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Abstract
Weakly electric fish generate an electric field by discharging an electric organ located on the tail region. An object near the
fish modulates the self-generated electric field. The modulated field enables the fish to perceive objects even in complete
darkness. The ability to perceive objects is provided by the electrosensory system of the fish. Electroreceptors distributed
on the fish’s skin surface can sense the modulated field, on the basis of transdermal voltage across the skin surface, called
electric images. The fish can extract object’s features such as lateral distance, size, shape, and electric property from an
electric image. Although previous studies have demonstrated the relationship between electric-image features and object’s
distance and size, it remains unclear what features of an electric image represent the object’s shape.Wemake here a hypothesis
that shape information is not represented by a single image but by multiple images caused by the object’s rotation or fish
movement around the object. To test the hypothesis, we develop a computational model that can predict electric images
produced by the rotation of differently shaped objects. We used five different shapes of resistive objects: a circle, a square,
an equilateral triangle, a rectangle, and an ellipsoid. We show that differently shaped objects of a fixed arrangement generate
similar Gaussian electric images, irrespective of their shapes. We also show that the features of an electric image such as
the peak amplitude, half-maximum width, and peak position exhibit the angle-dependent variations characteristic to object
rotation, depending on object shapes and lateral distances. Furthermore, we demonstrate that an integration effect of the peak
amplitude and half-maximum width could be an invariant measure of object shape. These results suggest that the fish could
perceive an object shape by combining those image features produced during exploratory behaviors around the object.
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1 Introduction

Weakly electric fish generate an electric field by discharging
an electric organ (EO) located on the tail region. Wave-type
electric fish have a quasisinusoidal, wave-type electric organ
discharge (EOD), and pulse-type fish have a pulse-type EOD
separated by intervals. Objects with electric properties dif-
ferent from those of surrounding water modulate the electric
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field around the fish body (Lissmann andMachin 1958). The
electroreceptors distributed on the fish’s skin surfacemonitor
the state of the electric field modulation, on the basis of the
spatio and temporal patterns of transdermal potential pertur-
bation called by electric images. The electroreceptor system
allows the fish to detect, identify, and localize an object in its
environment even in complete darkness (Bastian 1981;Heili-
genberg 1991; von der Emde et al. 1998). To understand the
mechanism of electrolocation, we need to know the profiles
of an unperturbed electric field around the fish body and of
fields perturbed by objects.

Electric images generated by an object depend on the
object’s features such as distance, size, shape, and electric
properties. The fish can detect such object’s features from the
electric image. Experimental studies have demonstrated how
electric images are modulated by these object’s features. The
electric organ discharges and the electric fields perturbed by
spherical objects weremeasured by previous studies (Bastian
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1981; Rasnow 1996; Rasnow and Bower 1996; Assad et al.
1998). Assad et al. (1999) showed that the lateral distance of
a spherical object can be determined by the relative width of
electric image, irrespective of the sphere’s size. Object size
can be determined unambiguously from the relative width,
the sphere’s impedance, and the peak amplitude of an elec-
tric image (Rasnow 1996; Assad et al. 1999). Moreover, in
the pulse-type fish, G. Petersii, the maximum slope normal-
ized by the maximum amplitude has been shown to be a
useful measure to represent objects distance (von der Emde
et al. 1998). In terms of the discrimination of object’s capac-
itance, von der Emde (1998) demonstrated the dependences
of the peak amplitude and phase shift of an electric image on
object’s capacitance. Furthermore, recent studies have shown
that the pulse-type fish,G. Petersii, can discriminate between
differently shaped objects (von der Emde and Fetz 2007; von
der Emde et al. 2010). However, it remains unclear what fea-
tures of an electric image represent object’s shape.

Modeling study plays a complementary role in under-
standing the relationship between object’s features and
electric-image features because it is difficult to accurately
measure the electric field around a fish body and electric
images in an experimental setting. Some modeling and the-
oretical studies have shown the electric fields induced by
resistive objects (Heiligenberg 1975; Hoshimiya et al. 1980;
Bacher 1983; Rasnow 1996; Caputi et al. 1998; Assad et al.
1999; Rother et al. 2003; Migliaro et al. 2005; Chen et al.
2005; Babineau et al. 2006, 2007). These studies revealed
the geometry of an unperturbed field and the dependences of
the peak amplitude andwidth of an electric image on object’s
distance and its size. We also offered a computational model
that can predict the phase and amplitudemodulations of elec-
tric images generated by objects with complex impedance
(Fujita and Kashimori 2010). To our knowledge, our model
was the first to show the phase modulation of electric images
besides the amplitude modulation in a wave-type fish. Fur-
thermore, a mathematical model was proposed for active
electrolocation of the fish (Ammari et al. 2013), and stud-
ies on robotics inspired by electric sense demonstrated that
active sensing of sensor robots enables these robots to accu-
rately estimate the location and size of objects (Solberg et al.
2008; Alamir et al. 2010; Boyer et al. 2012, 2013; Boulier
2013; Bai et al. 2015; Lanneau et al. 2016; Bazeille et al.
2017; Lanneau 2017) and their capacitive properties (Bai
et al. 2016). In addition, sensor robots can also electrolocate
an object using electro-navigations and exploratory behav-
iors, controlled by a Kalman filter (Lebastard et al. 2012,
2013) and other algorithms (Lebastard et al. 2016; Bazeille
et al. 2018). For motion-controlled systems equipped with
electric sense, see the short review (Boyer and Lebastard
2018). However, there are few modeling studies that aim to
elucidate how weakly electric fish perceive object’s shapes
in the natural environment.

In this study, we examine what features of an electric
image represent object’s shape. We assume that weakly elec-
tric fishmayperceive anobject’s shapeusingmultiple electric
images caused by rotation movement of the fish around the
object. We investigate the multiple images generated by an
object rotation, instead of rotation movement of the fish
around the object. The multiple images are produced for
various angles made by the orientations of an object and
the electric organ. We developed a computational model for
electric fields generated by the rotation of differently shaped
objects. Square objects and an equilateral-triangle one were
used to investigate the effect of corner angle on the elec-
tric image produced by these objects. Also, two elongated
objects, a rectangle object and an ellipsoidal one,were used to
investigate how elongated shapes affect the electric images.
We show that electric images elicited by objects have simi-
lar Gaussian shapes, independently of their shapes. We also
show that the maximum amplitude, relative width, and peak
position of the electric image exhibit the angle dependences
characteristic to the rotations of differently shaped objects.
Furthermore, we demonstrate that an integration effect of the
peak amplitude and half-maximumwidth could be an invari-
ant measure for shape discrimination.

