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Sensor model for the navigation of underwater vehicles by thelectric
sense

Brahim Jawad*, Pol Bernard GossiauxgBeric Boyer, Vincent Lebastard,
Francesco Gomez, b Servagent, $phane Bouvier, Alexis Girin, and Mathieu Porez.

Abstract—We present an analytical model of a sensor for on the electric sense. They performed with their device an
the navigation of underwater vehicles by the electric sense. gutomatic detection of a sphere but it seems that their devic
This model is inspired from the electroreception structure of is more suited to the design of perception algorithm rather

the electric fish. In our model, that we call the poly-spherical than t imol tati isti t bot
model (PSM), the sensor is composed of n spherical electrodes. an to an impiementation on an existing autonomous robot.

Some electrodes play the role of current-emitters whereas others More recently, a new project was born called ANGELS
play the role of current-receivers. By imposing values of the (ANGUILLIFORM ROBOT WITH ELECTRIC SENSE)
electrical potential on each electrode we create an electric field which objective is to build an eel-like robot equipped with
in the vicinity of the sensor. The region where the electric field is electric sense. The ANGELS’ robot would be capable to
created is considered as the bubble of perception of the sensor. igat ina the electri d o divide itself ieise
Each object that enters this bubble is electrically polarized and F‘a‘{'Qa € using the electric sense a,n 0 '_V'. el se_ IS8
creates in return a perturbation. This perturbation induces a  individual modules for the exploration. As it is crucial filie
variation of the measured current by the sensor. The model is navigation to have a very low time response we develop in
tested on objects for which the expression of the polarizability is  ANGELS an analytical model for the sensor, that we called
know_r:.At\uniqudg ?ﬁt-liine Ca”bratign of thetpoiy'Sphelri‘?a' mOdeli the poly-spherical model. The poly-spherical model comes
ermits to predict the measured current of a real immerse RS .

gensor in aﬁ aquarium. Comparisons in a basic scene between f!'om the |nsp|rat|or! of the electror.ece.‘ptlve st.ructure e t
the predicted current given by the po|y_spherica| model and f|Sh. In faCt the Skln Of the eleCtI’IC f|Sh eXh|bS numerous
the measured current given by our test bed show a very electroreceptors of quasi spherical shape called the daepul
good agreement, which confirms the interest of using such fast of Lorenzini. These receptors are organized in a network of
analytical models for the purpose of navigation. very small dark spots and their function consists in meaguri

I. INTRODUCTION the voltage between the surface and an internal region. The

Li in the 1950's [1 he fi ._._poly-spherical model represents in a certain manner an elon
Issmann in the s [1] was among the first SC'em'StSated distribution of the ampullae of Lorenzini. The poly-

to clearly demonstrgte .the electric n:?\ture of the perCHpticEpherical model is composed pfspherical electrodes small

of the weakly eleciric fish. He and his group assessed tgiﬁough in comparison with their relative distance to preven
the electric organ discharges l?elong oa full ‘sensori mutual interference. To generate an electric field we
system gnd are used_for scanning the e_nV|r.onne,r,nent ose potential values on each electrode. The region where
for the interactions with the other electric fishes”. Afterthe electric field can sense a perturbation in the surrogsdin

this dispovery the scientist; beg'un to study in detai|§ hng called the bubble of perception of the sensor. Each object
the environment was electrically interpretated by theteilec that enters the bubble is polarized and creates in return a

fish. Brian Rasnow in 1996 [2] brought the first relation erturbation. This perturbation is interpreted as a viarat

petwefan SOme as pects of the _enwronment and the elect Fthe measured current by the receptors. To test our models
intensity distribution on the skin of the fish, that we call

o : ~we have built a basic robotic system. A sensor (see fig(2))
the electric image. He established a model that he derlv%ﬁh an insulating body of cylindrical shape is composed

from sim_ple electromagneti_sm co_nditions to study the eﬁe%f several ring-shaped electrodes in the mid part and two
of the distance and the dimension of a sphere placed |y i soherical shaped electrodes at the ends. The sensor is

”;]e vic;]nity ?f .the bﬁSh' His rs]imprl]e modfelhhelpled h|m ©held in an aquarium by a cartesian robot (see fig(5)) which
show the re ation etwe(_an t € shape o the electric IMage, ement can be controlled by the user. Our first objective
and the distance and dimensions of the spheres. Thou,

