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Abstract

This dissertation deals with the unique sensory mechanidmseakly electric fish. Weakly electric
fish are very specialized to active electroreception. Thayegate an electric field through their own
electric organs and detect the distortion of self-gendratectric fields to localize a target object. We
study the mechanisms of electrolocation in weakly eledisit and develop a model of electrosensory
system using electric fields. There has been much reseafotvoweakly electric fish identify a target
object. Weakly electric fish sense the electric field pedtidns due to neighboring objects. According
to the research on electric images, there is a correlationdes electric sensory image features and
physical object features. We focused on the electrologatfing the relative slope known as distance
measurement in the thesis.

So far the study of electrosensory system has focused ao stattric images. In this thesis, we will
consider both spatial and temporal structures of electragie for object recognition or distance estima-
tion. There are three major purposes of the thesis; (1) stiggeof a new distance estimation method
using tail-bending movements (2) proposal of a localizatieethod of multiple target objects (3) com-
parative study of noise reduction method using low pass éiltel cross-correlation in the spatiotemporal
domain.

First, the temporal pattern generated by tail-bending mmerds of weakly electric fish can provide
another cue for distance estimation. The normalized &ilding pattern is independent of the size and
conductivity of a target object. We suggest that weakly teledish might use temporal tail-bending
movements for electrolocation. The temporal patternsexhilyy tail bending do not need multiple
electroreceptors and it is possible to estimate the distaiiith one or two electrosensors when a sweep
of tail bending is used.

Second, the spatiotemporal electric images generatedebyatk-and-forth swimming provide us dis-
tance measurements for multiple objects. The relativeeslsfa useful distance measurement when
there is one target object near a weakly electric fish. Weigeoa new model to estimate the distance,
which can be applied to multiple target objects. A time{aifal slope uses the maximal amplitude
in the time domain and maximum difference at the space damaka can estimate the distances of
multiple objects by the time-to-spatial slope regardldsgoying rostrocaudal positions of objects.

Lastly, we adopt and use a low pass filter and cross-comel&ati measure the distance of a target in
noisy environments. Weakly electric fish generate eleong@an discharge that has periodic characteris-
tics. The cross-correlation is applied to two temporal algnthe waveform of electric organ discharge
waveform and the sensed waveform caused by a target obgthean the low pass filter is used in the
spatial domain of electric image after the cross-cormafatiVhen we use both low pass filter and cross-
correlation, it is possible to measure the distance up tateédcm while the distance can be hardly

estimated without a de-noising method.
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Chapter 1

Introduction

Human beings and most of animals are highly dependent oarvidHowever, it is
not easy to secure a clear view under water. We introducecthe alectrolocation of
weakly electric fish to develop an other sensory system fdeomater environment.

When we think of the phrase ‘electric fish’, we usually thirfkfish like an electric
eels. The electric eel is called a strongly electric fish. dllguhe strongly electric fish
can generate an electric discharge large enough to stumptiegior protect themselves
from an enemy. There are three types of electric fishes; tivststrongly electric fish,
such as the electric eel and ray; second, weakly electricdishthird, elasmobranches,
which can only detect the electric field. We will focus on theakly electric fish,
which is very specialized to electroreception. The weakdgteic fish generate their
own electric field for navigation, localization of a targand communication. The
electric discharge of weakly electric fish is less than 1 ®old it is not enough to Kill
their prey or threaten predators. Instead of a weak eledisicharge, weakly electric
fish are very specialized to electrolocation.

In this thesis, we study electroreception of weakly eledtsh to understand the mech-
anism of electrolocation. The study of weakly electric figlps us to develop an other
electrosensory system underwater. We use a spatiotenglectdic image with active
body movements to understand the mechanism of electradocet weakly electric
fish.



2 Chapter 1. Introduction

1.1 Why study weakly electric fish?

The ability of detecting an electric field is called elecé@eption. The electroreception
is a unique electrosensory system of weakly electric fishreyTperceive the varying
electric fields and analyze for electrolocation and electnemunication. To carry an
electric discharge is easier in water than air because oéxfsence of electrolytes.
This advantage provides the opportunity of electroreceptd underwater creatures.
Electric fish are the only creatures to use electric fieldsxanargy source due to their
unique sensory system (Lissmann, 1974). The electric qiig@) of strongly electric
fish produces a stronger electric field than bioelectric $iedother nerve and muscle
cells.

It is very interesting to study the electroreception pracedf electric fish. Electric
fish generate an electric discharge and detect the distatitheir self-generated elec-
tric field to identify the target object, navigate and commate with conspecifics. So
far it is not a practical and common system using electrid fée a source of sensory
systems, such as an ultrasonic sensor that produces uittagaves and acquire de-
sired information from reflected waves. Most common usesledftereception are
to detect the overflow of an electric current of electric meggbm or bioelectric field
of the human body. Since the electrolocation of electric distriminate not only a
distance but also other characteristics of a target olgect as size, shape, and con-
ductivity, active sensing systems using an electric field asurce of energy can be
valuable for detecting surroundings.

Electric fish can be divided two groups; ‘weakly electric fiahd ‘strongly electric
fish’. Strongly electric fish have an electric organ that gates a strong enough elec-
tric field to hunt prey or protect themselves from an enemig khown that the ampli-
tude of an electric discharge can range up to about 500 Vsitse(-Jacard and Kalant,
1965). Electric eels, rays, and catfish belong to the styoelgictric fish group.

Weakly electric fish can’t use their electric dischargesisy capture or protection
from enemies because of the weakness of the electric field.eldctricity generated
by weakly electric fish is less than one volt. However, weatéctric fish have gained
more concern and attention than strongly electric fish simeak electric production
provides us evolutionary information about electroreimgp{Lissmann, 1974). Elas-
mobranches can be included in classification of electric fistere is no electric organ,
but they have electroreceptors which detect bioelectridgief other creatures.



1.2. What is biomimetics? 3

The study of electric fish provides us the suitable sensaucttre to extract novel
information from the response of an electric field and irepin for the practical

application of electrosensory systems. This biologicailspired research is called
“biomimetics”. This is introduced in the next section.

1.2 What is biomimetics?

Nature has provided a lot of solutions and respectable adgimake problems easier.
For example, a camera is developed from the structure of hunséon. The devel-
opment of science makes it possible to fabricate inventsmsar to the resources of
nature. One such field of research is called ‘biomimeticsiisTield of science is to
study the model of methods, structures, and designs ofeéBar-Cohen, 2006).

Biomimetics provides efficiency to both technology and bgital arenas. Some an-
imals are specialized to particular sensor mechanisms asetectric fish, who spe-
cialized in electroreception and electrolocation. Thelgtof electric fish gives us the
chance to understand the biological or neuroethologieateireception mechanism
and utilize the active electric sensory system. Weaklytatetishes are especially
specialized to active electrolocation, which is the idigsdtion of a target object by

using a self-generated electric field. The understandiribetlectrolocation process
of weakly electric fish lends to the possibility of practiegdplication in the electric

field as an underwater sensing device and comprehensioe phifsiological mecha-

nism of electroreception.

1.3 Understanding weakly electric fish

In this thesis, we focused on weakly electric fish. Weaklgteie fish are very special-
ized to ‘active electrolocation’. They have efficient aetsensory systems to identify
target objects and navigate underwater. Peters’ elepbsatish (Gnathonemus pe-
tersii) and the black ghost knifefish (Apteronotus albigpare the most studied and
typical examples of weakly electric fish.

Weakly electric fish use both “active sensing” and “passimessg”’ to detect their
surroundings and capture prey (Nelson and Maclver, 19980Ket al., 2000). There
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is also a mechanosensory system in weakly electric fish. Wswppose that weakly
electric fish are highly dependent on the active sensorgsytitan passive electrore-
ception or mechanosensory systems because of the diginkaftsensors and body
movements of weakly electric fish. They have the largest raxnolb receptors for
active sensing.

A lot of researchers concentrate on the active sensing dlwekectric fish. Lissmann

(1974) first used the concept of active sensing and suggestekly electric fish iden-

tify the target object and detect surroundings and analgasa@ readings using “active
electrolocation”. The term “active” manifests the use okH-generated carrier (Ba-
jcsy, 1988; Nelson and Maclver, 2006). Bajcsy (1988) defihesactive sensor” as a
sensor that transmits, receives, and measures changéraiesignals, such as ultra-
sonic waves, sonar, and microwaves. “Active sensing” isl isethe representation of
man-made systems that detect the reflected self-genematder cising its own energy
source and controlling the energy source to extract nogakds from background sig-
nals (Bajcsy, 1988; Nelson and Maclver, 2006). On the coytthe “passive sensor”
only detects the variation of an exterior energy withoutténg certain sources.

Nelson and Maclver (2006) shows several examples of actinemy systems. Bats,
dolphins, and mice can be typical examples of animals usitigeasensing for detect-
ing target objects and navigation with different types aérgly sources. The diversity
of energy sources makes different sensing ranges as shokig.ih1l. Bat and dol-
phins use echolocation, and which use ultrasonic waves asexgy source, and mice
use tactile sensing to detect their surroundings with actievement of their whiskers.
According to their energy source, the sensing range isdiuiid a forward direction.

The electric perturbation decreases dramatically, whentéinget object moves far
away from weakly electric fish. The sensing range of weakécteic fishes is very
close to their body, but has an omni-directional sensingeatue to the characteristics
of electric fields. It is known that the sensing range of etdotation is about one
rostrocaudal length of the weakly electric fish (Nelson anacMer, 1999; Nelson,
2005; Babineau et al., 2007). The small sensing range makmssible to exploit
swim movements to acquire accurate information (Budeblilet2002; Caputi, 2004).
When an object becomes more distant, the modulation of ttad image and the slope
decrease rapidly. Further afield, the amplitude of moduteis in approximately in-
verse proportion to the cube of a distance (Nelson and Macl@99; Nelson, 2005;
Babineau et al., 2007). However, in the vicinity of the fighistpower scale reduction
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Figure 1.1: Emission ranges of different animals using active sensing (a) bat echolo-
cation beam (b) dolphin echolocation (c) weakly electric fish (d) rat whisker system

(reprinted from (Nelson and Maclver, 2006))

does not hold and a slower decline is observed.

Actually, there is another type of active sensory systemgusi manipulation of a
motor. Aloimonos et al. (1988); Ballard (1991) use the teantive” to represent a
system using active movements in vision. These active mgtoe found in weakly
electric fish as swim movement. There is not any mechanisrake the focus to
acquire exact novel signal in weakly electric fish (Heiligerg, 1975). Therefore they
have to be close to the target object, and this movement ginegesult of far-field

approximation, that means the generation of diminutionaakiground effects.

We will focus on electrolocation mechanism using activeybwadvements. When we
consider active body movements, such as back-and-fortmsivig and tail-bending
movements, we can use spatiotemporal electric imagings Jjpatiotemporal infor-
mation can provide us more accurate distance estimation.
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1.4 Motivation and objectives

This research is motivated by the unique sensory systemaitlwelectric fish. Weakly
electric fish generate an electric field in every directiod bave an omni-directional
sensing range. This makes it possible to identify a targgtoblall around the fish.
Though electric imaging is simple for visual images, wealBctric fish identify not
position alone, but also other characteristics of a tarpgtad, such as size, electrical
property, or shape. The active sensory system does not niggd source, so it can be
useful for underwater vehicles or aquatic robots.

We study the active electrosensory system with three netfjkectives.

A distance measurement available with only a few sensora/Vhen using electrosen-
sory system for the electronic machine, it can be helpfukfmat small sensors
for cost-reduction.

A distance measurement for multiple objects.When weakly electric fish swim back
and forth, we can use spatiotemporal electric images. Ibbas observed that
the spatiotemporal electric images provide us a more @ffedistance measure-
ment for multiple objects.

An effective process to reduce the noisdlt is typical to use a low pass filter to re-
duce noise in electricimages. We use temporal informatitinavoss-correlation.

The research will help with developments of electrosensgsyems.

1.5 Structure of dissertation

In this section, we introduced the concept of bio-inspieskarch and electroreception
in weakly electric fish briefly. In the next chapter, we wilView general information
of weakly electric fish. Weakly electric fish have specialaog for the transmission
and reception of electric fields that are called electriaargnd electroreceptor re-
spectively. We will introduce these two organs and eleetnssry system. In previous
studies, electric images were used to understand the misaimof electrolocation
electric images are used. We present the electric imagelsaptér 2. From Chapter 3
to Chapter 6, we will study and simulate the electrosensgstesn. In Chapter 3, the
study of localization mechanisms using spatial structuiisbe discussed. Chapter
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4 presents the distance measurement using temporal inioma electric images.
When weakly electric fish bend their tail, temporal patteresgenerated and this pat-
tern provides us with another distance measure. Chaptdrdgduces the spatiotem-
poral structure to estimate distances of multiple objdctshis chapter, we will study
how weakly electric fish identify a target object in compleeses with background
objects. In the last chapter, the spatial and temporal geowél be studied for accurate
distance estimation in a noisy environment. When we applyiserreduction process
in spatiotemporal electric images, we can remove noise efteetively.






Chapter 2

Active electrosensory system of

weakly electric fish

This chapter introduces general information about wealdgtac fish, their electric
organ, electroreceptors, and basic concept of electriidocand electroreceptors. The
electrosensory system can be composed of three compotieatslectric organ, re-
ceptors, and distance measurement system. Weakly eliskricave an electric organ
(EO) to generate an electric field and many electrorecemtorthe skin surface for
electroreception. The electric image has been used to stader the electrosensory
mechanism. It is known that the electric organ can be modased collection of
electric poles and we can derive the transdermal poteritah &lectroreceptor math-
ematically (Chen et al., 2005). When a target object is nesakly electric fish, the
electric potential changes and it can be translated intdeatrie image. It is possible
to estimate the location and characteristics of a targetabljy analysis of an elec-
tric image. This thesis concentrates on the localizatioa te#rget object and will be
discussed in next chapter.