2 A computational model for calculating an
electric field

2.1 Amodel of fish body and a nearby object in a
water tank

Figure 1 shows a model of the fish body and a nearby object
in a water tank. The electric fish and the nearby object were
put in the two-dimensional rectangular water tank. The size
of the water tank was 700 mm×500 mm. The fish body was
approximated as a rectangle object (200 mm × 8 mm). The
model of fish consists of the interior tissue of the fish body,
the skin with a high resistivity, and the electric organ con-
structed with an electric dipole. Each of the three domains
has a uniform resistivity. The resistivity of the interior tissue
and the skin is 0.1 and 120 k� · cm, respectively. The resis-
tivity of water is 3.8 k� · cm. These values are the same as
those used in the previous studies (Hoshimiya et al. 1980;
Fujita and Kashimori 2010). Although the skin also has a
capacitive component (Hoshimiya et al. 1980), we ignored
the capacitive current across the skin because the resistive
current across the skin is sufficiently large compared with
the capacitive current. Similarly, the capacitive components
of other domains were neglected because the capacitive cur-
rent makes little contribution to the total current. The dipole,
shown by the open circles in Fig. 1, has the radius of 1 mm
and is represented by the two poles located at (370 mm, 254
mm) and (430 mm, 254 mm), where the origin of the coor-
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Fig. 1 Model of a weakly electric fish and a nearby object in a water
tank. The fish was put on the center of the water tank whose size is
700×500 mm. The fish body is approximated with a rectangular shape
with the size of 200 × 8 mm, and an electric organ located in the cau-
dal region is modeled with a dipole depicted by the small open circles.

An object is placed on a rostro-caudal location and at a lateral distance.
The object is rotated in the counter-clockwise direction, and the rotation
angle is measured with reference to the arrangement that a sideline of
the object, facing the fish boy, is in parallel with the longitudinal axis
of the fish body

dinates is defined by the position of the lower left corner of
the tank. The electric potentials of the two poles were set
at ±12.5 mV (Hoshimiya et al. 1980; Fujita and Kashimori
2010) andwaskept constant. Thedipole generates the electric
field around the fish body. Moreover, the boundary condition
was determined so that the electric potential converges to an
asymptotic value of 0mV at the four boundaries of the water
tank.

Also, we used only resistive objects that have five object’s
shapes, or square, triangle, circle, rectangle, and ellipse. The
resistivity of the objects is 1.0×10−4 �·cm.Although plastic
objects are commonly used in the experiments of electroloca-
tion, they generate electric images similar to those generated
by metal objects, except for the opposite changes in electric-
image amplitude to those of metal objects (Chen et al. 2005).
Thuswe consider only the electric images generated bymetal
objects.

2.2 Amathematical model of an electric field around
a fish body

We present here a computational model for calculating the
electric field generated by the weakly electric fish and the
fields modulated by an object. In a natural environment, it
is difficult to accurately measure the electric field gener-
ated by the fish and those modulated by an object. Thus
modeling study provides a complementarymethod for under-
standing the geometrical property of the electric field around

the fish and the relationship between the modulation of
electric field and object’s features. Previous studies have
developed computational models for calculating the electric
field and investigated the properties of the unperturbed field
and of the fields modulated by an object (Heiligenberg 1975;
Hoshimiya et al. 1980; Bacher 1983; Rasnow 1996; Caputi
et al. 1998; Assad et al. 1999; Rother et al. 2003; Migliaro
et al. 2005; Chen et al. 2005; Babineau et al. 2006, 2007).
There are also a theoretical study (Ammari et al. 2013) and
studies on robotics inspired by the electric sense (Solberg
et al. 2008; Alamir et al. 2010; Boyer et al. 2012, 2013;
Boulier 2013; Bai et al. 2015, 2016; Lanneau et al. 2016;
Bazeille et al. 2017; Lanneau 2017). Of these models, the
finite-element method (FEM) has been used to calculate the
electric field perturbed by the fish and an object because
this method is easily tractable for electric field calculation
(Heiligenberg 1975; Hoshimiya et al. 1980; Chen et al. 2005;
Babineau et al. 2006, 2007; Fujita and Kashimori 2010).

The electric field of the water tank including an electric
fish, E, is determined by Ohm’s law:

E = ρ j , (1)

where E is electric field, j is current density, and ρ is resis-
tivity. Because of E = −∇V , the potential V is given by

∇V = −ρ j . (2)
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(a)
(b)

Fig. 2 a Mesh space formed for the computation of electric field. The
mesh space consists of triangle elements of various sizes. The square
object has each side of 30 mm and has only a resistivity. b A triangle

element and a given point within the triangle element. Electric potential
at the point (x, y) is calculated by a linear interpolation of the electric
potentials at the three points, (xi , yi ), (x j , y j ),and (xk , yk)

We solve Eq. 2 to obtain the electric potentials at all loca-
tions in the water tank.

We used the FEM to calculate the electric field generated
by the fish and the field perturbed by a nearby object. Because
Eq. 2 is similar to the heat spread equation, we are easily able
to apply the FEM to the electric field calculation. The cal-
culation of the electric field by the FEM consists of three
calculation stages; preprocessing, processing, and postpro-
cessing.

2.3 Preprocessing

In preprocessing, we make a mesh space to solve Eq. 2 deter-
mining the electric potential in the water tank including the
fish and an object. The space of water tank is discretized by
many elements and is converted to a mesh network. We used
an open free soft, Free FEM++, to make the mesh network
in the water tank. Figure 2a shows a mesh space in the water
tank including the fish and a nearby square object. The mesh
space nearby the fish and the object has the dense distribu-
tion of smaller sizes of the element, while that far away from
the fish and the object is constructed with the sparse distribu-
tion of large sizes of elements. The mesh space is shaped for
each rotation of an object. The mesh space by the FEM++
is made by a self-organized process based on the geometry
of an object and gives accuracy enough for the calculation of
an electric image of a rotated object because the mesh space
is formed based on the lines of different angles composing
the rotated object. On the other hand, the mesh spaces com-
posed of well-used mesh units such as homogeneous square
and triangle units do not have enough accuracy for object
rotation.