- : , I . s to predict the perturbation caused by the walls and the
it is applicable with restrictive conditions the model of P P y

R heloed th boti . h .~ corners while the sensor is moving in the aquarium. With the
asnow helped the robotic community to start the proje oly-spherical model we have achieved this goal. Though the

of k?und_mg_ a bio-inspired elec(;ncf f'SE robolt:e and tles; tIT) eometry of the real sensor was slightly different an ofélin

na\élga}u%n 'rr: a scdeng con&pose bo .spd eres. egen_ty bo ?ibration method of the poly-spherical model was suffitie

and al [3] have designed a robotic detection device asg, predict with accuracy the perturbation caused by the walls
This work was supported by the European project ANGELS (ANGu and the corners of the aquarium on the real sensor. Not only

form robot with ELectric Sense ) the walls but also other kind of objects response can be
B. Jawad is with IRCCYN, CNRS, Nantes, France.j i _ i i

br ahi m ] awad@r nes- nant es.  r mtegrated. S|mply_ by_the poly-spherical model. In the f!rst
P.B Gossiaux is with SUBATECH., Ecole des Mines de Nantes, agant Part of this contribution we present the general formalism

France.gossi aux@ri nes-nantes. fr of the poly-spherical model, the calibration method and its



application for the navigation in an aquarium. In the seconspherical electrodes small enough in comparison with their
part we present the comparisons between the predicteglative distance lead us to neglect these polarizabitigcts.
current perturbation and the real measurements perturbatigl) is valid in absence of objects. In the presence of objects
The predictions from the poly-spherical model are found tthe potential on the—th electrode becomes:

be in very good agreement with the measurements.

Il. THE POLY-SPHERICAL MODEL: GENERAL
FORMULATION, CALIBRATION AND APPLICATIONS

A. General formulation of the poly-spherical model

In [4] a model of a two spherical electrodes sensor wi
established under the gquasi-stationary regime of eleetgem

netism. Here we extend this model in the cas@ epherical

electrodes. A scheme of onispherical electrodes is depicted

in figure (1). The distanckp q between any electrode and
g is bigger than their radiua, andag. Imposing potentials

on each of the electrodes we create a current of electrical

charges flowing from the emittor to the receivers.

Emittor

o

Receivers

.....

st S G
L N N T
N NN T
b S

Fig. 1. On the top the poly-spherical model (PSM): the serssoomposed
of n spherical electrodes. Here we have one emittorranad. receivers. On
the bottom an image of an electric fish that generates curtier@s from

its tail. We can see a correspondance between the two images.

In absence of external objects the potential on pheth
electrode is deduced from the following relation:

Q. L Qq

- 4reap Armelpq

A )
g=1; o#p

WhereV,, is the potential on the electrode Q, and Qq
are the net charges located on the electrodesnd g, ap
andaq are the radius of the electrogeand the electrode,
€ is the electrical permittivity of the environment ahg q

is the distance between the electrquand the electrode.

n
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 4meap

Qq
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WheredV, is the perturbation due to an external object on
the electrodep. Let us focus for now on the situation where

4%e have not yet considered the existence of any exterior

object (1). Then we can express the currégftowing out of
the electrodey using the Gauss'’s integral theorem of Gauss
and local Ohm’s law:

lg=Ps,(7) = ys,(E)) = L,

= . —
where®sg, ( ] ) is the flow of the density curren} across
the boundary surfac; of the electrode, y is the electrical
conductivity of the medium an# is the electrical field on
the surface of the electrodg This leads us to express now
the potential on the electrodes as a function of the currents

®3)

n

Lo LI VA

=24 )
AT g fgsp ATTWpg

Vo

Calling Vg the potential on the electrodein absence of
object we have:

n

|
Vg = ] , (5)
P qu 4my(dpgaq+Lpg)

where p q is the Kronecker symbol which value is 1 if
p=q and 0O if p#q. Then the potential on electrogein
the presence of object is simply:

Wherevf,J is given by (5). Because (5) is valid for each
of the n electrodes we can rewrite it in an matrix form:

1
=— 7
amry )
WhereV is the vector of the imposed potentials on the
n electrodes and is the current vector composed of the
currents flowing to then electrodesR is a matrix ofnx n
dimensions defined by:

VO

1
_— 8
3ja +Lij ®)
The total current conservation in the quasi-stationary
regime states thay ,li = 0 with or without any object

in the medium. This means that we need only to measure
n—1 currents, the last one being a function of the others.