Chapter 2 will provide background knowledge to understaedtectrolocation system
of weakly electric fish. The electric field model is based oa Wave-type weakly
electric fish, especially Gymnotiformes (Babineau et &lQ& Chen et al., 2005). The
purpose of this thesis is to understand how the electrosgnschanism is used so that
weakly electric fish can identify a distance of a target oldpased on computer-based
simulation and a suggestion of using the distance estimatethod. The experiments
will be based on analysis of an electric image studied inchapter.

9
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2.1 Electric organ

Bennett (1971), Zimmermann (1985), and Bass (1986) stuaietlKramer (1996)
reviews the electric organ of weakly electric fish. The EChis internal organization
modified from nerve and muscle cells (Kramer, 1996). EO israignately derived
from different cells according to species. Fig. 2.1 showesa electric fish and their
electric organs. As in Fig. 2.1, there are various type of B they have different
sizes, shapes, and locations in electric fish. Torpedo gig, a strongly electric ray,
has an electric organ in its head that has been modified frenbithnchial muscle
(Kramer, 1996). The weakly electric fish, for example theaRaj Fig. 2.1, has its
electric organ in its long, thin tail.

Malapterurus l l Electrophorus
8 ) ( e ()
= L == . \L T — \:j[
Astroscopus % . P
) "J,f“‘*'—‘-f--z_,.._;_? [;,;__,’E’? (ﬁ l} ~ Torpedo
N = s K U /;T% =) .
Gymnarchus S Gnathonemus
w - — A /:_fr ) @
Gymnotus | ) |
L .
N R
Sternarchus | 8 /\'\;ELW_“_ - o

Figure 2.1: Some electric fish and their electric organs; the top four figures (Malapteru-
rus, Electrophorus, Astroscopus, and Torpedo) are strongly electric fishes and the oth-
ers show weakly electric fishes (arrows indicate electric organs and figures next to

electric fishes show cross sections of electric organs) (modified from (Kramer, 1996))

Strongly electric fish generate a pulse discharge which laspolar characteristics
(Kramer, 1996). It appears to make a powerful electric ptdseapture the prey. On
the contrary, weakly electric fish produces multipolar qrdbar discharges.

The EO is composed of electrolytes and it generates anielealan discharge (EOD)
(Kramer, 1999). EODs usually have waveform charactessflhiere are two types of
waveform characteristics; pulse and wave. It is known thasthof Gymnotiformes

and Mormyriformes generate a pulse waveform which has latgeval between short
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pulses.Gymnarchus niloticusvhich is one of Gymnotiformes, and most South Amer-
ican freshwater electric fish are of the wave-type EOD wawef@Kramer, 1999). In
Chapter 6, we will focus on the characteristics of the EODeflanms. The advan-
tage of periodic characteristics of EOD waveform providesther chance to reduce
noise in electric images. Strictly, the EOs and electriclfrabdels of two species, the
pulse-type and wave-type, are different as shown in Fig.I8.this thesis, the electric
field model is based on the wave EOD species, Gymnotifornoesalf the experi-
ments (Rasnow, 1996; Chen et al., 2005). Chapter 6 will et temporal structure
of the electrosensory system due to EODs. It is assumedhaectric field model
of pulse EOD species can be represented as the similar mbdeive-type electric
fish (von der Emde et al., 2009). Six different EOD models tilused and applied
to the basic electric field model (introduced in section 2Bhough the assumption
can make a difference with a realistic model, the study canvdtow different EOD
characteristics affect the noise reduction method usingsccorrelation in the time

domain.

2.2 Electroreceptors

Weakly electric fish have three types of receptors; tubeetedroreceptor, ampullary

electroreceptor, and mechanosensory lateral line (Krab996; Nelson and Maclver,

1999; Nelson et al., 2000; von der Emde and Fetz, 2007). ‘tulsezlectroreceptors

and ampullary organs are similar to mechanoreceptors irs¢hee that response to
external stimuli and delivery of sensor readings to therhraxcept that these stimuli
are not physical stimuli, but electric potential.

Ampullary organs are mainly found in elasmobranches, sasharks, rays, and skates
which possess only the ability of detecting changes in Btefield. They use passive
sensing to capture prey. The bio-electric fields are gea@rabm nerve and muscle
cells because of the control of the ionic balance in all liveatures (Kramer, 1996).
Ampullary electroreceptors are able to detect very wealatran of the electric field.

It has been mentioned in previous research that ampullgansrsense abouh/cm

in fishes living in the sea and fronu¥ /cmto 5uV/cmin freshwater fish (Zakon, 1986;
Kalmijn, 1988; Bretschneider and Peters, 1992; KramergL9bhese ampullary elec-
troreceptors are specialized to perceive low frequenastrétdield of bio-electric sig-
nals.
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Tuberous electroreceptors are specialized for activeirsgrad sensitive to high-
frequency signals (Zakon, 1986; Kalmijn, 1988; Bretsctlaeand Peters, 1992; Kramer,
1996). Itis said that only a few teleosts (Mormyroide and @ptiformes) have tuber-
ous electroreceptors (Bennett, 1971; Zakon, 1986; Kraff®96). Tuberous organs
that respond to high frequencies seem to have charaaterigta band pass filter.
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Figure 2.2: Response of electroreceptors (A) Wave gymnotids emit a sine-wave like
EOD and exhibit electroreceptors tuned to its main frequency (Data from (Hopkins,
1976)) (B) Pulse gymnotids local electric organ discharge (LEOD) covers a broader
band spectrum and exhibit different types of electroreceptors sensing different aspects
of the spectrum (reprinted from (Caputi, 2004), data from (Watson and Bastian, 1979;
Aguilera and Caputi, 2003))

Fig. 2.2 shows different responses to electric organ drgelsa EODs) (Caputi, 2004).
Wave gymnotids show a very small bandwidth of receptors &ede receptors are
tuned to this specific range of frequency. It is noted thatethe a tuning process in
the mechanism to extract desired information. Weakly ateéish generate carriers
and tune the receptor to the carrier to improve the signaleise ratio. This receptor
tuning process makes it possible to extract different imftron from complex electric
images. It can be useful in drawing the target object sigmal complex natural en-
vironment. Contrary to wave gymnotids, pulse gymnotide adroader bandwidth.
There are four types of receptors in pulse gymnotids; sosyoral to the total energy
of stimuli and have a broad bandwidth, and some have a naraomvidth and have
preferred frequencies. The different types of electrqggewrs in the active sensory
system are determined by both motor and sensory aspects.
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Figure 2.3: Range for the electrolocation and electrocommunication (reprinted from
(Kramer, 1996))

The roles of tuberous electroreceptors are divided intogants, the detection of ob-
jects and electrocommunication with conspecifics. Fig.sh@ws a different range of
electroreception to identify the neighbor object and etezmmunicate. When the
tuberous electroreceptors detect their own EOD, weaklgtretefish can identify a
target object in the near-field by detecting the distortibrelectric fields. It is also
possible to detect the EOD of other conspecifics for eleotronunication.

In Mormyroidei and Gymnotiformes, both ampullary organs amberous electrore-
ceptors are found (Fig. 2.4). They have mechanosensonaléitees also, this recep-
tor responds to physical pressure. The movements of thequrpyedator stimulate

mechanoreceptors. Nelson et al. (2000) suggest a modehtbine the electrosen-
sory and mechanosensory images.Apteronotus albifrongGymnotiformes), there

are about 14000 tuberous electroreceptors, 700 ampullary electrptecg and 200

mechanoreceptors over the surface. Fig. 2.5 shows themespmof each receptors
when the fish captures the prey.

Nelson’s model shows that these three types of receptorafiaeted by the move-
ments of a target object and contribute to localize the tasggect. All three sensory
systems have a short sensing range. However, the tubenos@rgesystem can be the
best solution for detecting a novel signal near weakly aletish since there is a dras-
tic decrease of response, which provides a simpler stimuolage. In addition, the
tuberous electroreceptor has the highest density on tifi@csuof the fish. It provides
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Figure 2.4: Two types of electroreceptors that are found in Gymnotiformes (modified
from Szamier and Wachtel (1970); Szabo (1974)) Threshold curves of electroreceptors
that were recorded in the Brachyhypopomus occidentalix (adapted from Dunning (1973)

and Shumway and Zelick (1988)) (reprinted from (Stoddard, 2002))

a more accurate stimulus image.

It is known that the frequency sensitivity of ampullary rptes range from Bz to
50Hz and the tuberous electroreceptors are sensitive to a hegjuéncy range from
100Hz to 2,000Hz (Maclver, 2001). In tuberous sensory systems, it is posdibl
detect the change of electric field in the range.afY (Rasnow, 1996). The ampullary
electroreceptors have different sensitivity in marine &tedh water species, @1V
and Q1pV respectively.
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Figure 2.5: Selected ‘snapshots’ show responses of receptors respectively (a) tuber-
ous electroreceptors, (b) ampullary electroreceptors (c) mechanosensory lateral lines
of the prey capture behavior. Images are shown on a logarithmic color scale in units
of decibels; the 0 dB reference is taken to be the estimated threshold sensitivity (active
electrosensory : 0.1V, passive electrosensory : 10UV, mechanosensory : 1mm/82)

(reprinted from (Nelson et al., 2000))
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2.3 Electrolocation

Lissmann and Machin (1958) tried to explain the mechanistoaalization of the tar-
get object and suggest the connection between the recaptamif-generated electric
fields and the recognition of an object’s position. Lissmék8b1) was the first to find
thatGymnarchus niloticuswvhich is weakly electric fish, shows special charactessti
in behavior, with flexible swimming forwards and backwardsl @ahe ability to avoid
the object. It is suggested that the electric signal thaeregated from their EO may
be involved in these characteristics. The constructiohas weakly electric fish use
a self-generated electric field to get information (Lissm&k®74). The mechanism to
identify the target object by detecting the distortion of #lectric field generated by
their own electric organ is called active electrolocatiBagtian, 1986; von der Emde
et al., 1998) (Fig.2.6).

(b)

Figure 2.6: Distortion of self-generated electric field by the neighbor object; the object
has low conductivity in (a) and high conductivity in (b) (modified from (Lissmann and
Machin, 1958))

Nelson (2005) divided electrolocation behavior into thetssses; detection, charac-
terization, and localization. Weakly electric fish firstctke whether the target object
exists in a near-field, understand characteristics sudheasize and conductivity, and
localize the position of the target object. The process eflectrolocation is actually

not distinctly classified, but accomplished at the same.time



2.4. Modeling of the electric field 17

2.4 Modeling of the electric field

In biological experiments, measured values on the surfédesto are too small to
acquire a stimulus image. Therefore, to obtain valid dagatdéinget object should be
close to the fish. Heiligenberg (1975) proposes researciy esimputer simulation to
overcome the limitation of biological simulation. Fig. Zfows the suggested model
of the weakly electric fish; (gymnotoid) that includes theottic organ and the body
surrounded by highly resistive skin surface. The electeldfis derived by the laplace
equation.

Figure 2.7: Weakly electric fish (a) and modeling schematics (b). The thick black bar

indicates the electric organ. (reprinted from (Heiligenberg, 1975))

Sicardi et al. (2000) set the electric field generated byteteorgan as an electric
current. The current density normal to the interfagéerived as

0102 p(x%/a2+y?/a? —2)

2181 (01 + 02)a8 (32/a2 1 y2 /a2 + 1)5/2 (2.1)

Jn (X7 Y) =

whereo; is the conductivity of the first dipole when the small sphé&seepresented as
a dipole andoy is the other ones means electric permitivitya indicates the distance
of the dipole from the skin of the fish arglis the dipolar moment.

Rasnow (1996) derived the electric field by modeling of trecgic organ as the col-
lection of electric poles and shows the effect of simple cisje Chen et al. (2005)
reviewed the mathematical electric field modeling and adedrthe effect of simple
objects.

The electric organ can be modeled as a group of poles; therife electric potential is
derived as the sum of the potential produced by each polen(®g<996; Chen et al.,
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2005). When those poles are distributed uniformly alongnting-line of the weakly
electric fish,A. albifrons the electric potentiaV (X), is derived as

m

_ g/m q
V=2 R TR @2

whereX determines the electric potential in space. Therena#el poles to compose
the electric organm positive poles and one negative pok.is the position of they,
positive pole, and&, negative pole, and is the normalized potential magnitude. The
total sum of charges of electric poles of the weakly eledisic is zero, therefore the
magnitude of one positive electric polegsm and the negative poleq. It is known
that generally the value @f has a magnitude fromn@v to 20mV (Chen et al., 2005).
Since the electric field is the gradient of the electric pb&trand the electric field,
E(X), at theX is derived as

m
E®=-TV()=y Rq/;np %) — ﬁ(x'—xfn) 2.3)
Chen et al. (2005) calculate the transdermal potentiaémiffceV;q(Xs) to consider
the component that projected perpendicularly onto thetrelexceptor. Actually the
incidence angle of the electric field to the electrorecep&termines the shape and
size of modulation (Caputi, 2004; Caputi and Budelli, 2008)e transdermal potential
difference M4 (Xs), at theXs is derived as

Vi (%) = E (%) - i(%s) 22K (2.4)

pwater

whereXs is a position of electroreceptor on the skin surface of the fiS(Xs) is the
electric field andh(Xs) normal vector at the electrorecept@syin is the resistivity of
the skin andpwater for water. pskin/Pwater iS the ratio of resistivity and the value of
Pskin/ Pwater ranged from QL to 0.5.