2.4 Processing

In processing, we calculate the potentials of all nodes of
the mesh. The nodal potential is defined by the vector,

{V } = {V1, V2, . . . , Vi , . . . , VN }T, where Vi is the poten-
tial of the i th node. The nodal potential, V , is determined by
the following equation:

[K ]{V } = {0}, (3)

where [K ] is the N ×N conductivity matrix. The vector, {0},
means that the total electric current flowing to each node is
zero. The elemental [K ]e matrix for the eth triangle element
can be written as

[K ]e =
⎡
⎢⎣

Ke
ii K e

ji K e
ki

K e
i j K e

j j K e
k j

K e
ik K e

jk K e
kk

⎤
⎥⎦

= t

4A

⎧⎨
⎩kx

⎡
⎣

b2i bi b j bi bk
bi b j b2j b j bk
bi bk b j bk b2k

⎤
⎦

+ky

⎡
⎣

c2i ci c j ci ck
ci c j c2j c j ck
ci ck c j ck c2k

⎤
⎦

⎫⎬
⎭ , (4)

where the i th, the j th, and the kth nodes compose a triangle
element, kx and ky are electrical conductivity [�−1mm−1]
of the triangle element, t is the thickness of the element, and
bL and cL(L = i, j, k) are constants for a given triangle
element. In this study, we set t = 1 mm. We obtain kx =
ky = 1/R, where R is resistivity. A is defined as

2A = det

⎡
⎣
1 xi yi
1 x j y j
1 xk yk

⎤
⎦

= (xi y j − x j yi ) + (x j yk − xk y j ) + (xk yi − xi yk), (5)

where bL and cL(L = i, j, k) are denoted by

bi = y j − yk; ci = xk − x j ;
b j = yk − yi ; c j = xi − xk;
bk = yi − y j ; ck = x j − xi ;

. (6)
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We explain the relation between K and Ke using the fol-
lowing example. In the example, the mesh consist of two
triangles. The triangle elements 1 and 2, respectively, have
the nodes i = 1, j = 2, k = 3 and i = 2, j = 3, k = 4. The
elemental [K ]1 and [K ]2 are denoted by

[K ]1 =
⎡
⎣
K 1
11 K 1

21 K 1
31

K 1
12 K 1

22 K 1
32

K 1
13 K 1

23 K 1
33

⎤
⎦

and

[K ]2 =
⎡
⎣
K 2
22 K 2

32 K 2
42

K 2
23 K 2

33 K 2
43

K 2
24 K 2

34 K 2
44

⎤
⎦ .

We obtain the conductivity matrix [K ],

[K ] =

⎡
⎢⎢⎣
K 1
11 K 1

21 K 1
31 0

K 1
12 K 1

22 + K 2
22 K 1

32 + K 2
32 K 2

42
K 1
13 K 1

23 + K 2
23 K 1

33 + K 2
33 K 2

43
0 K 2

24 K 2
34 K 2

44

⎤
⎥⎥⎦ .

Thus, the element of the conductivity matrix Knm is summa-
tion of Ke

nm .
We obtain the nodal potential by solving this multi-

dimensional simultaneous linear equations (Eq. 3). Details
of the derivation of these formula are shown in Lewis et al.
(2004).

2.5 Postprocessing

In postprocessing, we calculate the electric potentials of all
locations in the water tank using a linear interpolation based
on the results calculated by the processing. The potential at
the position (x, y) within the triangle element constructed
with the three nodes i , j , and k, shown in Fig. 2b, is denoted
by

V (x, y) = α1 + α2x + α3y. (7)

The polynomial is linear in x and y, and contains three coeffi-
cients, α1, α2, and α3. Since the triangle shown in Fig. 2b has
the three lines connecting the three nodes, the coefficients,
α1, α2, and α3, are determined by

α1 = 1

2A
[(x j yk − xk y j )Vi

+(xk yi − xi yk)Vj + (xi y j − x j yi )Vk], (8)

α2 = 1

2A
[(y j − yk)Vi + (yk − yi )Vj + (yi − y j )Vk], (9)

α3 = 1

2A
[(xk − x j )Vi + (xi − xk)Vj + (x j − xi )Vk]. (10)

With these equations, we can obtain the electric potentials at
all positions in the water tank. The spatial resolution was set
at 0.5 mm.

2.6 Electric image

Electroreceptors monitor the state of electric potential mod-
ulations, on the basis of spatio and temporal changes of
transdermal potential across the fish skin, called electric
images. The fish can detect an object from the difference
between transdermal potentials in the presence and in the
absence of an object. The transdermal potential along the
rostro-caudal axis x , Vtr(x), is the difference between exter-
nal and internal potential, denoted by

Vtr(x) = Vext(x) − Vint(x), (11)

where “ext” and “int” indicate the exterior and interior bound-
aries of the fish’s skin, respectively. Then the electric image,
Vimg(x), can be calculated by

Vimg(x) = V obj
tr (x) − V noobj

tr (x), (12)

where V obj
tr (x) and V noobj

tr (x) are the transdermal potentials
in the presence and in the absence of an object, respectively.

3 Results

3.1 Geometry of electric fields modulated by fish
body and an object

Figure 3a shows the electric field around a fish body in the
absence of an object, or the basal (unperturbed) potential
field. The field has a positive and a negative area that are
divided by zero-isopotential lines. The sign of the field poten-
tial is alternatively changed with a sinusoidal oscillation of
dipole charges. The potential field around the fish body was
modulated by an electric property of the fish body. The cal-
culated field potential reproduces several qualitative aspects
shown in the previous modeling studies (Heiligenberg 1975;
Hoshimiya et al. 1980; Assad et al. 1999; Chen et al. 2005;
Babineau et al. 2006) and the experimental studies (Bastian
1981; Rasnow andBower 1996; Assad et al. 1998; Chen et al.
2005); rostrally extended potential and homogeneous poten-
tial in the rostral side. Figure 3b, c shows the electric field
evoked by a square object with the rotation angle of 0◦ and
that generated by the square object rotated by 30◦, respec-
tively. These objects, respectively, evoked local modulations
of electric fields characteristic to the object’s orientation. Fig-
ure 3d, e shows the differences between the electric fields
generated by these objects and the basal potential. These
objects produced local modulations of the electric field in
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Fig. 3 a–c Electric fields around a fish body. a Unperturbed field. b, c
Electric fields perturbed by a square with the rotation angle of 0◦ (b)
and that rotated by 30◦ (c). The square object has each side of 30 mm.

d, e Potential differences between the unperturbed field and the fields
modulated by the unrotated square object (d) and that rotated by 30◦
(e)

front and back side of each object, depending on the object’s
orientation.