Rj=

At this point we have to mention that rigorously speakingf we use this time a current vectdr composed by the

additionnal terms that are proportionnal{@(z-)™, m> 1}

currents of then— 1 first electrodes one may writeas Pl

should be taken into account because of the existence WhereP is of dimensionsh x (n— 1) and can be defined as

polarization effects between electrodes even in the aleseinc | I,_15_1
exterior object. However the hypothesis we made of having J;,_1

} wherel is the identity matrix of dimensions



(n—1)x (n—1) andJ is a line vector of dimension n-1
defined byJ; = —1 Vi € {1,..,n—1}. Then we can write:
Vo— L Rpf )
4amry
Where this timd is the current vector of dimensian- 1
in the case we don’t have any object in the medium. To
convert potentials into voltages we multiphf® by a matrix
of dimGDSions(n_ 1) n defined as{ —]In_—l_,n—l Hn—l,_l ] Fig. 2. The sensor. Here the sensor has four electrodes. ifigeshaped
wherel is the Sam_e as used f@re_xcept itis—TandH is a electrodes in the mid part and two hemi-spherical shaped.retkm at the
column vector defined b, = 1 Vi ={1,..,n}. We remark ends.
that this matrix is the transpose efP and we will call it
—PT. This way we define the last electrode as the emitter
and the voltage between the emitter and any receivisr the measurements from the real sensor in absence of object
given by: because there is still the aquarium, the measurement can be
done using a house-code BEM (Boundary Elements Method)
Ul=v2-\0 vie{1,.,n-1} (10) simulator which takes into account the real geometry of the
, : : sensor. From our experience the simulator has proven many
F'T‘a”-‘/ we can deduce from above considerations t_hﬁmes its ability to reproduce with a very good precision the
relat|on_ between voltage_s and currents for the poly-sphkri measurements obtained by the real sensor. One can find the
model in absence of objects: principles of the BEM in [6] for example. In the figure (3)

0 1 - the BEM is compared with the experiment while the sensor is
U=~ ——P'RPI (11) " moving from one wall to the opposite wall in the aguarium
4ty g pp q .
Then when the sensor approaches an object an add 620

term dR is added toR and the poly-spherical model in t

presence of object becomes: gm’ 7
)

1 ~ 3 610 g
U%=———PT(R+6R)PI 12 5
2P (R+3R) a2 ¢
"4

@

=}

@
T
I

To simplify the expression we introduce :

@
k=]
(==

4 = 0.4

0.3 -0.2 -0.1 0 0.1 0.2 0.3
1 T 1 T Position of the robot relatively to the center of the aquarium (m)
R3sy = ——P'RP, dRpsy = —-—PT6RP  (13)

Ay amy Fig. 3. Comparison between the BEM and the experiments for sosen
h 0 is th . . v f di of two electrodes that is moving from one wall to the oppositdl i the
W er? RESM Is t e reS|§tance matrix usual y oun Inaquarium. The BEM simulator (squared line) reproduces witly ymod
electrokinetics, of dimensiongn— 1) x (n— 1) given by accuracy the measurements from the sensor (solid line) (sefteletails).

the poly-spherical model in absence of object &y =
R3s\ + ORpswm is the total resistance when the sensor is After having adjusted the conductivity in the BEM to the
approaching an object. The expression that we will use isxperimental value at the accuracy level of 1%we obtain a
the following is: superimpositon of the two resistance curves calculateu fro

. the BEM (dashed line) and measured from the experiment

[ = SpsmU° (14) (solid line). The very accurate predictions from the BEM
Eermit to use it as a reference for the calibration. The
calibration consists in finding the best valuesRygy, i.e.
the best values of the radsi; and distances.pq between
B. The calibration using the BEM simulator the spherical electrodes to have the same measurements as

As one can see in fig(2) it is not exactly the geometry of e>_<perimental conditions. The simplest way to proc_eed is to
the poly-spherical model. The sensor is of cylindrical ghapCf-line calculate once for all the conductance masewm
and is composed of several ring-shaped electrodes in the nifyen by the BEM simulator in absence of objects and to use
part and two hemi-spherical shaped electrodes at the ed§dor finding the best values od, and Lpq. By imposing
while all the electrodes being separated by insulatinggube’0ltage U between the emitter and tfre—1 receivers the
Nevertheless we can calibrate our poly-spherical model fimulator permits to obtain the currergem . According to
order to have the same measured currents as for the rifd Ohm’s law the conductance mat®sewm is defined as
sensor. To perform this we need only the current measurl¥ inverse of the resistance:
from the real sensor in absence of the object for all possible
independent voltage configurations. As we cannot reallg tak Isem = Ssem U, (15)

Where Spg)y is the conductance matrix and is defined a
the inverse oRpgy.