Chen et al. (2005) reviewed the simple sphere object patiarpin the electric field,
as Rasnow (1996) also showed. When Xhe the observation point, the position of
one electroreceptor, the object perturbat®n(X), is calculated as

a°E (Xobj) - (X—Xobj)
X — Xopj|

V(%) = (2.5)
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whereXqpj is the center of an objech the radius of the object, andthe electrical
contrast that is ranged from 1 (a perfect conductor)-@5 (a perfect insulator). The
transdermal potential difference due an objé&kty(Xs), is

Mg (%) = —D(BV (%)) - (%) L4 (2.6)

pwat er

Many electroreceptors distributed on the surface of wealdgtric fish makes a two-
dimensional electric image. The sensor reading of eaclrefeceptor can be modeled
as above, and it makes possible to predict the connectidredlectric image and the
mechanism used to identify the target objects. Genera#lygtioup of electrorecep-
tors arranged along the rostrocaudal line from head todaiked for the generation
of electric signal curves. A lot of researchers study theptgnelectric image acquired
from the sensory line to know how weakly electric fish idgnaftarget object with
poor visual sensing. It is possible also to generate anrel@ctage for one electrore-
ceptor with the stream of time when a target object movesgibe rostrocaudal line
of weakly electric fish.

There is no direct connection between the characterisfietestric images and the
properties of the target object. The electric signal cieatbell-shaped curve along
the rostrocaudal axis of weakly electric fish. The widthpslopeak amplitude, and
position of peak may provide information about the targgéot In the next chapter,
distance measures are reviewed, which is relevant to tkendis of the object from the
weakly electric fish and irrelevant to the size and condigtiv

2.5 Electric images

People can wonder about the role of these electroreceplorthe case of humans,
information about circumstance is acquired from vision.e Msion of humans is a
composite of a lot of neurons; therefore just two eyes catacepmany receptors.
Electroreceptors of a weakly electric fish are very simplatree to the human eye,
and it can sense the amount of disturbance of self-geneedgettic fields. Stimuli
from each electroreceptor produce an electric image asdthimulus image gives us
a hint of how a weakly electric fish identifies the target objdde sensor line draws
a bell-shaped curve called the ‘electric image’. The eledtnage feature provides
information about the target object.
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Caputi and Budelli (2006) readjusted the meaning of thectaleimage”. The image
of sensory systems can be divided into three types of imggssical, stimulus, and
neural images. The physical image is the energy patternuktted by pre-receptors.
The stimulus image is transformed by the array of sensotg.c&he receptors and
neurons are encoded by stimulus and it generates the newagei Von der Emde
(2006) redefined the “electric image” as a stimulus imagectvinepresents the local
change of electroreceptors on the skin’s surface.

When the target object is located in the near-field of the \Wyealectric fish, the ob-
ject is projected onto an electric image. The electric imaggfferent from the visual
image in the sense of the ‘perspective’. There is no focusiaghanism in the elec-
trolocation and one-to-one mapping between propertiebjaficts and characteristics
of images. Therefore the electric image is affected by slstance from the skin of
the fish, shape, and conductivity. These properties mak#idudt to extract the infor-
mation in an electric image to humans, but weakly electritdtsow good performance
for identifying objects and navigating in complex envirozmis.

In this thesis, the electric perturbation of an electrosgnsystem is usually repre-
sented as an electric image. The electric image is usugihesented as change of
electric potential. The electric perturbation caused larget object is small compared
to the baseline transdermal potential. To understand #atrelocation mechanism of
the system, it is assumed that other background comporsruis,as the effects of a
tail bending and non-conducting boundaries, can be remanddhe effect of a target
object represented in equation (2.6) will be shown as thetredeémage. It is possible
to represent the electric image in the sensory and time dorake spatial electric im-
age will show the sensor readings along the rostrocaudabsgfine and the temporal
electric image will be the temporal change at one electepr when weakly electric
fish move forward. Itis possible to use approximated fish rhewaieh as the box model
and tappered model to simplify the analysis (Babineau g2@06). The approximated
model did not negatively change the experiment result. igthesis, the sensory plane
follows the box model (Babineau et al., 2006). In Chapteh8 ttvo-dimensional sen-
sory plane will be used to show the change of the electricugeation and most of
electric image show the change of the electric field in thérooaudal sensory line.
The sensory plane is parallel to the fish and the normal veéteach sensor is verti-
cal to the fish. The rostrocaudal sensory is arranged in time skbrsoventral axis of
the mid-line of weakly electric fish. The sensor intervals aot the same overall in
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experiments, but the sensor gap is usually selectedaras Zhe sensor intervals de-
termine the resolution of the electric image and affect tistladce measurement. The
relationship between resolution of the electric image dredaccuracy of the relative
slope will be discussed in Chapter 3. In Chapter 6, the smgle will be used to
extract accurate distance measurement.

2.6 Reafferences

Movements of the tail cause a distortion of the self-gemeratlectric field itself,
and it is regarded as a negative effect to extract a novehbigom the electric im-
age(Engelmann et al., 2008). Fig. 2.8 shows the effect bbémiding. Bending of the
tail towards the target object increases the potentiaéfice and decreases global
contrast. The abrupt increase of the electric signal disttine understanding of the
surroundings and identifying the target object. To comptnfor the influence of the
tail bending, it is known that weakly electric fishes use fi@a@nce”.

(&)

t density (arbitrary)

Figure 2.8: Electric image when the lateral distance of the target object decreases, and
the tail bends towards the target object. Tail bending causes an increase in modulation

and decrease in contrast (reprinted from Engelmann et al. (2008))

Reafference was introduced by von Holst and Mittelstaedt9b0, and refers to the
component of sensory input generated by a entity’s own mewtsnor actions (Nel-

son and Paulin, 1995). Nelson and Paulin (1995) study tH&ereace system of the
electrosensory system of the elasmobranch. The neurassing for extracting novel
signals is associated with DON circuitry and contains themmn mode rejection and
adaptive filter. Caputi (2004) reviewed reafference in tleeteosensory system. The
active sensory system involves strategies to acquire thigediesignal from a noisy
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background, control of active generation of the energy@and pre-receptor mech-
anism.

The pyramidal cells in Gymnotiformes ELL shows the filterimgchanism (Bastian,
1995, 1996, 1999). The reafferent signals of electrorémeman be removed by the
pyramidal cells, and the proprioceptive electrosensagals and descending signals
also help filtering. It was also mentioned that these celieehbthe repetitive and pre-
dictable electrosensory input signals. Weakly electrie fraght acquire novel elec-
trosensory input including demanded information such addbation and character-
istics of a target with cancellation of unnecessary signdise tail bending pattern
mentioned as the reafferent pattern can be removed by tlyemiolal cells.

Sometimes weakly electric fish showing the tail bending muset seems to improve
the searching process (Lannoo and Lannoo, 1993; MaclveL,)28Veakly electric fish

show a variety of motor control, such as back and forth swingo scan the target,
reverse swimming, tail probing. In elasmobranches, thegysiie head to identify
prey (Kim, 2007). The tail-bending movements might be etdatation strategies
such as a head swing of elasmobranches. It will be a chaligragibject to investigate
the positive effect and the information generated by thairiending movements.
Chapter 4 considers the tail-bending movement to improselbctrolocation.

2.7 Summary of Chapter 2

Weakly electric fish have a special organ called an EO andrgenaweak electric field
for electroreception. There are three types of sensorgifouweakly electric fish; the
ampullary electroreceptors, tuberous electrosensodsreethanosensory lines. The
tuberous electroreceptors are sensitive to self-gertbedeetric fields and used for ac-
tive electrolocation. The EO can be modeled as many elqoities. The transdermal
potential can be calculated as the sum of electric poteotiased by each electric
pole. We focus on the electric field model based on Gymnotiés. The transdermal
potential values at electroreceptors are used to repraseglectric image. The rep-
resentation of electrosensory stimuli as an electric inreagkdetailed electrolocation
mechanism will be discussed in Chapter 3. The electric fidehintroduced in this
chapter is used for overall experiments of the thesis.



Chapter 3

Electrolocation in electric images

Features such as maximum peak location, relative slopeedailze width in an elec-
tric image are used to localize a target object in three-dsimmal spaces. It is known
that weakly electric fish also recognize the charactessiica target object, the size,
shape, and electrical properties. This thesis concestmtdhe localization mecha-
nism of weakly electric fish. In this chapter, the basic cgad electrolocation will
be studied. The location of maximum amplitude indicatesptb&tion of a target and
there are distance measurements, the relative slopencisbetween maximum peak
and minimum position, and FWHM. The relative slope and FWHMniroduced in
this chapter and the relative slope will be a major methodstomate the lateral dis-
tance of a target object.

The relative slope is the ratio of maximal slope to maximaphimde. It is shown

that a relative slope is a possible distance measurementistance discrimination
experiment with pulse-type weakly electric fish, the monehy@nathonemus petersii
(von der Emde et al., 1998; von der Emde, 1999; Schwarz andlepEmde, 2001).
It is assumed that the relative slope is also available ®mthve-type weakly electric
fish, such as Gymnotiformes. The experiments use the eléeid model of the wave-
type electric fish and the relative slope is used for distameasurement.

Relative slope change is affected by both rostrocaudatipnsand lateral distance.
We use change of the relative slope when weakly electric fisindorward. Gymno-
tiformes show back and forth swimming when they capture greynoo and Lannoo,
1993; Nanjappa et al., 2000; Maclver, 2001) and it is assutimedhis kind of weakly
electric fish have a preferred sensor zone for electroreseand use the temporal in-

23
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formation. This experiment was based on the proceeding &idnKim, 2010b). In
contrast to Gymnotiformes, wave-type weakly electric fisiseems that pulse EOD
species do not use back and forth swimming for electrolonatihis study might be
available for the electrosensory system of wave EOD species

3.1 Spatial structures of electric images

An electric image can be considered a spatial and tempaortadtste. Since weakly
electric fish have approximately 14,000 tuberous eleateptrs (Maclver, 2001), the
distortion created due to the vicinity object is projectedoothe surface of the fish,
and a two-dimensional electric image is generated. Transegotential values are
inversely proportionate to the lateral distance of thedtalpject from the fish (equa-
tion 2.6).

When the distance between the electroreceptor and thetobgeeases, the electric
perturbation rapidly decreases. Consequently, when thettabject is located at the
mid-point of the sensory line, the electric image draws &&®hped curve. The peak
amplitude is dependent on the size and distance of the tabgett. Fig. 3.1 shows
the change in transdermal potential at the sensory line wiesrostrocaudal position,
lateral distance, and size of a target object are varied. Figshows the simulation
result based on the electric field model and study on an &ectage (Rasnow, 1996).

Rasnow (1996) shows the effect of characteristics of a @rapject, lateral distance,
shape of object (sphere or ellipsoid in the weakly electsig,AA. leptorhynchus From
the simulation, a relationship between features of theirddamage and characteristics
of the object is derived. The peak position determines teeg@oaudal position of the
object. The peak amplitude becomes smaller when the obpatsraway from the fish
body. However, the amplitude is affected by not only theadise, but also the size of
atarget. The larger the target object, the greater therggarturbation (Fig. 3.1 (f)).
How can we determine whether there is a large-sized objstdrdifrom the body, or
a small-sized object close to the body? When there are tvereift objects that have
the same peak amplitude, it is known that relative widtrgtred slope, or a full-width
at half-maximum (FWHM) make it possible to discriminate tiv® objects (Rasnow,
1996; von der Emde et al., 1998; von der Emde, 1999; Sicaadi,é2000; Chen et al.,
2005; Babineau et al., 2006; von der Emde, 2006).
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Figure 3.1: The transdermal potential. (a), (c), and (e) is a schematic to show how
the object parameter changes, where the solid line represents the electric organ, and
circles on the line represent the target object. (b), (d), and (f) show the change in
transdermal potential due to an object. In the case of (a) and (b), the object if far away
from the head and keeps a lateral distance. The rostrocaudal distance from the head
changes with an interval of 20 mm. In (c) and (d), the lateral distance from the mid-line
of the fish changes with an interval of 5 mm. (e) and (f) show changes when an object
size varies with an interval of 4 mm. (modified from (Sim and Kim, 2010e; Rasnow,
1996))
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Figure 3.2: Electric images due to a target object being near weakly electric fish (two
different objects have the same peak amplitude and position); an object (CASE 1) with
a radius of 1lcmand a distance of 3cm and an object (CASE 2) with a radius of 2cm

and a distance of 4.5cm

It was shown that Gymnotiformes might use the relative widltelectric image to
estimate the lateral distance (Rasnow, 1996). Two kindslative relative widths
were introduced to estimate the lateral distance; the widtthe electric image at
half the peak amplitude and 90% amplitude. Chen et al. (20883 the FWHM
(full-width at half-maximum) for distance estimation. Thavas other experiment of
electrolocation in wave EOD species that the differencevbeh the rostral and caudal
peak location can be used as a function of lateral distanadgarfjet object (Babineau
et al., 2006). The relative slope was usually used for edmtation of pulse EOD
speciesMormyrids (von der Emde et al., 1998; von der Emde, 1999; Sicardi et al.,
2000; von der Emde, 2006). It was shown that the relativeestap be used to estimate
the lateral distance for Gymnotiform model in simulations.

Fig. 3.2 shows an example of two object perturbation curhes have the same
maximal intensity. Two different curve widths depend on shee of target object; the
width increases as the object size becomes larger.

Fig. 3.2 shows two different cases that have the same maaimglitude with a differ-
ent combination of the lateral distance and size. Theseledwonnections indicate
that there is another cue to identifying the lateral disteaned size independently. The
lateral distance of a target object is an important featunernmweakly electric fish
catch the prey. Weakly electric fish show a very precise arto prey and capture
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behavior (Lannoo and Lannoo, 1993). It is possible to suppwast weakly electric fish
understand and track the exact position of the prey throligleliectrolocation process

from detection to capture.