3.2 Characteristics of electric images elicited by
differently shaped objects

Figure 4a shows the electric images elicited by three objects
of different shapes, placed at five different distances lateral
to the fish body surface. The lateral distance is defined by
the minimum distance between an object and the fish body
surface, as shown in Fig. 1. The objects used were a square
object of 30 mm each side, an equilateral-triangle object of
30 mm each side, and a circle object of the diameter of 30
mm. The center of mass of each object was placed at the
rostro-caudal position of 50 mm. The electric images evoked
exhibited slightly distorted Gaussian shapes independently
of the object’s shapes. The corners of the square and trian-
gle objects have different sharpness, but yielded the similar
“blurred” images irrespective of object’s shapes, in contrast
to inputs in visual systems. This indicates that the difference
in object’s shapes is not explicitly reflected by the difference
in the shape of a single electric image. The peak amplitude of
the electric images was significantly reduced for the lateral
distances of 10–40 mm, while it was gradually decreased for
the lateral distances larger than 40 mm. The peak amplitudes
for the lateral distances of 40 and 50 mm were extremely
small compared with that for the distance of 10 mm. On the

other hand, the peak position of electric images was differ-
ently shifted depending on these object’s shapes: the circle
object, placed at different lateral distances, almost unchanged
the peak position corresponding to the center position of the
object, whereas the square and triangle objects produced the
peak shifts toward the caudal side of fish body, reducing
with the increase in lateral distances. These shifts may be
caused by some feature of object’s shape. The square and tri-
angle objects have a corner orienting toward the electric organ
located in the caudal region, which makes a dominant contri-
bution of electric image formation. As a result, the presence
of the corner yields the caudal shifts of the peak position. In
contrast, the circle lacking such a corner does not evoke the
caudal shift. Figure 4b shows the electric images distributed
on the fish body surface in the case where the three objects
were placed at various rostro-caudal locations. The rostro-
caudal location was measured from the edge of fish’s head,
as shown in Fig. 1. An object was put at the rostro-caudal
location that corresponds to the center of the object. The peak
positions of electric images elicited by the circle object nearly
matched the object positions except for the caudal shifts for
the object positions of 10 and 20 mm. The caudal peak shifts
could be due to the edge effect of the head region. In contrast,
the peak positions of electric images generated by the square
and triangle objects were more shifted toward the caudal side
because of a corner orienting to the electric organ. Figure 4c
shows the effect of object size on the electric images. The
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Fig. 4 Effects of lateral distance, rostro-caudal location, and size of
objects on electric images. a–c Electric images evoked by objects of
three different shapes under different conditions. These curves in a–c
were calculated with the step of 1 mm in rostro-caudal location. In a
and b three objects were used: a circle with the diameter of 30 mm, a
square with each side of 30 mm, and an equilateral triangle with each

side of 30 mm. In a the lateral distance was varied under the condition
that the object center was fixed at the rostro-caudal location of 50 mm,
and in (b) the rostro-caudal location was varied under the condition that
the lateral distance was fixed at 20 mm. In c the object size was varied.
The lateral distance and the rostro-caudal location were fixed at 20 mm
and 50 mm, respectively

peak amplitude increased monotonically with increasing the
object size, irrespective of object’s shape. The peak locations
of the electric images elicited by the circle object remained
almost unchanged, while the peak locations evoked by the
square and triangle object were more shifted toward the cau-
dal side with increasing the object size. These shifts are due
to the corner effect similar to the effect discussed in the peak
shifts for lateral distance. The decrease in the object size led
to a reduction in the peak shift because the corner effect is
weakened.

Figure 5a, b shows the dependences of the peak ampli-
tude and half-maximum width (HMW) of electric images on
object size, respectively. The peak amplitude and HMW are
key features determining the Gaussian modulation. Objects
of three different shapes were used andwere placed at the lat-

eral distance of 20mm. The increase in object size caused the
increases in the peak amplitude and broadness in the elec-
tric images. The change of object size provided the linear
dependences on these features, irrespective of object shape.
Figure 5c, d, respectively, shows the effects of lateral distance
on the peak amplitude and HMW of electric images, pro-
duced by three different object shapes. The peak amplitudes
generated by the three objects were exponentially decreased
with increasing the lateral distance, and then they appeared
to converge asymptotically to the value of 0. At the lateral
distances larger than 40 mm, the peaks elicited by the three
objects were significantly smaller than that at the lateral dis-
tance of 10 mm, and came closer to each other, implicating
that it would be difficult to discriminate between the circle,
square, and triangle shapes. Also, the HMW elicited by the
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Fig. 5 Effects of object size and
lateral distance on the peak
amplitude and half-maximum
width (HMW) of the electric
image. a, b Object size. c, d
Lateral distance. Three different
shapes, circle, square, and
triangle, were used. In a, b
object size was varied under the
condition that the lateral
distance is 20 mm and the
rostro-caudal location is 50 mm.
In c, d the lateral distance was
varied under the condition the
rostro-caudal location is 50 mm.
The diameter of the circle and
the side length of the square and
the triangle are 30mm
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Fig. 6 Electric images generated by the rotation of two objects. a A
square object with each side of 30 mm and b an equilateral-triangle
object with each side of 30 mm. The objects were put at the lateral

distance of 20 mm and rotated around the object center located on the
rostro-caudal position of 50mm. The numbers in the upper right in each
panel represent the rotation angles

circle object was linearly increased with increasing the lat-
eral distance, while the HMWs evoked by the square and
triangle objects exhibited bilinear dependences of HMWs
on object size. The increase in the lateral distance caused a
significant broadness of the electric images. At the lateral
distances larger than 40 mm, the electric images have the
HMWs larger than 70 mm, spreading over the almost entire
rostral area. Thus the electric images at the distances larger
than 40 mm have smaller peaks and broader widths, making
it hard for the fish to discriminate between object’s shapes.
The results are consistent with the behavioral study showing
that a weakly electric fish is hard to discriminate between a
small and a large cube and between a cube and a pyramid for
the lateral distances larger than 40 mm (von der Emde et al.
2010).