With n— 1 voltages re- configurations in the fornutY) = on the geometry of the obstacle. For a navigation in an
(1,0,...,0),U® = (0,1,0,...,0),...,U™Y = (0,...,0,1) one aquarium we have a number of reflections equal to the
can simply deduce each colun8agwm (:,j) of the conduc- number of walls and corners. To simplify the problem we
tance matrixSgem by writing : Sgem (5,j) = Sgem Ul =  will reduce the movement to a bi-dimensional navigation in
Ig)EM wherel(’)M are the currents obtained once we imposéhe mid-plane(O,x,y) with O the center of the aquarium
the voltageug . Following these previous notations we cann order to neglect the influence from the top wall, the top

write Sgem: corners as well as the bottom corners and the bottom wall.
With these conditions we reduce the number of reflections to

— 1O (2 (n—-1) . inci ians |

Seem = [ 18, ‘ 12, ‘ ‘ 14 } (16) 8 for each electrode. In principle the number of refectians i

infinite because each reflection generates its own reflection
After Obtaining the conductance matrix from the Simulatorand so on...Nevertheless due to the rapid decrease of the
we have to find the optimal equivalent quantity in theapplied field by the sensor which is proportionnal 4¢
framework of the PSM in absence of object from (13) angyherer is the distance between the sensor and any external
(14) asSPgy = (REgy) 1 As SPgy is a function of the radii  gbject we just take the 8 first reflections, i.e. the 4 primary
ap and the distancels,  we can find the best values of thesereflections from the walls and 4 secondary reflections from
parameters by minimizing with the least mean square meth@ge corners. Each reflected charge is a linear function of the

the following criterion: real charges then the perturbation from the walls and the
corners is encoded idRpgy that is given in (13) where
Trace(Ssem — Sey)? ORpsu admits two contributionsdRpy,, from the walls
M@,...,an,L12,...,Lh—1n) = T > and 0Rgg), from the corners . The expression of these new
race(Seem) two matrix are based on similar calculations that lead to (8)

except that now we have to deal with the orientatiormnd

In the case of a two electrodes sensor we do not need an) .
o . n=2 : tancesX andY of the sensor relatively to the walls and
criterion. Since the conductance matBxgm is reduced .
the corners (fig4).

to one value. Imposing the length of the model sensor to
be equal to the length of the real sensor, i.e. 20 cm, we
simply find the equivalent electrode radiagwe assume by
symetry reasons that the two electrodes have the same)Yadius }K)
by solving the equatioBpsy™ 2 = Sgem"2. We find here ® x

a~ 0.71cm. In the case of the four electrodes sensor the O/d Wall x+
BEM gives the following conductance matrix: ! Y

X A

, [ 71970 27412 —22540 o
Seew"* = 70o [ —27412 76781 26875
_22540 —2.6875 76781 s :

For symetry reasons we reduce the number of parameters ‘
to 4: the two exterior electrodes have the same raaiuthe -
two inner electrodes have the same radiysthe distances Fig. 4. The poly-spherical model (PSM) in th f thead

. . 1g. 4. € poly-spnherical mode In the presence O aum:
Li2 anq L34 are equal tde a_md.the_ d|3tance2~,?{ is equal the perturbation stemming from the walls and corners are pratated
to L;. Finally, applying the criterion in (17) we find that the according to the method of image charges by electrical reflesti The
best parameters ag = 0.72 cm,a = 0.74 cm, L. = 7.85 frame of reference of the plan navigation(i®,x,y) with O the center of
. ' ’ ' ' th ium.
cm andL; = 7.69 cm With (e, @, Le, L) ~ 4.48x 1075 © aguarium

