. 2 0.47 1.11 0.53 1.15

015 T j T g ‘ acqg. 3 0.49 1.27 0.48 14

: : ' ' acq. 4 0.82 1.21 0.63 13
5 acq. 5 1.05 1.21 0.58 1.15
g acq. 6 1.26 111 0.88 1.15
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acquisition phase

Figure 7. Error in the coordinates of object 2.