Actual behaviors of weakly electric fish are studied (von@de et al., 1998; von der
Emde, 1999; Schwarz and von der Emde, 20@.)petersiiis trained to determine a
certain target between two objects with prey compensationexperiments, it has
been noticed that weakly electric fish can discriminate tlstadce of a target object
and the ratio of the maximal slope and maximal amplitude.(8Big). This ratio is a
very reasonable cue to measuring distance, since weaklyielésh show recognition
behaviors that consider cubes are closer than spheres sdirtie distance. The ratio
of the maximal slope and maximal amplitude follow this temgealso.
1.0~
= Metal cube 2 cm
Metal cube 4 cm

v Plastic cube 2 cm
Plastic cube 4 cm

0.5 1

L g6d N Metal sphere 2 cm

o ¥ Metal sphere 4 cm

% o - - - Exponential curve of spheres

® 0.4 1 b'd —— Exponential curve of cubes
- LY

> LY

-; . ‘\.c‘

8 o ;

(&)

o

-
i

4] | 2 3 4 5

Lateral distance of an object (cm)

Figure 3.3: Relative slope which is maximal slope/maximal amplitude ratio of different
electric images when target objects are two different-sized spheres (circles) and four

different type of cube (squares and triangles) (reprinted from (von der Emde, 1999))

Sicardi et al. (2000) called the ratio of the maximal slopd araximal amplitude the
relative slope, and verifies validity of the relative slogeaadistance measure theoreti-
cally. We found that it might possible to use the relativepsl@or distance estimation
of Gymnotiformes in analytical simulations based on thetelefield model of wave-
type weakly electric fish. In the next section, it will be shothat the relative slope
can be used for wave EOD species.

In the simulation results of the paper (Sicardi et al., 20€89 width varied when the
distance of the object from the fish changes. The width inteteitnages is also af-
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fected by the shape, size, and conductivity of the targetadbjHowever, the relative
slope shows stronger independence than the width to thesteonductivity of the
target object. Chen et al. (2005) adopted the full-widthaf-maximum (FWHM).
The FWHM is the width in electric images when the intensitgdraes half of maxi-
mum. The FWHM is largely independent of the size and condiigtof a target object
(Chen et al., 2005). FWHM also can be a distance measuredordisate the lateral
distance of the target object.

FWHM (cm)

center plastic

0 ) *I 2 3 4
Lateral distance of an object (cm)

Figure 3.4: FWHM versus the lateral distance of the target object for different object

sizes (different marker) (reprinted from (Chen et al., 2005))

3.2 Localization of a target object in electrosensory sys-

tem

It is important issue to localize a target to all animals unithg weakly electric fish.
Weakly electric fish use electrolocation for prey capturd aavigation. In three-
dimensional space, we can separate underwater space gttocaudal, lateral and
dorsoventral space classifications with respect to wedkltrc fish.

Rostrocaudal axis indicates the direction from head to tail.
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Lateral axis represents the direction from the midline of weakly electish to the
side of the fish’s body.

Dorsoventral axis is the line leading from the ventral to dorsal area.

We will study the localization mechanism in weakly elecfigh through electric im-

ages. Object perturbation is the amount of change of etegtiiential when a target
object is near the electric fish. It has been shown that thie pegplitude of perturba-

tion appears at the sensor position closest to the targetol@hen et al., 2005). The
result can be explained by equation (2.5), because thetqigetirbation is inversely

proportional to the cubed value of distance between theecenthe object and sensor
position.

Chen et al. (2005) studied the temporal structur.@lbifrons electrolocation closely,
the result was similar to the spatial structure (von der Egide., 1998; von der Emde,
1999; Schwarz and von der Emde, 2001). When a small targetiojoves along the
rostrocaudal line of the fish, the change is recorded andlateditheoretically(Chen
et al., 2005). Fig. 3.5 shows spatial and temporal eleatmages when the lateral dis-
tance and size of target object is fixed. The intensity iscédie by position as well as
the size and conductivity of the target object. In a spatedtec image, the peak posi-
tion matches the rostrocaudal position of the target froevhibad of the weakly electric
fish as shown in Fig. 3.5 (a). The temporal sensor readings efextroreceptor are
represented in Fig. 3.5 (b). In a temporal electric image,gdbsition of maximum
intensity indicates the point of time when a target objeaidgsest to a specific elec-
troreceptor. In electric images, we can directly extraetibstrocaudal position of a
target. To estimate the lateral distance of a target, we aeether feature such as
relative slope and FWHM.

We focused on the relative slope as a measurement of thallgtesition of a target
object unrelated to the size and electrical property of @bj@he independence of
the relative slope and object properties has already beeliest(von der Emde et al.,
1998; von der Emde, 1999; Sicardi et al., 2000; von der Emai@gR Fig. 3.3 shows
that there is no change due to object size and electricataonsThe relative slope
is affected by the lateral distance of a target object andaveuse this as a distance
measure.

In this thesis, the lateral distance is measured from th&ece the target object and
it can be a problem when a target object is large. It is assuhsdhe lateral distance
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Figure 3.5: Electric images when the lateral distance and size of a target object is fixed
(a) spatial sensor readings with varying rostrocaudal positions of a target object (b)
temporal sensor readings with varying rostrocaudal positions of sensors (the velocity of

the weakly electric fish is 0.01m/seq (modified from (Sim and Kim, 2010e))

can be derived by subtracting the radius of the object framdiktance to the center of
the object (Engelmann et al., 2008). It is known that weakdgteic fish can measure
the size of the target by using the width, peak amplitude,rate of electric images
(Assad et al., 1999). Weakly electric fish might use the #tdistance to the center
and the size of the target to estimate the lateral distance.

In this thesis, the relative slope is mainly used to locafizarget object in most of
experiments. FWHM is used as a distance measurement of enoskensory system
for the first time in Chen et al. (2005). In this research, FWMists focused on the
wave-type weakly electric fish, Gymnotiformes. As showniig.B.4, the FWHM is
analytically independent on the electrical property, hete is little difference between
metal and plastic in measured data. Though, the FWHM islatidlely independent
on the electrical property of a target, the relative slopamsemore reasonable mea-
surement for distance estimation. The relative slope ¢éigiht shaped objects, a cube
and sphere, show different relative slope and it worked fstadce discrimination ex-
periments with pulse EOD species (von der Emde et al., 1998 ,der Emde, 1999;
Schwarz and von der Emde, 2001). It is assumed that thewekltpe can be applied
to wave-type weakly electric fish, though the distance disoation experiments are

made for pulse-type weakly electric fish.
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3.3 Spatial and temporal relative slopes

The relative slope is the ratio of maximal slope to maximaphimde and it is possible
to apply to spatial and temporal electric images. We carfiresleslative slope as spa-
tial slopes and temporal slopes. Spatial sensor readingg &he rostrocaudal sensory
line generate spatial electric images and we can extracgatal slope. It is possible
to represent a spatial slope as

max {I (xi1,t) —1(%,1)}

max {I (x,t)}

where there are electroreceptors along the rostrocaudal sensoryxire, ..., X, on

Spatial relative slope= (3.2)

the skin surfacel (x;,t) is a transdermal potential difference at a given positidn a
given timet. When we use a temporal electric image with temporal sersalimgs at
one electroreceptor, a temporal slope can be defined as

maX {I (X7 tk+l> — | (X7 tk>}

Temporal relative slope
P P max {1 (X, t) }

(3.2)

This relative slope shows the ratio of maximal slope and makamplitude in differ-
ent domain. In previous research, the relative slope isetad from the electricimage
along the sensory line (von der Emde et al., 1998; von der Ea###9; Sicardi et al.,
2000; von der Emde, 2006). In Fig. 3.6, it is shown that theperal relative slope is
also available for distance estimation. Both spatial antptaral relative slope are not
affected by the size and conductivity of a target object.

Fig. 3.6 shows the relative slope when the lateral distahadarget changes frontci

to 5cmin spatial and temporal electric images. The two phaseivelatopes can be
obtained from equation 3.1 and 3.2. In Fig. 3.6 (a), theiradaiope curves are differ-
ent with different rostrocaudal positions. The sensor iregglof electroreceptors are
affected by the distribution of electric poles. When we reaintensity of electrore-
ceptors with time intervals, a temporal relative slope $slaffected by the measuring
sensor position compared to a spatial relative slope. Awsho Fig. 3.6, a temporal
relative slope is less affected by the relative rostrochpdaition of a target than a
spatial relative slope. We will compare two relative slgpeg spatial relative slope
and temporal relative slope in Chapter 5.

In Fig. 3.6 (a), the relative slope depends on not only therdhidistance but also the
rostrocaudal position of a target object. The change ofivelalope in the rostrocaudal
line is smaller than in the lateral line (see Fig. 3.7). Thgrde of decrease is larger
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velocity of the weakly electric fish is 0.01m/seq (modified from (Sim and Kim, 2010e))

when the lateral distance of a target object changes. Figsi®ows the change of
relative slope when the rostrocaudal position and lateastbdce of a target changes
with the same change interval ofs8m On the x axis, the change step of a target
object is represented. The lateral distance of a targetggsainom 8mto 9.5cmand
the rostrocaudal position from the head changes fromt® 8.5cm
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Figure 3.7: Difference of effects due to a lateral and rostrocaudal changes. The relative
slope changes more rapidly when lateral distance changes (the change of a lateral

distance marked by ' and the change of a rostrocaudal position marked by 'X’)

Since a lot of electroreceptors are distributed over thelevbkin surface, the multi-
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ple spatial readings can detect the change of a relative sfopoth rostrocaudal and
dorsoventral line. The dorsoventral distribution of elestceptor has same work with
arostrocaudal sensory line. Sensor readings from thiglaision determine the height
of atarget object. Consequently, multi-electroreceptiomneakly electric fish provides
two-dimensional electric images and the location of tagigéct can be extracted in
both rostrocaudal and dorsoventral axis.

In Fig. 3.8 show relative slope acquired from rostrocaucha dorsoventral electric
image when atarget object moves along three-dimensiorsal\&e can see the relative
slope change in arostrocaudal sensory line from Fig. 3#®(&). When a target object
moves from fish to side or from head to tail, relative slopaeases. The relative slope
is largest when a target object is located in the same dons@dine with measured
rostrocaudal sensory line. In Fig. 3.8 from (d) to (f), thiatiee slope obtained from
dorsoventral sensory line is presented. The relative stoaelorsoventral sensory line
shows similar pattern with the relative slope in a rostralediaxis. Fig. 3.8 (b) and (f)
is similar because the object moves along the series of sensgpectively. Fig. 3.8
(c) and (e) has alike curvature also because the object @y &@m the midpoint of
a sensor array vertically. When we read a dorsoventral sgtise, the relative slope
is larger with an object in a same rostrocaudal position séhsory line. The relative
slope decreases when a target object far away from the webddtric fish.

To study the relative slope with position changes of a tasgict in three-dimensional
space, we study the relative slope change acquired frometisosy plane (Fig. 3.9).

In two-dimensional electric images, we can detect how ikedatlope affected by the

movements of a target object. As shown in Fig. 3.9, the radalope is affected by

every change of an object location in the rostrocaudaltdgtand dorsoventral. Thus,
the relative slope cannot be a function to localize the egasition of a target object

in three-dimensional space. For example, in Fig. 3.9 (®,réfative slope acquired
from the spatial readings of a rostrocaudal sensory linenwdigect moves around
the given two-dimensional plane. Each single line indisatme relative slope value.
There are a lot of object location which has same relativpeesl@ his can be a reason
why weakly electric fish has many electroreceptors on thiaser From the spatial

readings of sensory plane, the rostrocaudal position aigthhef a target object can

be acquired directly. Then the relative slope variationlsamecided uniquely for the
lateral distance and we can use a relative slope to estimatateral distance.

To estimate the lateral distance of a target object, we ndedendistance map. We
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Figure 3.8: The relative slope when the location of a target object changes in three-
dimensional space (a), (b), and (c) change of relative slope in the rostrocaudal sensory
line when the lateral, rostrocaudal, and dorsoventral position of a target varies respec-
tively (d), (e), and (f) change of relative slope in the dorsoventral sensory line when the

lateral, rostrocaudal, and dorsoventral position of a target varies respectively

have to decide a rostrocaudal position of a target objeclokalization of a lateral
distance. When a rostrocaudal position of a target is ddciddateral distance of
a target can be obtained by relative slope. The rostrocaqaatation of a target can
be easily decided by peak position in electric image, butkiyealectric fish should
memorize whole relative slopes at each rostrocaudal pasifia target. We will study
change of relative slope when weakly electric fish swim fodua reduce a load for

memory of whole distance map.