3.3 Dependence of electric-image features on
rotation angles of an object

Weakly electric fish change their location and orientation in
exploratory behaviors. The behaviors enable the fish to gen-
erate multiple electric images necessary for discrimination
of an object’s shape. We consider here the effect of object
rotation on electric images because object rotation is rela-
tive to the rotation movement of the fish. Figure 6a, b shows
the electric images evoked by rotations of a square and an
equilateral-triangle objects, respectively. These objects have
the side length of 30 mm, and the location of their center
of mass is the rostro-caudal location of 50 mm. Each object
was rotated around the center of mass under the condition
that the minimum distance between the object and the fish
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Fig. 7 Angle dependences for
normalized peak amplitude of
electric image and their first
derivatives in the rotations of
two square objects.
Dependences are shown for four
lateral distances of 10, 20, 30,
and 40 mm. a, b Square with
each side of 20 mm, and c, d
that with each side of 30 mm. e
Orientations of the square object
generated by three rotation
angles
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body surface was kept constant. The rotation of the square
object by 90◦ returns it to the initial form without rotation,
and the rotation of the equilateral triangle by 120◦ returns it
to the initial form. The rotation of the two objects provided
Gaussian modulations of electric images irrespective of the
rotation angle, whereas the peak position and peak amplitude
changed depending on the rotation angles.

Figure 7a, c shows the effects of rotations of two square
objects on the peak amplitude of electric images. These
objects had each side length of 20 and 30 mm and were
placed at four different lateral distances. The peak amplitude
for a distance was normalized such that the maximum peak
amplitude has the value of 1.0. The peak amplitudes for the
two square objects exhibited the similar dependences for the
rotation angles: they decreased for the rotation angles of 0◦ to
a certain angle between 60◦ and 70◦, and then increased for
the further increase in angles. The dependence of peak ampli-
tude ismainly due to a corner of the square which is closest to
the electric organ and directed to the organ. The spatial rela-
tion between the locations of an object and the electric organ
is shown in Fig. 1. The peak amplitude has the maximum
value when the rotation angle is 0◦ because the corner A is in
the closest distance from the electric organ and is directed to

the organ, as shown in Fig. 7e. The peak amplitude is almost
unchanged in the rotation of 0◦–20◦ because the corner A is
still close to the organ. The further rotation up to 75◦ allows
the corner A to move far away from the organ and its direc-
tion to deviate from that to the organ, thereby occurring the
attenuation of the peak amplitude.Object rotation from75◦ to
85◦, on the other hand, increased the peak amplitude because
the corner B, adjacent to the corner A, approaches the initial
position of the corner A, as shown in Fig. 7e. Furthermore,
the dependence curves had the properties characteristic to
lateral distance. Especially, the dependence for the distance
of 10 mm exhibited a ‘convex–concave’ curve, and the con-
vex profile was reduced with increasing the lateral distance.
Moreover, the peakmagnitude of troughs in these curves was
significantly decreased for the lateral distance of 10 mm, and
gradually decreased for the distances larger than 20 mm. The
rotation angle at which each curve has the minimum value
was slightly shifted to a lower angle with increasing the lat-
eral distance. The first derivatives of these peak-amplitude
curves are shown in Fig. 7b, d, respectively. Except for the
lateral distance of 10 mm, the derivatives increased for the
range of 0◦–20◦, and then remained almost unchanged up to
the angle of 60◦, and increased for further increase in angle.
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Fig. 8 Angle dependences for
normalized peak amplitude of
electric image and their first
derivatives in rotation of an
equilateral-triangle object. The
triangle with each side of 30 mm
was rotated around the object
center located at the
rostro-caudal position of 50
mm. The electric images are
shown for four lateral distances
of 10, 20, 30, and 40 mm. The
panels, a–c are shown in the
similar way to Fig. 7

0 20 40 60 80 100

Rotation (degree)

−0.06

−0.04

−0.02

0.00

0.02

0.04

0.06

0.08

0.10

F
irs

t d
er

iv
at

iv
e

0 20 40 60 80 100 120

Rotation (degree)

0.5

0.6

0.7

0.8

0.9

1.0

P
ea

k 
am

pl
itu

de

(a)

(c)

(b)
mm
mm

mm

mm

0° 30° 60° 90°

For the distance of 10 mm, the peak amplitude decreased
linearly up to a certain angle of around 60◦, and then rapidly
increased.

Figure 8a, b shows the dependence of the peak amplitude
on rotation angle of an equilateral-triangle object and the first
derivative of the dependence curves, respectively. The object
was placed at four different lateral distances. The peak ampli-
tudes in Fig. 8awere normalized in the similar way to Fig. 7a,
c. The curves of the peak amplitudes andderivatives exhibited
different dependencies from those of the squares. The peak
amplitudes were gradually increased for the angles of 0◦–40◦
and showed the steep decreases up to a certain angle nearly
100◦, and then were steeply increased. The triangle object
exhibited a strong convex–concave profile for the lateral dis-
tance of 10 mm. The profile was also held for the increase
in the lateral distance, although the profile was weakened
with the increase in distance. The derivatives showed grad-
ual increases for the angles of 0◦–10◦, and then decreases up
to a certain angle nearly 90◦, and then the steep increases.
The dependence of the peak amplitude can be explained by a
corner of the trianglewhich is closest to the electric organ and
directed to the organ. The peak amplitude increased for the
rotation angles of 0◦ to 40◦ because the corner A is closer to
the electric organ andmore oriented to the organ, as shown in
Fig. 8c. The object rotations by 40◦ to 105◦ further reduced
the peak amplitude, as the corner A moves far away from
the organ and its direction is largely deviated from that to the
organ. The peak amplitude increased againwhen the cornerB
is approaching the initial position of the corner A, as shown
in Fig. 8c. The crucial difference in the angle dependence
between the derivatives elicited by the squares and the trian-
gle is the changes for the angles of 20◦–60◦ when the objects
were placed at the lateral distances larger than 20mm: almost

unchanged patterns evoked by the squares and the decreased
patterns elicited by the triangle. The convex–concave profile
of the squares appeared for the closest distance and this pro-
file disappeared for further increase in the distance, whereas
the profile of the equilateral triangle was held for different
distances. The difference may be caused by the difference of
the object’ shape; the convex–concave profile of the squares
is more weakened for further increasing the distance because
the corner angle of the square is not acute. On the other hand,
the profile does not disappear because the acute corner angle
of the triangle causes a more rapid change of the effective
area that makes a dominant contribution of electric image
formation. Hence the convex–concave curve may be a char-
acteristic profile for objects with acute corner angles.