C. Applications : navigation in an empty aquarium According to (13) we can write for the walls contributions
In this section we will give an example of applicationdRBs), = —%,TVPT5RWP with :

of the PSM for the navigation by the electric sense. Our

first objective is to apply the poly-spherical model for the

+(X) — 1
navigation in an empty aquarium. Let us consider a sens 5R)i(~fj (*) = \/(2x+<L- i —L)cos(a))2+((L' —L; )Sin(a))2
with n aligned spherical electrodes not too close to prevenj _ e 1 M
any mutual influence. When the sensor is moving in th 5RIY.J ()= ] 2 2
aquarium the walls and the corners add a perturbation o \/(2Y+("‘~1+LJ~1_")S'”(“>) +H(Liaty yeos@))

the electrodes. This perturbation is encoded in the @ | R (X) = OR (—(La—X))

of (6). One way to express the perturbation with spherica 5R}’T Y) = 6R|>’_]f(—(La—Y))

electrodes is to use the method of image charges [5]. This

method is not of universal use but it proves to be very Where 5R§f*,5R{*,5F§f},6R,—y; are the contributions to
efficient when it can be applied. According to this methodhe resistance matriaR" stemming from the walls located

each electrode has a certain number of reflections dependiigx = 52, y = %2, x = —% andy = -2 with ORY; =



5F§X++6Rly +0R} +6Ry L is the length of the sensor in dRpsm (section I1.C). We made the comparisons for
and Ly is tﬁe value of each side length of the aquariumone trajectory that is simply a straight movement from one
Writing this timedREgy, = — PTéRcPthe influence from wall to the opposite wall ay = 0. Let us begin with the
the corners can be expressed as well: two electrodes sensor. With the parameters obtained by the
calibration in the case of the two electrodes we obtain the
results of figure(6).

5R,§Ty*(x7v) =

SRV (X,

1
\/(2><+(Li'1+LJ-Vl—L)cos(a))2+ (2Y+(Li~1+Lj,1—L)sin(a))2
=R (~(La—X).Y)
SRV (X, Y R“y X),—(La—Y))

8R4 (XY) = SR Y (X, (Lo Y))

WheredR' Y™, 3R ¥* 5RX - 6R,X+y are the contribu-

=)
S
S

-
a
=}
T
I

-

=]

S
T

tions to the resustance matraSRC stemmlng from the corners

located at %2, %2), (—%2,%),(—t2, —t2) and(te, - t2) with
?Fer y+ 2 +y—

OR?; = OR 7"+ 0R | +6R,X +6R|X . The total per-

turbation from the aquarium |6RPSM = 5RP$M+ ORE -

Resistance (Ohms)

=2}

a1

=}
T

N

%

4

-0.3 -0.2 -0.1 01 02
Position of the robot relatively to the center of the aquarium (m)

0.4

The total resistance is now the addition of the resistance _ o
RgSM when there is no object (13) aniRpsy when the Fig. 6. Comparisons between PSM (solid line) the real data€ddine)

. and the BEM (dashed line) with the measured conductivitye axfsa two
influence of the walls and corners can not be neglected. electrodes sensor in a straight movement from one wall to thesitgpwall.
I1l. COMPARISON WITH THE REAL MEASUREMENTS

_ In fig(6) one can see the increase of the resistance while
A. the set-up and the experimental protocol

the sensor is approaching one wall. With the measured
We have conceived a simple robotic device. A sensor onductivity of 3541S/cm the relative error between BEM
immersed in an aquarium of &® volume and is moving and PSM is about.@2% whereas the relative error between
horizontally thanks to a cartesian robot. In the figure (5) wéhe measurements and the model are abo06%. The
can see the cartesian robot and in the figure (2) the typicadnductivity is a physical parameter that is very difficult to
geometry of the sensor. measure with good precision. Applying a correction on the
conductivity value corresponding to the decrease .66%
of the measured conductivity we obtain the figure (7).