The spatial and temporal slope uses the ratio of maximuneréifice to maximum
amplitude. In the neural network to compare the differemut @ectric perturbation,
neurons might be stimulated by the electric perturbatiariow along the rostrocaudal
sensory line or in time sequences. We can assume there nagin array arranged
spatially and temporally to realize the distance estinmatieechanism neuronally. In
another layers, neurons can calculate the slope and maxialua with the neurons
in the first layer. To obtain the ratio of maximal differenaedaamplitude, we need
multiplicative neuron system. It is difficult to represehé tmultiplication neuronally,
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Figure 3.9: The contour of a relative slope when a position of a target changes in
three-dimensional space (a), (c), and (e) obtained from the series of sensors in the ros-
trocaudal axis, (b), (d), and (f) in the dorsoventral axis; (a), (b) the lateral distance and
rostrocaudal distance changes, (c), (d) the rostrocaudal distance and height changes,

and (e), (f) the lateral distance, and a height changes

however, it might be possible with a combination of activa and weights as as
Gabbiani et al. have shown (Gabbiani et al., 2002).
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3.4 Change of relative slope

When weakly electric fish capture their prey, they almoseagsvwshow back and forth
swimming. As mentioned in previous section, the relatiopslis affected by object
positions in rostrocaudal, lateral and dorsoventral &kis.focus on the relative slope
obtained from a rostrocaudal sensory line. We can drawivelatope curves when
weakly electric fish swim forward and the relative rostratauposition of a target

changes from head to tail with respect to weakly electric. fisig. 3.10 (a) shows

change of relative slope when the relative rostrocaudatipnsncreases from head
at each lateral distance of a target. We use change of mlakbpes as shown in
Fig. 3.10 (a). It is assumed that weakly electric fish haveedepred sensor zone for
electrolocation. When they swim back and forth, it seemswleakly electric fish put

the target on the specific sensory region of trunk. Fig. 30}@id (c) show the change
of the relative slope when a target object located in thisegnregion. The change of
relative slope decreases at two points near head and begiahtail when the lateral

distance of a target increases. Fig. 3.10 (b) shows the ehiatg and Fig. 3.10 (c)
represents the integration of relative slope at each rcetidal position of a target
from head to tail (Sim and Kim, 2010b,a).
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Figure 3.10: Change of relative slope (a) relative slope change when rostrocaudal po-
sition of a target changes with different lateral distance (b) change rate of relative slope

(c) integration of relative slope (modified from (Sim and Kim, 2010b,a))

It is possible to represent the change and integration afivelslope as difference and
sum of relative slopes. When weakly electric fish put thedibeg the sensory region
from x, near the head t®y, close to the beginning of tail, the change of relative slope
can be represented as

R(%n) — R(Xm)

— (3.3)

Change of relative slope
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where R(x) indicates the relative slope atand the integration of relative slope is

derived as
n

Integration of relative slope- Z R(X) (3.4)
i=m

It is shown that change rate and integration of relativeestagraw similar curves with
an original relative slope graph. Fig. 3.10 (c) shows a simootve. The integration of
relative slope seems to have low pass filtering effect wherfigh swim forward. To
utilize change rate and integration of relative slope, wedn@oth spatial and temporal
electrosensory information, but the lateral distance af@dt can be decided by single
change pattern. It is possible to use change of relativeedbepgause of their behavior
pattern, back and forth swimming for prey capture. Actyaligakly electric fish might
use crude localization for prey capture and do not use a @ineet memorized map of
the relative slope. The change of relative slope might béutgsr realization of the

electrosensory system in the electric machine.

3.5 Summary of Chapter 3

This chapter introduces distance measurements, reldtpe snd FWHM, and the
relative slope is mainly used to estimate the lateral destaof a target object in the
thesis. In three-dimensional spaces, weakly electric fesle o estimate the rostro-
caudal, dorsoventral, and lateral position. When the timoedsional sensory image
is used for localization, the rostrocaudal and dorsovéptaition can be measured
by a location of maximum amplitude. The relative slope isrtte of maximal slope

to maximal amplitude and indicates the lateral distancetafget object. It is possi-
ble to measure the lateral distance regardless of the sizelaatrical property in the

electrosensory system.

The relative slope can be divided as spatial relative slopetemporal relative slope.
When the electric image is drawn along the rostrocaudalosgndane, the spatial
relative slope is extracted from the spatial electric imaee temporal relative slope
can be acquired from the temporal electric image causedrbgdeal changes at an
electroreceptor when weakly electric fish swim forward. Tyees of relative slopes
are independent of the size and conductivity of a targetabbjehe relative slope was
introduced as a distance measure for pulse EOD species @rdandde et al., 1998;
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von der Emde, 1999; Schwarz and von der Emde, 2001). It islgegs apply this
method to wave EOD species, which is the basic electrolmcatiodel of this thesis.

When the rostrocaudal position of a target object changegglative slope is affected
(see Fig. 3.6). The temporal relative slope seems largdigpandent of the rostrocau-
dal position of a measured electrosensor and a target objeet spatial information
acquired from the sensory plane is useful information ardehative slope change was
shown on the sensory plane in this chapter. The spatialvelsiope changes when a
rostrocaudal, dorsoventral, and lateral position chaageswveakly electric fish might
consider the change of relative slope to identify the exasitipn of a target. The
rostrocaudal and dorsoventral position of a target is tyréedicated by the location
of maximum intensity. Then, weakly electric fish can estenthie lateral distance by
relative slope. Weakly electric fish show back-and-fortlinsming when they capture
prey and it can be used for electrolocation. When weaklyteteiish swim back and
forth, the relative slope changes, and both the change naténgegration of relative
slope provide another distance measurement. The changategdation of relative
slope are similar to the original relative slope. These messuse temporal changes
and do not have to consider the rostrocaudal position ofgetam addition, the inte-
gration of relative slope can be useful to identify the aateiposition of a target in a
noisy environment.



Chapter 4

Electrolocation with active-body

movements

The pulse EOD specie§ymnotus carpo, Rhamphichthys rostratus, and Brachyhy-
popomus cf. brevirostrigend to swim forward when they capture prey (Nanjappa
et al., 2000). It was reported that Mormyrids show lateral eedial motor actions
(Toerring and Belbenoit, 1979; von der Emde, 1990), butehsethat their backward
swimming or side searching are not foraging behaviors fecteblocation (Nanjappa
et al., 2000). In contrast to the pulse EOD spedigseronotus albifronshow strong
back-and-forth swimming and tail-bending movements (lamand Lannoo, 1993).
Other wave-type weakly electric fish show similar foragiragtern and it was sug-
gested that the active body movements such as a back-ahdsfeimming and tail-
bending movements might help to enhance the quality of artrelemage (Nanjappa
et al., 2000; Bacher, 1983; Maclver, 2001). The body movesehweakly electric
fish affect electrosensory signals. In this thesis, the twalghange of electrosensory
system will be discussed in two chapters, Chapter 4 and €nh&ptn this chapter, the
temporal change with tail-bending movements will be std@ied is based on previous
studies (Sim and Kim, 2009b, 2010a,c).

In Chapter 4, it is assumed that weakly electric fish use tipoeal change when they
bend their tails and this study can be available for wave-typakly electric fish. This

chapter will study relative slope change with tail bendingmements and how it help to
extract accurate distance information. The temporal patittail bending movements
could be a cue for distance estimation in itself. The norpealitail bending pattern is

39
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not affected by the size and electrical properties of a tavggect. It is also a possible
strategy using the relative slope when the tail is bent terdsin sure the accuracy of
the distance.

4.1 Temporal structures of electric images

So far, research about electrolocation has concentratéldeospatial information ac-
quired from distribution by numerous electroreceptors. c@irse, there have been
studies using temporal structures when weakly electric ishm forward. When
weakly electric fish capture their prey, they exhibit a vigrief movements such as
back-and-forth swimming and tail-bending movements. stiggested that tail-bending
movements can be a behavior pattern of weakly electric figmbance the informa-
tion acquired from the electrosensory system (Maclver,120@enerally, however,
the effect of tail bending movements have not been not censitbecause tail bend-
ing generates abrupt changes in the electric field. In thapier, we consider the tall
bending movements as a factor in localizing a target objeetctive electrosensory
systems. When a target object is near a weakly electric fistpeérturbation of a target
is considered as having high-frequency characteristiegsspatial electric image. In
contrast, the temporal pattern of tail bending movemenises slower changes and
has low-frequency characteristics.

When the weakly electric fish shows active movements suchildsending, the tem-
poral structure is markedly distinct from the spatial stuwe. The effect of the move-
ments of weakly electric fish will be discussed in next chapiée will cover in this

chapter what additional information we can obtain from teraptail bending patterns.

4.2 Body modeling and tail bending movements

For simulation, we set the body length toc2iand the length of electric organ to
15.47cm, and fixed the density of the electric poles aptbles'cm, following the body
model from other works (Chen et al., 2005; Babineau et aD620 The number of
electric poles is approximately 150, and these poles aiddcalong the midline of
weakly electric fish. All poles are positive except the lasgative pole at the end
of the tail. For simulation, we put many electrosensors anlibdy surface. The
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electrosensors are symmetrically distributed on bothaledt right sides of the weakly
electric fish.

When the electric fish bends its tail, approximately 65% eflibdy length is allowed
to bend. The rostral portion of the body maintains itself straight line. The bending
angle is defined by the angle between the body axis and thértimea certain pivot
point to the end of tail. The tail-bending angle ranges fred%° to 45°. We assume
that the caudal portion of the tail draws a circular arc adbtine pivot. A radiusR of
this curvature can be calculated Rs= L /26, where® is a bending angle and is a
bended proportion of body length. The center point or roteti axis of the curvature
is at a distanc® from the pivot point of the body.

Fig. 4.1 shows the temporal sequence of transdermal pateatquired from tail-
bending movements when a lateral distance of a target offjaciges. Each potential
curve shows temporal variation depending on the tail-bemghase. The tail-bending
angle starts from-45° to 45° and again returns from45° to 45°. When the tail is
bent close to the target object, the potential increasexaNsee the peak of potential
amplitude when the tail is closest to the target object beedlie small distance of a
target object from the body axis increases the electric fieténtial.
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Figure 4.1: Transdermal potential measured at 8cm from the head when a tail bends
from left to right and right to left; the lateral distance of a target object changes (the
bottom curve represents the transdermal potential without an object) (modified from
(Sim and Kim, 2010c))

The temporal change of a transdermal potential when théstb#gnding from side to
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side is affected by the position, size, and conductivity td#rget object. Fig. 4.1 deals
with transdermal potential at electroreceptors. It is dlifi to extract distance infor-
mation from a transdermal potential because of the effdabject characteristics and
low frequency characteristics of temporal patterns. Wherensider the distortion of
transdermal potential caused by a target object, we camabtare interesting results.

4.3 Pattern of tail bending

Fig. 4.2 (a) shows the temporal change of transdermal patemthen weakly electric
fish bend their tails from side to side. The temporal tail beggattern depends on the
position, size, and conductivity of a target and it is notgasextract novel information
from this tail-bending pattern. In contrast to a spatiatlieg of a sensory array, there
seems to be no distinct pattern of curves, peak or slope. Wienormalize this
temporal tail-bending pattern, we can find distinctive elegeristics.
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Figure 4.2: Tail-bending patterns when a lateral distance of a target object changed
as 2.5cm 4cm 5.5cm 7cm and 8.5cm (a) Unnormalized tail-bending pattern and (b)

normalized tail-bending pattern (modified from (Sim and Kim, 2010c))

A temporal reading of one electroreceptor also gives us adrirhow measure the
distance of a target object. Fig. 4.3 (a) shows that objeet Isas no effect on a nor-
malized tail bending curve. The conductivity of an objedlso not a factor in varying
a temporal electric image. In Fig. 4.3, line (b) with the '@ica’x’ markers have neg-
ative conductivity and the other positive. These two patenatch exactly when the
negative conductivity line is reversed.
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Figure 4.3: Normalized tail bending pattern (a) the object size changes with an interval
of 4mm (0.8, 1.2, 1.6, 2.0 and 2.4mn) (b) the electrical constant changes, 1, 0.5, 0.25,
—0.25, —0.5 (the marker "0’ and 'x’ have negative electrical constants and the others

negative electrical constants) (modified from (Sim and Kim, 2009a,b, 2010c))
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Figure 4.4: Normalized tail-bending patterns when the lateral position of the target
object varies as marked in legend; readings of stimuli were recorded at (a) 2cm (b)

3.5cm and (c) 5cm(modified from (Sim and Kim, 2009a,b, 2010c))

As shown in Fig. 4.3, the normalized pattern of tail-bendimgyvements are dependent
on only the relative position of a target object and themfgrindependent from the
size and conductivity of the target object Sim and Kim (20@®H.0a). Fig. 4.4 shows
pattern changes of tail-bending curves at each sensoiqgosit

The normalized temporal bending pattern can be used assadésimeasurement, such
as the relative slope. Strictly speaking, the normalizenldbey pattern is changed
by the lateral and rostrocaudal position of a target simelaisly. The difference in
temporal patterns in Fig. 4.4 is due to the difference of mesk points. We can
also notice that temporal patterns change with differerdsueed positions. When we
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measure temporal potential change at the sensor locateshitof a target, a temporal
pattern shows a consistently increasing pattern. In cstiwdhese increasing patterns,
Fig. 4.4 (c) consistently decreases at a sensor near the talil

Fig. 4.5 shows change of temporal tail-bending patterngwthe target object moves
respectively along the lateral, rostrocaudal, and dorstbgkeaxis. We can use this
temporal pattern to localize a target object without comsation of other properties
of objects such as size and electrical constant. There steims no direct cue to
estimate the location of a target object in temporal taiteheg patterns. When the
target object moves in three-dimensional space, we carctdiie abrupt change of
a temporal pattern at the fixed sensor. In Fig. 4.5, sometteraporal change has
a consistent increase or decrease and sometimes createsshdyoed curve when
weakly electric fish bend their tails. Each column represantostrocaudal position
of a sensor from head to tail and each row represents theigposit a sensor in a
dorsoventral axis. A sensor from the first column @naway from the mouth, and
then it moves at an interval ocBh The sensors (depicted in rows) are distributed at
—2cm, —1cm Ocm 1cm and Zmrespectively with respect to the center of a weakly
electric fish. This indicates that the location of an objéarges the temporal pattern.
If we observe the temporal variation of tail-bending at adie¢ectroreceptor, we can
find the cue to localizing the location of an object.

The temporal sequence of an electric signal can be foundavihly few electrore-

ceptors. If multiple electroreceptors are not availalentthis temporal pattern for
a time interval can give us distance information. This measent is independent of
the object size and conductivity; however, temporal patierre affected by the ros-
trocaudal and lateral position of a target object. The castudal position is identified
directly from the peak location in the electric image. Cansantly, when the rostro-
caudal position of a target object is determined, we camed# the lateral distance
with a tail-bending curve.