Figure 9a shows the angle dependences of HMW of elec-
tric images for the rotations of the two squares and the
triangle. Thewidths evoked by these objects showed the simi-
lar dependences on the rotation angle. For the lateral distance
of 10mm, theHMWs evoked by these objects decreasedwith
the increase in the rotation angle, and then unchanged, and
then increased with further increasing the rotation angle. The
increase in each HMW formed a peak of the curve or a bump.
The bump evoked by each object appears at the specific angle
that gives the minimum value of the peak amplitude. Fur-
ther increase in the lateral distance showed the dependence
similar to that for 10 mm but produced a weaker depen-
dence of HMW on the rotation angle. Figure9b shows the
rostro-caudal shifts of the peak positions elicited by the three
objects. The three objects gave the similar shifts in combina-
tion with the changes of the respective peak amplitudes: the
peak positions moved to the caudal side with increasing the
rotation angle, and then moved to the opposite side, and then
to the caudal side for further increase in rotation angle. Thus,
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Fig. 9 Dependences of HMW and peak position of the electric image on rotations of three objects. The HMW (a) and peak position (b) were
calculated under the same condition as in Figs. 7 and 8
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Fig. 10 Integration effects of the peak amplitude andHMWof the elec-
tric images for three objects. IE means the integration effect, given by
themultiplication of normalized peak amplitude and normalizedHMW.

The IEs of the three objects have the angle dependences specific to the
object shapes, irrespective of lateral distance

the changes of HMW and peak position provide the similar
patterns irrespective of object shape but the bump of HMWs
and the shift change of the peak position occur at an angle
specific to the shape of each object.

Figure 10 illustrates the integration effects of peak ampli-
tude and HMW for three objects. The effect is represented
by the multiplication of the changes of the peak amplitude
and HMW during an object rotation and indicates the degree
of which the change of the peak amplitude is correlated with
that of HMW. In the multiplication in each rotation of an
object, the values of HMW shown in Fig. 9a were trans-
formed to the values relative to themaximum value of HMW,
and the normalized values were multiplied by the values of
peak amplitude shown in Figs. 7 and 8. The two squares with

different sizes yielded “U-type” dependences on the rota-
tion angles irrespective of variations of the object’s size and
lateral distance. The integration effects for the two objects
decreasedwith increasing the rotation angle, and then had the
minimum at a certain angle nearly 45◦, and then increased for
further increase in the rotation angle. The integration effect
for the triangle object, on the other hand, exhibited “convex–
concave”—type dependences irrespective of lateral distance,
as shown in Fig. 10. The rotation of triangle object main-
tained a large integration effect up to nearly 45◦ and then
decreased with increasing the rotation angle and gave the
minimum value at 90◦, and increased with the object rota-
tion returning to the initial form. Thus the integration effects
of these objects exhibited the angle dependences character-
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Fig. 11 Movements of weakly
electric fish during exploratory
behavior. A fish approaches a
target object and performs a
rotation movement around the
object to have multiple electric
images for different
“electrosensory views”. The
behavior for a square (a) and an
equilateral-triangle object (b).
The dashed arrows indicate the
directions of the corner that is
closest to the electric organ. The
electric image is enhanced when
the corner is oriented to the
organ (“1” and “3”) and reduced
when it moves far away from the
organ (“2”)

(a)

(b)

istic to object shapes, indicating that the effect could be an
invariant measure for information of object shapes.

The results by object rotations in our model suggest
that the fish may utilize their rotation movement around a
target object in order to generate multiple electric images
required for discrimination between object shapes. The tem-
poral course of the image features at various angles produced
by movement could be essential for the extraction of shape
information. Movement of weakly electric fish is known to
play important roles in the enhancement of image signal
(Heiligenberg 1975; Assad et al. 1999; Chen et al. 2005),
formation of electrosensory flow (Engelmann et al. 2008),
and separation of a tiny target object from background scene
(Babineau et al. 2006). Experimental studies have demon-
strated a rotation movement of mormyrid fish in probing acts
of a target object (Toerring and Belbenoit 1979; Toerring and
Moller 1984). In the rotation movement, the fish maintain
characteristic distances from the object, consistent with the
situation of our model in which an object is rotated in such
a way that the minimum distance between an object and the
fish skin surface is maintained. The fish approach a target
object and then change their position and orientation accord-
ing to their rotation movement, as shown in Fig. 11a. The
effect of the object on the electric image varies depending
on the relative angles made by the orientations of the object
and the electric organ. The effect increases when a corner of
the object is oriented toward the electric organ (“1” and “3”
in Fig. 11a), and it reduces when the corner moves far away

from the organ (“2” in Fig. 11a). The exploratory behavior
for an equilateral triangle is also similar to that for the square
object, as shown in Fig. 11b.

3.4 Modulations of electric images for rotation of
elongated objects

Figure 12a, b shows the electric images generated by the rota-
tion of a rectangular and an ellipsoidal object, respectively.
The rectangular object has the side lengths of 40 and 10 mm
and the ellipsoidal object has the long axis of 40 mm and the
short one of 10 mm. These objects were initially arranged in
such away that the long axis of these objects is in parallelwith
the longitudinal axis of the fish. This arrangement is defined
as the rotation angle of 0◦ and both objects are returned to the
initial forms by the rotation of 180◦. These objects, placed
at the lateral distance of 20 mm, produced slightly distorted
Gaussian images for each lateral distance. The peak ampli-
tude of electric image elicited by the rectangle object was
increased with increasing the rotation angles of 0◦–90◦ and
then decreased for further rotation (95◦). The ellipsoid pro-
duced the increase in the peak amplitude for the rotations of
0◦–75◦, and then the reduction for further rotation (90◦).

Figure 13a, b shows the dependences of the peak ampli-
tude of the electric image on the rotation angle of the
rectangular and ellipsoidal objects and the first derivatives
of the dependence curves, respectively. The peak amplitude
was normalized in the similar way to Fig. 7. For the rectangle

123



Biological Cybernetics (2019) 113:239–255 251

Fig. 12 Electric images
generated by the rotation of two
elongated objects. a A
rectangular object with a side
length of 40 and 10 mm, and b
an ellipsoid with the long axis of
40 mm and short one of 10 mm.
Rotation angles were varied in
the range of 0◦ to 95◦ (a), and in
that of 0◦ to 90◦ (b)

(a) (b)