800,

? |° .
£ 750" a A
e
e
8 700 .
c
o]
i
8650 1
12
o "
%4 -03 -02 -01 02 03 04
Fig. 5. The cartesian robot. The robot permits a movement in dndmal Position of the robot relatively tO the cemer of the aquarium (m).
plane with precision equal to 0.1 mm.
Fig. 7. Comparisons between PSM (solid line), BEM (dashed) lthe

_ . . . real data without conductivity correction (dotted line)ahe real data with
The precision of the robotic displacement is 0.1 MMenquctivity correction (squared line): case of a two etdis sensor in a

The relative precision of the current measure .i3596. The straight movement from one wall to the opposite wall.

reference of the acquisition card is DS2004 dSpace. What

we do is to impose potential on each electrode. Usually we In the strategy of avoiding walls by the electric sense one
choose one electrode at the tail as the emittor, the othean see clearly that the poly-spherical model is reliabl&aén
electrodes are used as receivers. The current is then flowingse of a two electrodes sensor. However one can also see
from the emittor to the receivers. The measurements ateat the two electrodes sensor doesn't permit to distitiguis
given in the frame of referend®, x,y) with O the center of between a wall that is rather close to the head than a wall that
the aquarium. is close to the tail, a limitation that is overcame for exagnpl

. i by the four electrodes sensor.
B. the comparisons results for a dipolar sensor

We present the comparisons between the measured cr- the comparisons results for a quadrupolar sensor
rents and the predicted currents by the PSM (14) using two Now we compare the measurements with the PSM model
sensors: a two electrodes sensor and a four electrodeg.senisothe case of a four electrodes sensor. The advantage of the
The perturbation stemming from the aquarium is encodedur electrodes sensor is among other aspects the capability



to distinguish between an object that is situated ahead and V. CONCLUSIONS AND FUTURE WORKS
an object that is situated behind which is something that conclusions

basically a two electrodes sensor cannot do. I'n f|gure.(8) We have presented a model that we called the poly-
we have represented the evolution of the resistance in a

. . .. spherical model for the navigation of underwater vehicles
case of a four electrodes sensor. According to the callhuratl% the electric sense. The model is analviical which makes
parameters we found in section 11.B the relative mean err Y ‘ y

(o) . . N
between the BEM and PSM is abouB@% and the relative it convenient for real time navigation. We have tested the

error between PSM and the measurements33%. Again model in an empty aquarium and we have showed that it was

this error is mainly due to the error in measuring thefound in very good agreement with both the simulator and the

conductivity. By applying a correction factor on the measlr experiments provided we slightly adjust the conductivitgtt

conductivity corresponding to the decrease @&7% of the appears as a simple factor parameter in the model. Avoiding

measured conductivity we obtain the squared curves in tr\]Na”S can be achieved with great success with a simple two

e?ectrodes sensor but the localization of the wall relative

figure (8). The r_eader can see that with a foyr electrodelgg the head or the tail of the sensor demands a sensor with
sensor we can distinguish between a wall that is approached

by the tail (here the emitter) or a wall that is approached bmore electrodes what we showed with the four electrodes

the head (here a receiver). In fact while approaching the |e¥ensor.

wall (negative positions in fig(8)) the resistance from botB. Future Works
the second and third electrodes increase whereas it desreas 14 overcome the problem of the uncertainty of the con-

while approaching the right wall. One can see a dncferenC&uctivity measurement we will build in the next future a

in the slope of the curves between the PSM and the reglsor equipped with a conductivymeter. We plan to divide
measurements for each electrode in fig(8) when the Sensgi; ejectrodes in several groups to perform a lateral detect
is close to the walls. The reason comes from d|fferencea§,]d to adapt the poly-spherical model to this new sensor
between the geometry of the real sensor and the PSM. J:'Bnﬁguration. We plan also to multiply the number of

fact the best parameters we found for the calibration of thg . trodes and to improve the analytical model in order to

4 electrodes lead to have a model sensor with length equaliQ; ithin next months some navigation strategies fortiobo

Li+2Le = 23.39cm which is bigger than the real length of the, se i case of scene containing simple shaped objects inside
sensorL = 20cm. Nevertheless for resolving the front-reag, aquarium.

ambiguities during navigation the PSM is reliable enough.
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Fig. 8. Comparisons between PSM (solid line) the BEM (dasliee) |
the real data without any conductivity correction(dottete) and the real
measurements with conductivity correction (squared linasecof a four
electrodes sensor in a straight movement from one wall to thesiigpwall.
The comparisons were performed for the first electrode (blue)stcond
electrode (red) and the third electrode (green). The topdigorresponds
to the case when the tail (here the emitter) is close to thenalftwhereas
the bottom figure corresponds to the case when the head (heceizer)
is close to the right wall.