4.4 Integration pattern of tail bending

To find a direct cue to localize a lateral position of a targgeot, we study the integra-
tion of a tail-bending curve extracted from temporal semsadings at one electrosen-
sor. When we use the relative slope of a tail-bending cuhexgetare irregular leaps
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Figure 4.5: Normalized tail-bending pattern; one figure shows normalized temporal

changes when a target object moves near one electroreceptor in the sensory plane

(each column indicates a rostrocaudal position of a sensor and each row represents a

dorsoventral location); the object initially located at 8cmfrom the head in the rostrocau-

dal axis, 5cmfrom the fish’s skin in the lateral axis, and the same dorsoventral position

with respect to a fish; (a) a target object moves along the lateral line (b) a rostrocaudal

line (c) a dorsoventral line (modified from (Sim and Kim, 2010c))
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at certain points, because a temporal tail-bending pattenmetimes only decreases
or increases consistently and sometimes show a change engelof direction. The
relative slope is not a good characteristic to measure #tarte of tail bending curves
because the temporal curve has no regular increase or decrea

In other word, the integration curve shows stable changea fooving target object.

Fig. 4.6 (a) and (b) shows the integration of tail bendingrearat a fixed sensor posi-
tion when a target object moves. The rostrocaudal positiamges in Fig. 4.6 (a) and
the dorsoventral position changes in Fig. 4.6 (b). In Fi§, ttegration of temporal

change decreases when a target object move far away frontettteosensor. Fig. 4.6

(e) and (f) shows the consistent decreasing pattern whetatpet object is far away

from the midline of fish at the lateral axis. Consequently,ca@ estimate the lat-
eral distance of a target object by the integration of teralpciange of a tail bending
pattern.

Actually, the integration of tail-bending patterns is atfd by the size of a target
object. When the integration of tail-bending pattern ismalized by the integration of
tail-bending at the fixed position, the normalized integiabf a tail-bending pattern
can be used as distance measure regardless of the size géia tar

From these results we can conclude that tail bending movenhetp weakly electric
fish acquire sensory information to localize a target obj€xtcourse, when we cal-
culate the relative slope of the integration curve whengl®tail bending movement,
we need both a spatial and temporal sequence.

4.5 Relative slope change with tail bending movements

In Fig. 4.7, we can see that a change in electric images witarent tail bending
angles,—45°, 0°, and 45. There is a difference in transdermal potential with a fixed
target object when weakly electric fish bend their tails. eérms that the effect of
tail bending movements is not an ignorable factor becauselifference due to talil
bending is not small compared to the difference caused lbgrdiit lateral distances
of a target in the dorsoventral sensory line. When weaklgtetefish bend their tails,
both width and maximum intensity changes.

We can see the change of relative slope with tail bending mews in Fig. 4.8.
Fig. 4.8 (a) shows the relative slope change extracted flerdstrocaudal sensory
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Figure 4.6: The integration of tail-bending patterns when the lateral distance of a tar-
get object changes, 3cm 4cm, 5¢cm and 6¢cm (a) the rostrocaudal position of a target
object changes as marked in X axis and (b) the dorsoventral position of a target object
changes. (c) and (d) show integration curves at the center point of the sensory plane
of (a) and (b). (e) and (f) show the maximum value at each integration curve when the

lateral distance of a target object changes.
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Figure 4.7: Electric images when weakly electric fish bends their tails from right to left
with different lateral distances of a target, using a ‘solid line’ for 3cmand ‘dashed line’
for 4cm(a) electric image along the rostrocaudal sensory line (b) along the dorsoventral

sensory line

line and Fig. 4.8 (b) for the dorsoventral sensory line. Tifeceof tail bending move-
ments is not small in transdermal potential. However, weaam that the change
of relative slope caused by tail bending movements is negd The range of tail
bending movements from side to side is wider than the forimgrchovement (about

1cm), but the change in relative slope is very small.
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Figure 4.8: Relative slope when weakly electric fish bend their tails (a) along the rostro-

caudal sensory line (b) along the dorsoventral sensory line

We can use relative slope change to extract more accuradadesinformation. When
distance information obtained from temporal sensor regddoes not confirm object
position, other static spatial information from tail bemglican be helpful. We can ac-
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cumulate static spatial sensory readings at each pointia when a weakly electric
fish bends its tail from side to side. Relative slopes at eadtt ;n time can be com-
pared to determine the exact distance of a target. When warnus@erage relative
slope with tail bending, we can identify an object positioarenaccurately in a noisy
environment.

It is also possible to localize a fixed target object througtegrated temporal tail-
bending patterns acquired from the rostrocaudal sensweyWhen the size and lateral
distance of a target object changes, the integration vaswevaries at each electrore-
ceptor. We can detect a different integration pattern fer fibsition of a measured
electrosensor. The integration of temporal tail-bendiatiggns creates a bell-shaped
curve. Fig. 4.9 (a) shows that the integration of temporainges with tail-bending
movements when the size of a target object becomes largezn\ldkeral distance of
a target changes, electric images change as shown in FigTh&integration curve
shows a similar pattern with a static spatial electric imagé a fixed tail. The peak
position of the integration curve indicates the rostroedymbsition of a target object
and we can extract the relative slope in this integratioreafgoral tail-bending pat-
terns.
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Figure 4.9: The integration of tail bending curves when (a) the size and (b) the lateral

distance of a target object changes along the rostrocaudal sensory line

The relative slope of the integration curve considers éigration values at the rostro-
caudal line. As shown in Fig. 4.10, there is little differertwetween the relative slope
of the integration curve and the relative slope acquirethftbe sensory line when
there is no movement from the weakly electric fish.
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Figure 4.10: Relative slope through static spatial electric image when tail is fixed
straight (‘dashed line’) and through integrated electric image when the tail is bent side
to side (‘solid line”) (a) electric image along the rostrocaudal sensory line (b) along the

dorsoventral sensory line

We can use temporal sensor readings of a single electrdogdepobtain the relative

slope in integrated electric images. When we use the relatape of the integration
curve using spatiotemporal information, we can take acgbf multiple electrore-
ceptions. In a noisy environment, the integration of t&iting movements is ex-
pected to compensate for the noisy signal. If we use theapatporal information,

which is the combination of temporal and spatial structurfean electric image, we
can identify a target object more effectively. The de-nwsnethod will be discussed

in Chapter 6.

Weakly electric fish do not show the tail-bending movemerggudently as the back-
and-forth swimming. It is not sure whether weakly electrghfuse the tail-bending
movements to identify a target object, however, the tailedeg movements can help
to find accurate distance measurement in noisy environnsesti@vn in this chapter.

In this thesis, it is assumed that the tail bending pattenrbeeautilized as the additional
source for electrolocation or canceled to exploit spatgeral information. In sec-
tion 2.6, reafference was introduced. It is known that wea&kéctric fish can cancel
the effect of tail-bending movements (Bastian, 1995, 19989). In Chapter 4, the
tail bending pattern is considered as meaningful sensgrmnats for electrolocation.
This temporal change can provide additional informatiofot@lize a target in noisy
environment as shown in this chapter.
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4.6 Summary of Chapter 4

It was mentioned that the reafferent electrosensory sicgrabe removed by reaffer-
ence of prymidal cells and proprioceptive electrosensopyi in Chapter 2. In this
chapter, the temporal tail-bending patter is consideredccammgful source for elec-
trolocation. First, it was shown that the tail-bending eatitcan be a distance measure
itself. The normalized tail-bending pattern is not affeichy a size and conductivity
of a target object. When we use temporal potential change pibssible to measure
distance with only a single electroreceptor. Weakly eiedish have approximately
14,000 tuberous electroreceptors (Nelson et al., 2000; MacR@1). To realize the
electrosensory system, it is difficult to use sensors as rasigteakly electric fish. The
tail-bending pattern can be useful for electroreceptiaih wimall sensors.

When the electrosensory signals are affected by noise,lywebdctric fish might use
electrosensory image with tail bending movements. Theivelalope extracted from
the spatial electric image with a bent tail is similar to te&ative slope with a straight
body. If the relative slope does not seem correct, weaklgtiedefish can compare the
relative slope with tail-bending movements. The integiraif tail-bending patterns
provide the integrated electric image. It was shown thatetegive slope from the in-
tegrated electric image have little difference from thgimal relative slope. In a noisy
electric image, it is difficult to extract a correct relatsi®pe. The integrated electric
image can provide a noise filtering effect and more accurstartte measurements.
The noise reduction method of electrosensory system watbeied in Chapter 6. We
will consider the effect of another type of movement, bank-forth swimming, in the
next chapter.






Chapter 5

Electrolocation using spatiotemporal

structures in complex scenes

In the previous chapter, the distance measurement is usedddarget object. When a
target object is near weakly electric fish, the electricyndtion draws a bell-shaped
curve. Multiple objects generate superimposed electragenwith multiple peaks,
and a maximal amplitude, slope, and width of electric péxtion of one target object
is distorted by neighbor objects. In this chapter, we expitnedconcept of relative
slope to the spatiotemporal domain. The relative slopedhiced in Chapter 2 can be
interpreted as the spatial and temporal relative slope sphgal relative slope extracts
the maximal difference of sensor readings at the sensoryagioand the temporal
relative slope observes that change in the time domain. ©heept of the relative
slope will be expanded to the spatiotemporal domain in thépter.

When there are multiple objects in the near-field of weakgceic fish, the electric
perturbation is not equal to the sum of electric perturlvetioaused by each target
object (Babineau et al., 2007; Engelmann et al., 2008). i;mdhapter, it is assumed
that the difference between the original electric perttidmaof multiple objects and
the sum of electric perturbation of each target is small mapéify the problem. The
content of this chapter is based on proceeding researchgi@inKim, 2010e).

Weakly electric fish shows different foraging behaviorsaading to species, pulse
EOD and wave EOD species (Nanjappa et al., 2000). It wastegbtirat Gymnotiform
fish (wave-type EOD species) swim back and forth when theyucaprey (Lannoo
and Lannoo, 1993; Nanjappa et al., 2000).

53
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It is also noted how weakly electric fish identify a targetesttjwhen there are back-
ground objects, and this study is based on the paper by (SirKiam, 2010d). There is
a research about the spatial acuity (Babineau et al., 200Fgn background objects
exist behind the target object, it is not easy to localizergetaobject. The electric
image of a target object is distorted by background objett® closer inter-distance
between background objects, the more difficult identifamanf a target object. The
background objects change the maximal slope and maximditaohg and it is diffi-
cult to extract the distance information. However, it isgbke to estimate the rostro-
caudal position of a target object in electric images by tlaimal spatial difference
of the electric image generated by sensor readings. Thi®aghown in this chapter.

5.1 Spatiotemporal electric images

In this chapter, we use spatiotemporal information to iaea&a target object. The
temporal structure caused by tail-bending movements gesviis with other distance
measurements. Spatiotemporal electric images can be airadas multiple objects
(Sim and Kim, 2010e).

This chapter will handle the spatiotemporal electric insagbtained when weakly
electric fish swim forward. The distribution of a large numbg&electroreceptors on
the skin surface makes a spatial domain structure and tedrgensor readings of each
electroreceptor produce a time domain structure. When hyesé&ctric fish remain
stationary, we use the relative slope to estimate the distaha target object. The
concept of relative slope can be expanded in the spatioteahg@lectric image.

When there is more than one object, there is a superposifi@heotric image for
each object. The superposition changes the intensity amgestf an electric image
and makes it difficult to use the relative slope for distan@asure any longer. To
measure distances of multiple objects, other distanceune@ents are needed that is
less affected by superposition.
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5.2 Relative slope in spatiotemporal electric images

Spatial sensor readings along the rostrocaudal sensaygénerate spatial electric
images and these measurements are introduced in Chaptiee 3patial relative slope
can be represented as

ma {1 (xis1.t) =1 (4,0)}

Spatial relative slope-
P P ma {1 (x.1)}

(5.1)

where there ara electroreceptors along the rostrocaudal sensoryxire, ..., X, on
the skin surfacel (x;,t) is a transdermal potential difference at a given positon
a given timet. In the temporal electric image with temporal sensor regslat one
electroreceptor, the temporal relative slope can be defised

maX {I (Xv tk+l> — | (X7 tk>}

Temporal relative slope
P P max {1 (X, t) }

(5.2)

Both spatial and temporal relative slope consider the makshope and amplitude. In

this chapter, four different types of slopes will be studiecluding a spatial relative

slope and a temporal relative slope in spatiotemporalrdgotages. These four types
of slope with respect to different domains (space and tirmeain) can be represented
as (Sim and Kim, 2010e)

Casel: a slope as a space-to-spatial slope,

max {1 (Xit1,tk) — 1 (%, tk) }

Spaceto-spatial slope= max {106, 00} (5.3)
is
Case?2: a slope as a time-to-spatial slope,
. . I (Xi1,tk) — 1(X,t
Time-to-spatial slope= maxX {1 (6+1, %) =104, %)} (5.4)
maxc {1 (X, t) }
Case3: a slope as a space-to-temporal slope,
| (% —1(x
Spaceto-temporal slope= max {m(:gtfr(lx). n )gx"tk)} (5.5)
iy tk
Case4: a slope as a time-to-temporal slope,
: (Xt —1(x,t
Time-to-temporal slope= max {104t 1) =106, )} (5.6)

max{I (X, tk) }
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Figure 5.1: Differentiated electric image with two target objects in a spatiotemporal
domain (a) spatial slope diagram (b) spatial difference in a space domain (c) in a time
domain (d) temporal slope diagram (e) temporal difference in a space domain (f) in a
time domain (two target objects are located at 7cm, 12cmfrom the mouth with radius

0.8cm 1.2cm respectively) (reprinted from (Sim and Kim, 2010e))

wherel (x,t) is the intensity value of electric imagesis the position of an electrore-
ceptor, and is the measured time.