Fig. 13 Angle dependences for
normalized peak amplitude of
electric image and their first
derivatives in rotations of two
elongated objects. a A
rectangular object. b An
ellipsoidal object. These objects
are the same as those used in
Fig. 12. The dependence is
shown for the lateral distances
of 10, 20, 30, and 40 mm
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object, the peak amplitude was increased by the rotation of
0◦–90◦ and then decreased and further increased rapidly just
before the object is returned to the initial form. The increase
in the peak amplitude in the range of 0◦–90◦ approaches a
linear dependence as the lateral distance is increased. There
was also a discontinuous change in the dependence curve of
the peak amplitude, characterized by ‘tent’ shapes, as shown
in Fig. 13a. A tiny deviation from 90◦ induces the discon-
tinuous change between the increase and decrease in the
peak amplitude. By contrast, the ellipsoid showed the depen-
dence different from that of the rectangle object, as shown in
Fig. 13b. The peak amplitude increased up to about 75◦, and
then decreased, and further increased just before the object
returns to the initial form. The dependence showed a non-
linear shape, or ‘a convex–concave’ shape. The maximum
and minimum angles were almost unchanged for different
distances. The derivatives also showed nearly linear depen-
dences of rotation angle for different distances. Furthermore,
the dependences of the peak amplitude for the ellipsoidal

object had no discontinuous point, in contrast to the depen-
dences of the rectangle object. The presence of corners or
rounded edges in the elongated objects may determine the
dependence of the peak amplitude on the rotation angle.

Figure 14a shows the effects of the rotations of the rect-
angle and ellipsoid objects on the HMW of electric images.
For the rectangle object, the dependence of HMW for the
distances of 10 and 20 mm remained almost unchanged for
0◦–150◦ and showed a bump in the range of 150◦–180◦. The
dependence for the lateral distances of 30–40 mm provided
the dependences different from those for the distances of 10
and 20 mm. The ellipsoid showed the dependences similar to
the rectangle object but bump disappeared. The changes of
the peak position for the rotation of these objects are shown
in Fig. 14b. The rotation of the rectangle object caused the
peak shifts toward the caudal side for the angles of 0◦–25◦,
and then those toward the rostral side up to a certain angle
around 150◦, and those toward the caudal side for further

123



252 Biological Cybernetics (2019) 113:239–255

Fig. 14 Changes of HMW and
peak position for rotations of a
rectangle and an ellipsoidal
object. a HMW. b Peak position.
The changes are shown for the
lateral distances of 10, 20, 30,
and 40 mm. The HMW and peak
position were calculated under
the same condition as in Fig. 13
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Fig. 15 Integration effects of
the peak amplitude and HMW
for two elongated objects. The
integration effects, IEs, show the
angle dependences characteristic
to the two object shapes,
independently of lateral distance
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rotation. The ellipsoid also showed the peak shifts similar to
the rectangle object.

The integration effects for the rectangular and ellipsoidal
objects are shown in Fig. 15. These objects caused, as a
whole, “inversed-U” type dependences on rotation angles,
although a small increase appeared in the right side of
each of the dependence curves. The rectangle object had
the maximum integration effect at the angle of 80◦, and
the ellipse object allowed the maximum effect to shift
toward a lower angle. The difference in the angles may
come from the difference in object shapes of whether
the object has corners or rounded edges. Thus the inte-
gration effects of the elongated objects provide the angle
dependences specific to object shapes, supporting the idea
that the effects could be an invariant measure for shape
information.

4 Discussion

To study the electric-image features critical for shape dis-
crimination of objects, we made a hypothesis that shape
information of an object is not represented by a single electric
image but by multiple images caused by the fish move-
ment around the object. To test the hypothesis, we developed
a computational model that can predict the electric field
around a weakly electric fish and the electric images for
the rotation of differently shaped objects. We found three
main results. First, objects of different shapes exhibit similar
Gaussian shapes in single electric images and provide little
significant difference in the images. Second, the rotations of
these objects produce various changes in the peak amplitude,
HMW, and peak position of images, specific to geometric
features of objects such as acute corners, rounded edges, and
spatial anisotropy. These changes depend on the distance and
size of an object. Third, despite the various changes of such
features of an electric image, the integrated effect of the peak
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amplitude and HMW provides an angle dependence charac-
teristic to each object’s shape, indicating that the effect could
be an invariant measure for discriminating between objects
of different shapes. Thus shape information may be deter-
mined through an active behavior of the fish such as rotation
movement around an object. The shape discrimination based
on ’blurred images’ in the electrosensory system is in con-
trast to that based on accurate images in a visual system,
but it is similar to visual recognition in the sense that object
information is represented by multiple images produced by
different viewpoints.

In the studies of electrolocation, it is important to eluci-
datewhat features of electric images represent object features
such as distance, size, shape, and electric property. The rela-
tionship between object’s distance and its size and electric
image has been investigated by modeling studies (Rasnow
1996; Assad et al. 1999; Chen et al. 2005) and behavioral
study (von der Emde 1998). In a wave-type fish, the rela-
tive width of electric image changes depending on the lateral
distance of an object, but it remains constant for various
sizes of the object (Assad et al. 1999). In a pulse-type fish,
the maximum slope normalized to the maximum amplitude
in electric images is shown to be an essential feature for
determining object’s distance (von der Emde et al. 1998).
In contrast, there has been so far no detailed studies on
difference in electric images of differently shaped objects.
Although preliminary studies have been made, the relation-
ship between object shape and electric image still remains
unclear. Schwarz (2000) measured one-dimensional cross
sections of electric images of objects of different shapes
(cubes, spheres, and pyramids), but found no unambigu-
ous cues that encode object shape. Also, the ability to
discriminate between differently shaped objects has been
demonstrated in a two-alternative, force-choice procedure in
a pulse-type fish, G. petersii (von der Emde and Fetz 2007;
von der Emde et al. 2010). The behavioral study suggested
that the fish are able to link local features of an electroloca-
tion pattern to represent object’s shape. In the present study,
we have shown that the peak amplitude, width, and peak
position of electric images over the object’s rotation have the
angle dependences depending on objects’ shapes and lateral
distances, and offered that the integration effect of the peak
amplitude and HMW in object rotation could be an essen-
tial quantity for discriminating between differently shaped
objects. The features of electric images and the integration
effect, presented here, may provide clues for analyzing the
results of physiological and behavioral experiments for shape
discrimination.