Fig. 5.1 (a) and (d) show spatiotemporal electric imageh wib different-sized ob-
jects when weakly electric fish swim forward. A spatiotengy@lectric image is dif-
ferentiated in a spatial domain, ‘y’ axis and a temporal doymn'a’ axis. In Fig. 5.1
(@), (b), and (c), we consider the electric potential ddfeze in a spatial domain,
I (x+1,t) — 1(x,t). Fig. 5.1 (b) and (c) show spatial differences along theiapahd
temporal line when the electric image is differentiated spatial domain. The ratio
of maximum spatial difference in the spatial domain to maxmvalue in the spa-
tial electric image is a spatial relative slope. We redefireedpatial relative slope as
a ‘space-to-spatial slope’ to discriminate from a ‘timespatial slope’. A time-to-
spatial slope is the ratio of maximum spatial differencewad heighboring sensors in
the temporal domain to maximum value in a temporal eleatniage.
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The spatiotemporal electric image is differentiated wigspect to time, ‘X’ axis in
Fig. 5.1 (d). Two different temporal slopes is considereshace-to-temporal slope’
and ‘time-to-temporal slope’. In a temporally differenéd electric image, we extract
the maximal temporal difference, m@xx,t+ 1) —I(x,t)), in a space domain and
time domain as marked in Fig. 5.1 (e) and (f). The ratio of meatitemporal differ-
ence to maximal electric potentials is ‘space-to-tempsigde’ and ‘time-to-temporal
slope’ with respect to two different domain, time and space.
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Figure 5.2: Spatial relative slope when the lateral distance of the target object changes
from 2cmto 5¢cm (a) space-to-spatial slope when the rostrocaudal position of a first
target object changes (b) time-to-spatial slope when the measured position changes
from the mouth with a static object (the velocity of the weakly electric fish is 0.01m/seq
; the 'solid line’ symbolizes the first small object, and the 'dotted line’ a large object

(reprinted from (Sim and Kim, 2010e))

Fig. 5.2 shows two types of spatial relative slopes; spaespttial slope (equation
5.3) and time-to-spatial slope (equation 5.4), when théicggmporal electric image
is spatially differentiated. Two types of temporal slopesm@presented in Fig. 5.3 (a)
for a space-to-temporal slope (equation 5.5) and Fig. 5.3ofba time-to-temporal

slope (equation 5.6).

When we consider two relative slopes, the spatial and teahpelative slope intro-
duced in Chapter 3, it seems that a temporal relative slopenéato-temporal slope)
is less affected by the rostrocaudal position of a target vaspect to weakly electric
fish than spatial relative slope as shown in Fig. 5.4 (alsoFsge3.6). When there
are two target objects, however, the temporal relativees(tipat is a time-to-temporal
slope) is also affected by the superposition of signals &mwheobject (Sim and Kim,
2010e).
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Figure 5.3: Temporal relative slope when the lateral distance of the target object
changes from 2cmto 5cm (a) space-to-temporal slope when the rostrocaudal position
of a first target object changes (b) time-to-temporal slope when the measured position
changes from the mouth with a static object (the velocity of the weakly electric fish is
0.01m/seq ; the 'solid line’ represents the first small object, the 'dotted line’ the large
object (reprinted from (Sim and Kim, 2010e))
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Figure 5.4: Comparison of spatial slope marked by ‘0’ and temporal slope marked by
‘X’ (reprinted from (Sim and Kim, 2010e))

When there are different-sized objects near weakly etefish, we need distance mea-
sure independent of size and position. The time-to-spsiigle provides us with a
useful distance measurement that is less affected by sagigom as shown in Fig. 5.2
(b). When measured points are fixed, time-to-spatial slépesvo different objects
show consistent curves without interference. The meaningne-to-spatial slope is
the ratio of maximal difference of two neighboring sensorsiaximal electric poten-
tial. It is possible to measure distances of each targetcobggardless of size and
rostrocaudal position. This study can provide a hypothesis weakly electric fish
might use the spatiotemporal information, such as the torgpatial slope, to localize
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multiple target objects.
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Figure 5.5: Time-to-spatial slope when the interval of two objects changes with a fixed
lateral distance when the measured position changes from the head with a static object
(the velocity of the weakly electric fish is 0.01m/seq ; a ’solid line’ represents the first

object, a 'dotted line’ represents a second object

Fig. 5.5 shows the superposition effect with differentalste intervals of two objects.
When the interval between two objects is larger th&e, the superposition effect is
negligible with respect to changes caused by lateral distan

In the next section, the object identification in complexrezewith background ob-
jects will be discussed. In real-world environments, éledtnages are distorted by
surroundings such as rocks, water plants, con-specificgher potential prey (Budelli
et al., 2002). Therefore, the electric image is the reswuglerposition of electric po-
tentials generated by each single object. When these baakdobjects are far away
from the weakly electric fish, the distortion effect of elecipotentials decreases as
mentioned above. When multiple objects are located behtadyat, how to estimate
the position of a target object will be studied.

5.3 Obiject identification with background objects

Electric images are different from visual images and theneoi focusing process for
identifying a target object. When there are many backgrooinjdcts in a sensing
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range, the electric image is distorted. In this study, wegssga possible localization
method when there is a closer target object with backgrobyetts.

Babineau et al. (2007) suggest the concept of “spatial @csiinilar to visual acuity.
Spatial acuity is the ability of weakly electric fish to digjuish a target object from
background images when a target object and object plankdbaiend objects) are near
weakly electric fish at the same time. With electric imagittg, bell-shaped curve of
sensor readings is blurred when the lateral distance ofgettabject moves farther
away from the fish (Heiligenberg, 1975). However, in a sapsange, we cannot
neglect the effect of background objects.

The distance between a pair of objects in the object plamifssgntly influences the

shape of the electric image. A smaller interval of backgtbahjects makes blurred
background images because of the superposition of the rsezeding curves from

each object. Therefore, when the object plant is far awam ftioe fish and the in-

terval between the objects of the object plant becomes em#ie background image
produced by the object plant becomes smoother and morestljuand thus the target
object becomes noticeable. In experiments, the size ofgettabject is fixed with

5mmand background objects withrn

When background objects are near-field, it is needed to@ximvel information of a
target object from the distorted electric image. Fig. 5.@mshthe effect of background
objects with different intervals. When the intervals of kg@ound objects increase,
electric images have higher frequency characteristicer&are more distinctive peaks
in Fig. 5.6 (c).
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Figure 5.6: Effect of background objects with intervals of (a) 2cm (b) 3cm (c) 4cm
(the ‘solid line’ represents a target object only, a ‘dotted line’ for background objects,
a ‘dashed line’ for both target object and background objects reprinted from (Sim and
Kim, 2010d))
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When intervals of background objects are small, it is pdegibfind notable peak of
a target object in the electric image as shown in Fig. 5.7 his gtudy, it is assumed
that a target object is smaller than background objects ks ¢o the weakly elec-
tric fish. If the size of background objects increase or bemlgd objects approach
weakly electric fish, distortion of the electric image ireses. Furthermore, it be-
comes more difficult to identify a target object when intésvaf background objects
are large enough to show each distinctive peak.
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Figure 5.7: Electric image of (a) background objects and (b) a target object and back-
ground objects exist when the intervals of background objects change (reprinted from
(Sim and Kim, 2010d))

The electric image caused by a target object has high fregudraracteristics with a
narrower width and steeper slope than background objetts differentiated electric
image, we find that the location of the largest change is reapobsition of a target
object. Fig. 5.8 shows a second, derivative electric imagdentify the rostrocaudal
position of a target object. The minimum value of secondvdgivie electric image
indicates the greatest change of electric potentials. €prently, the minimum value
of second derivative electric image shows the position cdrget object which has
higher frequency characteristics than background objects

In this study, we discovered that the rostrocaudal posiicmtarget can be identified
by a difference in electric potentials because of high fezauy characteristics in com-
plex scenes. However, it is still difficult to estimate thetednce of a target in complex
electric images. To estimate the object distance, it is @@ed extract the original
slope and maximal intensity without background objectss Iimpossible to extract
distance measurement such as relative slope in completielecages distorted by
background objects. More studies are needed to estimatidtamce of an object in
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Figure 5.8: Electric image and differentiated electric image for both a target object and
background objects with intervals of (a) 3cm(b) 4cm(c) 5¢cm (‘o’ marks original rostro-
caudal position, ‘X’ is the estimated position of a target, the ‘dotted line’ a normalized
electric image, the ‘solid line’ a second derivative electric image) (reprinted from (Sim
and Kim, 2010d))

complex background scenes.

Weakly electric fish can use active body movements to acquine accurate sensory
stimulation. When weakly electric fish are very close to geaobject, the effect of

a target object will be dominant in an electric field and thfeafof the background

object relatively decreases. It may be helpful to study tldufation of electric image

depending on active movements of weakly electric fish to tstded the mechanism
for object identification in complex scenes.

5.4 Summary of Chapter 5

In Chapter 5, the way weakly electric fish can identify a targigiect in complex

scenes with multiple target objects or background objeetstadied. Gymnotiformes,
wave-type weakly electric fish, almost always show back awthfswimming and

the temporal change might provide additional informatidn.previous studies, the
relative slope was introduced as the ratio of maximal slapenéximal amplitude.

Chapter 3 shows that the spatial and temporal relative skpedependent on the
size and conductivity of a target and can be used to estirhatkateral distance. The
concept of the relative slope can be expanded to the spafatel electric image. We
introduce four different relative slopes; a space-to4igpatope, time-to-spatial slope,
space-to-temporal slope, and time-to-temporal slope. ageo-spatial slope is the
spatial relative slope and a time-to-temporal slope matthe temporal relative slope
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in Chapter 3.

The spatial and temporal slope only uses one-dimensiomahoioand; space and time
domain respectively. However, a time-to-spatial slopespate-to-temporal slope use
both space and time domain. When there are multiple targetsmear weakly elec-
tric fish, the time-to-spatial slope is useful in identifgieach target object. Other rela-
tive slopes are affected by superposition, and it is difficuapply those measurements
to each target object. Contrary to this, there is littlealidéince in the time-to-spatial
slope between multiple target objects, and can be used atizeanultiple target ob-
jects. It was assumed that multiple target objects keepnedie interval distances.
This study shows the possibility that weakly electric fislyhtiuse the time-to-spatial
slope for localization of multiple target objects.

The localization of a target with background objects wase atsidied in this chapter.
When background objects exist behind the target objecgltéwric image is distorted
by electric perturbation of background objects and it ificift to extract characteris-
tics of a target object. In the differentiated electric iraathe rostrocaudal position of
a target object has maximum difference. The rostrocaudsitipo of a target object

can be identified by maximal slope change. Also, it is poediblestimate the rostro-
caudal position of a target in complex scenes regardlesseohtervals of background
objects.






Chapter 6

Electrolocation using EOD waveforms

IN a noisy environment

This chapter shows the noise reduction method in the eltigpry system of weakly
electric fish. Most of this chapter was based on the procgsd®im and Kim, 2010f).
In the sensory system, noise filtering is an important issuepae-processing is pos-
itively needed to restore the original sensor signal. Tavede the lateral distance
of a target object in an electrosensory system, distanceunements such as relative
slope, relative width, and FWHM are used. These distancesanements use electric
images, width, maximum amplitude, and peak location. Itipartant to gain clean
electric images for accurate localization.

The spatiotemporal electrosensory signal is considereshih@ance the noise filtering
effect. Weakly electric fish generate an electric organtdisge (EOD) and the electric
field changes periodically in the time domain. The period@Epattern will be used
to reduce noise with cross-correlation. So far, the EOD lwdaen considered in
the electrosensory image. In the time domain, the temptiahge of sensor signals
caused by active body movements (tail-bending and backatid swimming) were
handled in Chapter 4 and Chapter 5. In this chapter, the EQBReitime domain will
be used as a meaningful source of noise reduction.

Low pass filtering and cross-correlation will be applied e spatiotemporal elec-
tric image to reduce noise. When a target object becomdsefaaivay from weakly
electric fish, the electric image is severely affected bysepand the low pass filter-
ing is not enough to preserve original information. The srosrrelation will improve

65
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the de-nosing methods by using additional temporal inféiona The noise reduction
method using cross-correlation is based on studies (ReiGHD61; Poggio and Re-
ichardt, 1973; Reichardt, 1986, 1987; O’Carroll et al., 1;98hajahan et al., 1997).
This study will provide a hypothesis that weakly electrihqfreight use the EOD for
noise reduction. Chapter 6 concentrates on the technicalbp#she electrosensory
system instead of mechanisms of the electrolocation of lyesdé&ctric fish. It will be
shown how noise reduction methods in the spatiotemporabffooan improve accu-
racy.

6.1 EOD waveforms and object perturbation

It is difficult to extract a clear electric image in a noisy gomment. In this chapter,
it is suggested that the cross-correlation method be usestitwe the effect of noise
in the underwater environment (Sim and Kim, 2010f). Weakgceic fish have an

electric organ (EO) that is composed of modified nerve andctawlls, and the EO
generates a waveform characteristic electric organ digen@gOD) (Bennett, 1971,
Zimmermann, 1985; Bass, 1986; Zakon, 1986, 1988; Kramed(),19999). Wave-

forms of a lot of Gymnotiformes and most Mormyriforms aregaulvaveforms with

large intervals. Another waveform characteristic of EOPesiodic waves. The elec-
trolytes of EO generate simultaneous firing, and the etestgnal has a waveform in
the time domain. The temporal electrosensory signals aeé msthe time domain to
extract accurate distance measurement.