Movement of fish plays an important role in object percep-
tion in electrolocation because sensing is an active process.
Some forms of body movement are used to shape sensory
input. Tail-bending behavior enhances spatial contrast of a
target signal (Heiligenberg 1975), and helps separate object

shape from position (Bacher 1983). The specificmovements,
caused by a tail-probing behavior of the Eigenmannia, mod-
ulate the amplitude of an object image, allowing the fish to
disambiguate the image features (Assad 1997). Moreover,
back-and-forth movement nearby a target object contributes
to the separation of a target signal from the signal of a large
object such as rocks and the river bottom (Babineau et al.
2007). Recent studies demonstrated that a pulse-type fish,
G. Petersii, utilizes sensorimotor integration of the electric
flow (electrosensory input patterns) to detect object distance
(Hofmann et al. 2013, 2017). Furthermore, the experimental
study of the fish, G. Petersii, showed that movements of the
fish in backgrounds enable object discrimination up to a far-
ther distance (Fechler and von der Emde 2013). Clarke et al.
(2014) found a role of motion reverse in contrast coding of
an object in the electrosense of gymnotiform fish, Apterono-
tus leptorhynchus. Our model incorporates the rotation of
objects of different shapes, and shows that the rotationmove-
ment of the fish around an object may be utilized to produce
multiple electric images necessary for shape discrimination.
Rotation movements are observed in probing acts of a tar-
get object in mormyrid fish (Toerring and Belbenoit 1979;
Toerring and Moller 1984). Moreover, behaviors other than
the rotation movement may also contribute to shape discrim-
ination. In our model, an acute corner of equilateral triangle
generates the similar angle dependences of the peak ampli-
tude of electric image for different lateral distances, while
the corner effect of a square reduces with increasing the dis-
tance. This suggests that looming and receding motions may
provide a cue of whether an object has an acute corner. In
addition, contrast enhancement of image features, caused by
back-and-forth movement, may be also involved in shape
discrimination. The coupling of several movements appears
essential for discriminating object shape, in addition to dis-
tance and size.

Several models have been developed to study the elec-
tric fields involved in active electrolocation. They are based
on analytical methods (Bacher 1983; Rasnow and Bower
1996; Assad et al. 1999; Chen et al. 2005), Finite-difference
methods (Heiligenberg 1975; Caputi et al. 1998; Budelli and
Caputi 2000), 2D-Finite ElementMethods (FEM) (Heiligen-
berg 1975; Hoshimiya et al. 1980; Babineau et al. 2006),
and the Boundary Element Methods (BEM) (Assad 1997;
Assad et al. 1999; Rother et al. 2003; Migliaro et al. 2005).
Thesemethods showed the electric-image features represent-
ing object distance, size, and impedance. However, there are
fewmodeling studies for electric images generated by differ-
ent object shapes. The presentmodel is based on our previous
model (Fujita and Kashimori 2010), but the mesh space can
be formed in a self-organized manner to obtain the accurate
solution of electric fields for any shape of object. Besides,
as mentioned in the model section, our model can obtain
efficiently accurate solution by solving directly a large size
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of simultaneous equations for the electric potentials of the
meshes. Our model provides a systematic method for solving
accurate solution of the electric fieldwhen the geometry of an
object and the environment are given. However, we have sev-
eral issues to be considered. First, our model is a 2D-model
and not a 3D-model. 3D-FEM simulation requires a large
amount of computation and thus is not practical. 2D-FEM
model is easily tractable and can catch the essential property
of the electric images caused by differently shaped objects.
Second, we used a rectangular shape of fish. Previous studies
examined electric images using themodelsmimicking realis-
tic fish body (Assad et al. 1999; Rother et al. 2003; Chen et al.
2005; Migliaro et al. 2005; Babineau et al. 2006, 2007). It
has been demonstrated that a tapered fish body is responsible
for the formation of homogeneous electric fields in the rostral
half of the body (Babineau et al. 2006). Although the shape of
the fish body is one of the important factors for determining
electric field around the fish body, the difference in the shape
of a fish body would not change the qualitative property of
the electric field. Third, our model has a uniform skin con-
ductivity, whose value is the same as that at the head. The fish
has actually the skin conductivity non-uniformly distributed
over the skin, constructed with a low conductivity at the head
and a high conductivity in the tail region. A model of a fish
body with a uniform conductivity at the head has been shown
to produce little change in electric image shape in the rostral
half of the fish body compared with that produced by amodel
with a non-uniform skin conductivity (Babineau et al. 2006).
Finally, our model assumes a simple spatio-temporal pattern
of electric organ, as seen in the Eigenmannia. For more com-
plex patterns of electric organ, we need to extend our model
to a more complex model that incorporates the property of
the patterns. It remains to be inspected how these simplifica-
tions described above affect the results of the electric images
produced by objects of different shapes.

In the present study, we have shown the profile of the
angle dependences of electric image features, such as the
peak amplitude, HMW, and peak position, during object rota-
tion. We have shown further that the integration effect of
the peak amplitude and HMW provides the angle depen-
dence characteristic to each object shape. The next step in
our study is to investigate how the angle dependences of
the electric-image features are represented in the neural cir-
cuits of the fish, and how the integration effect is decoded.
These angle dependences mean the temporal dependences
of these features because an object or the fish rotates with
an angular velocity. The temporal changes of these features
are first encoded by electroreceptors embedded in fish skin
surface. Electric stimulus with the temporal changes evokes
spatiotemporal activity of receptor afferents. Furthermore,
afferents project topographically to electrosensory lateral-
line lobe (ELL) (Heiligenberg 1991). E-type cells receive
directly excitatory input from electroreceptors (Berman and

Maler 1998). The same electroreceptor afferents are also
sending input to I-type cells via local inhibitory interneurons.
The E- and I-type cells, respectively, encode the increase
and decrease in temporal inputs from electroreceptor affer-
ents, and thus may be responsible for representing shape
information. These cells have been shown to participate in a
contrast coding of a spatiotemporal electric signal caused by
a motion reverse of weakly electric fish (Clarke et al. 2014).
In encoding of shape information, ELL neurons transform
the spatiotemporal activity of afferents to more sophisticated
spatiotemporal activity, i.e., spatiotemporal burst activity.
The change of the peak amplitude would be encoded into the
dynamic properties of burst spikes such as interburst inter-
vals and burst timing, whereas the change of HMW would
be reflected in the temporal change of the width of spa-
tiotemporal burst activity in ELL. The integration effect of
electric-image features could bedecodedby the integrationof
these burst features inELLactivity, probably implementedby
a higher area such as the torus. We presented a neural model
of the electroreceptor-ELL system whose spike and burst
dynamics can represent distance and size information of an
object (Fujita and Kashimori 2006; Fujita et al. 2007). Com-
bining the neural model with the results of electric images
presented here, wewill study the neuralmechanism bywhich
shape information is represented in the receptors-ELL sys-
tem of weakly electric fish.
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