There are two types of EOD waveform; pulse and periodic wabere are six types
of EOD waveforms composed of mathematical and realisticetso(Stoddard and
Markham, 2008). Fig. 6.1 shows these six types of wavefortnariime domain. Each
waveform has a different sampling rate and period. The gdesfgulse waveforms is
4msas shown in Fig. 6.1 (a) - (c). Two types of waveform, Fig. @)Jland (f), have a
period of Insand realistic model of waveform, Fig. 6.1, has a periodrag2

The tuberous electroreceptors are sensitive to a highdérexyurange from 100z to
2,000Hz (Maclver, 2001) as mentioned in section 2.2. The six EOD rwodere
based on the paper (Stoddard and Markham, 2008). Three EQIelsnbave a fre-
guency of 2561zin Fig. 6.1 (a)-(c) and the others have a frequencyafiz or 50(Hz
Notably, two EOD models were based on the realistic wavefarBrachyhypopomus
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Figure 6.1: EOD waveform (a) sine pulse (b) cosine pulse (c) pulse of Brachyhypopo-
mus pinnicaudatus (d) sine wave (e) sine wave with DC offset (f) waveform of Eigen-

mannia virescens (modified from (Stoddard and Markham, 2008))

pinnicaudatusand Eigenmannia virescensThe frequencies of EOD models can be
measured at electroreceptors.

Fig. 6.2 shows the electric image when there is uniformlyritisted random noise
with a variance of 10% of a maximum object perturbation whenrbstrocaudal posi-
tion of a target object is@nfrom the head and the lateral distancedsdrom the fish
in the time domain with six types of waveforms (Fig. 6.1). 84bes of waveforms are
affected by noise.

In this chapter, the low pass filtering and cross-corretatiothe spatiotemporal do-
main are used for noise reduction. Two steps of the noisectiegiuprocess in a time
domain and space domain provides a remarkable effect (SthiKan, 2010f). The
noise reduction strategies are established in both spatBrae domain. In a spatial
domain, a low pass filter will be used as a simple and commohaddbr reduction of
noise. This electric image acquired from sensor readingseofostrocaudal sensory
line can be smoothed by low pass filtering, because noisdlysizs high frequency
characteristics. The noise reduction in the time domaioreethe low pass filtering
enhances the effect of noise filtering. It is already veritiegt the composition of
two methods, low pass filtering in the space domain and aros®lation in the time
domain give us a more effective noise reduction process &itKim, 2010f).
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Figure 6.2: EOD waveform when there is uniform random noise with a variance of
5x 108 for two cycles (a) sine pulse (b) cosine pulse (c) pulse of Brachyhypopomus
pinnicaudatus (d) sine wave (e) sine wave with DC offset (f) waveform of Eigenmannia

virescens

6.2 Noise reduction in a temporal structure

It is suggested that pulse wavelengths of weakly electrit tidke advantage of the
communication with a low duty cycle, and they share the tioreefficiency of com-
munication (Kramer, 1999). In contrast, weakly electrib fisat use wave waveforms
cannot use this time-sharing manner for communication. é@aw it is possible that
wave-type waveforms are more effective for electrologatim this section, first, the
temporal domain de-noising method is concentrated. Theemeduction methods will
be applied to six EOD models shown in Fig. 6.1.

In this section, we show two types of noise reduction stiateig a time domain. EOD
waveforms have periodic characteristics. We used five gerad EOD waveforms
in simulation experiments. The averages of amplitudes gteaiic phase or cross-
correlation in a temporal sequence can be used. Fig. 6.3ssttmwestored electric
image along the rostrocaudal sensory line with two noisacton strategies :

Method 1 : Take the average of intensities at a regular point for on@et each
electroreceptor

Method 2 : Use the cross-correlation for one period at each electepter
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Figure 6.3: Noisy electric image and noise-reduced electric image (a) the noisy image
(b) the restored electric image with method 1 (c) with method 2 (uniform random noise
is distributed with a variance of 15% of maximum object perturbation when a rostro-
caudal position of a target object is 8cmfrom the head, a lateral distance 3cn SNR is

approximately 55.89dB in the time domain)

The periodicity of waveform gives us useful information imettime domain. In
Fig. 6.1,Brachyhypopomus pinnicaudatcsn generate 250 pulses faetandEigen-
mannia virescensan produce wave EOD waveforms witkHz cycles. Method 1
uses the periodicity of waveforms. The electric potentales at regular points at
each cycle are taken and the average of values providesisiednelectric image. In
this simulation, five cycles are used and the process is teghéan times. Fig. 6.3 (a)
shows the de-noised electric image when we use method 1.06létls not an effec-
tive method compared to another methods using cross-atioelas shown in Fig. 6.3.
The signal-to-noise ratio is defined as

SNR= 10 loggg 29" (6.1)

Proise

whereP is average power and we use SNR to represent the amount efindigures.

The cross-correlation was introduced to reduce the noisetemporal signal (Re-
ichardt, 1961; Poggio and Reichardt, 1973; Reichardt, 19987; O’'Carroll et al.,

1991; Shajahan et al., 1997). The cross-correlation caraloellated at each elec-
troreceptor as the maximum of cross-correlation signalthefself-generated EOD
waveform and the signal distorted by a target object andenoisg. 6.4 shows the
schematic of the cross-correlation to remove noise. Thssecorrelation along the
rostrocaudal sensory line of two waveforms, its own EOD vi@we and the distorted
waveform, generate a de-noised electric image.

As shownin Fig. 6.5, the relative slope is distorted in n@syironment. When a target
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Figure 6.4: Process of de-noising electric image using cross-correlation (modified from
(Sim and Kim, 2010f))
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Figure 6.5: Relative slope with two types of noise reduction methods (method 2 and
method 3) in a temporal domain with six EOD waveform model (a) sine pulse (b) cosine
pulse (c) pulse of Brachyhypopomus pinnicaudatus (d) sine wave (e) sine wave with DC
offset (f) waveform of Eigenmannia virescens when there is uniform random noise with
a variance of 10% of a maximum object perturbation when a rostrocaudal position of
a target object is 8cmfrom the head and a lateral distance 4cm SNR is approximately

94.03dBin the time domain at a lateral distance of 3cm
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object is farther than@nfrom a fish, it is difficult to estimate the lateral distanceaof
target in a noisy electric image. Two noise reduction meshaaethod 1 and method
2, help to find a more accurate relative slope. Fig. 6.5 shelesgive slope when two
noise reduction methods are applied to six types of EOD vesmeMmodels. Method 1
uses only five points at temporal sequence for five cycles @ BGd method 2 needs
the whole sensor readings for one period of EOD. The relalivpe using method 2
for noise reduction is more similar to that at clean eledtriage. In the next section,
the cross-correlation will be used as noise reduction ntkeitha temporal domain.

6.3 Noise reduction in a spatiotemporal structure

In the previous section, the temporal noise reduction watede The low pass filter is
known as a simple and common noise filter. This filter will bedias the spatial de-
noising method and the noise reduction process is applibdtimthe time and space
domain. The low pass filter and cross-correlation is useddate a spatiotemporal
electric image in a noisy environment. Three different aaisduction methods in
spatiotemporal domain are described (Sim and Kim, 2010f).

Method 1 : low pass filter in a spatial domain
Method 2 : cross-correlation in a temporal domain

Method 3 : cross-correlation in a temporal domain and then low pass fil a spatial
domain.

A fifth order Butterworth filter is applied as a low pass filtéorag the rostrocaudal
sensory line. The low pass filter reduces high frequency cmapts, which are char-
acteristics of noise. Fig. 6.6 and Fig. 6.7 show the resudlth® low pass filter in

a spatial domain. The cut-off frequency determines theukegy range of filtered
electric signal.

Fig. 6.6 and Fig. 6.7 show the noisy electric image with twietyof noise and denoised
electric image by low pass filter in a space domain. The lathstance of a target
object is 20cmfor (a) and (c), and 8cmfor (b) and (d) in Fig. 6.6 and Fig. 6.7. The
cut-off frequency is set to.@ and 02 and it seems that the cut-off frequency o1 0
is more desirable in maintaining the original slope infotim@a When a target object
moves away from weakly electric fish, the intensity of thectle image decreases.
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The original electric signal can barely be restored. Fi§.shiows the result of the de-
noised electric signal when method 2 is used. In method 2 attlod 3, five cycles
are used for the cross-correlation.

When a target object moves away from the weakly electric itisk difficult to restore
the original electric image from noisy signals. The distoartof an electric image
seems to be small compared to using method 1 with a cut-afti&necy of O1.

When we use method 2, we can acquire a restored electric iméaige 6.8 shows
an electric image without noise and a restored electric entagough by method 2.
As shown in Fig. 6.8, the distortion of electric images remaithe restored electric
image. The combination of two methods, method 1 and methad the spatiotem-
poral domain provide an effective noise filter. When a lowspiser is used for a
restored electric image with cross-correlation, remgmiistortion (see - Fig. 6.8) will
be smoothed. In method 3, it is possible to extract a moreratzdistance measure-
ment.
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Figure 6.10: Relative slope when method2 and method 3 are used for six EOD wave-
form models (a) pulse of Brachyhypopomus pinnicaudatus (b) waveform of Eigenman-

nia virescens

Fig. 6.9 shows relative slope when three types of noise teumethods are applied.
The relative slope is very close to the original relativepslavithout noise when method
3 is used. This method is also effective when a target objestes) far away from
weakly electric fish and the effect of noise increases.
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Method 1 considers a static spatial electric image when lgtree potential is maxi-
mized in the time domain. When the EOD decreases in a time idomaise severely
distorts the electric image and it is difficult to extract aate distance information. In
method 2, whole temporal sequences are handled and the SNfases compared to
method 1. The capacitance of a target object affects theeptfabe electric image in
the time domain (von der Emde, 1993, 1998, 1999). It can bsilplesto extract the
phase by shift depending on capacitance cross-correlation

Fig. 6.10 shows the relative slope in restored electric sagvhen added noise is
proportional to maximal intensities. The noise level irdes the ratio of distribution

range to maximum intensity of electric image. Even thoughrthise level increases,
relative slope using method 3 remains in an acceptable fangdectrolocation. This

study shows that weakly electric fish might improve the aacyof the electrolocation

by using the spatiotemporal information with their EODsingmsition of the cross-

correlation and low pass filtering.

The electrosensory system is not a common and commerdaeesor system. The
electrosensor can be useful in the dark sea to identify tb&tilon of a target and its
characteristics. To develop the electrosensory systeraadiged mechanical system,
more research is needed for stabilization, electrosessortures of the system, and
so forth. The noise reduction process will be an importasuedo handle the original
sensory image. Actually, the sensory range of weakly etefish is not large enough
to be used in the biomimetic robot system.

The thresholds in afferents were shown in the study (Engatneaal., 2008). Weakly
electric fish might not be sensitive to noise. Although theant of noise used in ex-
periments is large compared to noise detected by weaklyrieléish, this experiment
can be helpful for application of biomimetic robotic fish whihe system is severely
affected by noise.

6.4 Summary of Chapter 6

Actually, it is impossible to record sensor readings withooise. When a target ob-
ject moves far away, the effect of noise becomes severeefidrer pre-processing for
noise reduction is very important in identifying a targefsab in an electrosensory sys-
tem. The noise reduction method is introduced for both tlaes@and time domain. In
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this chapter, the noise reduction methods are discussest, &low pass filter, the fifth

order Butterworth filter, is applied to the spatial electnage along the rostrocaudal
sensory line. Second, the cross-correlation using EODsesd in the time domain.

This method might need additional memory to save tempoi@liesgaces and higher
complexity to compute, but it helps to extract cleaner dbfeatures from a restored
electric image.

In previous chapters, it was shown that spatiotemporatin&bion provides additional
information for identifying target objects. The spatiofgnal information is also use-
ful in removing noise. It is assumed that active body movemehweakly electric
fish help to extract more accurate information from noisy aadhplex electric im-
ages. The study of spatiotemporal structures due to aabhg Imovements of weakly
electric fish will provide us with useful leads in understagdactive electrosensory

mechanisms.
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Conclusion

Weakly electric fish use active electrolocation with theimoelectric field. They de-
tect changes in electric signals distorted by prey, roakd reise. Weakly electric fish
can extract novel information from corrupted electric irmagThey use this informa-
tion to identify the target object, explore surroundingsgd @ommunicate with their
conspecifics.

There have been many studied on the electroreception grofetectric fish. In this

thesis, it was investigated how the electric fish localizgeatobjects using multi-
electroreception or temporal sensor readings with activdénding movement. The
sensor readings from multiple electroreceptors covelttregsurface of weakly elec-
tric fish and create a bell-shaped curve when the target isj@ear the trunk. The
distortion of the electric field is largest when the distanE@an electroreceptor and
a target object becomes smaller. When the target movefdrtim weakly electric

fish, the maximal peak decreases and intensity is affectédedgize and conductivity
of a target object. The methods are needed to measure thaeachksbf a target that is
not affected by size and conductivity.

When both an electric fish and a target object are fixed in aiceposition, the talil
bending movement of a fish gives temporal information anslghitern can measure a
target object distance. Of course, it is reasonable to\metieat the presence of many
electroreceptors and active movements of an electric fish as a tail bending and a
forward motion gives accurate information about objectst &en a few sensor read-
ings with the tail-bending movement of fish or spatial infatron acquired from many
electroreceptors at once is enough to measure the distérectamet object. Many

77
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studies are concentrated on spatial sensor readings addrom multi-electroreceptor
or temporal readings at a fixed electroreceptor when a talgett goes forward along
the rostrocaudal axis of a weakly electric fish. The posibbmaximum amplitude
indicates the rostrocaudal position of a target objectthadelative slope gives us the
measurement to identify the lateral distance of a targetaib{von der Emde, 1999;
Schwarz and von der Emde, 2001; Sicardi et al., 2000). The MVdldo decides the
lateral distance (Rasnow, 1996; Chen et al., 2005). Thavelslope and FWHM are
useful parameters in discriminate the object distanceawitltonsideration of other
characteristics such as conductivity and size.

However, there is no study to identify the height of a tardggect with electrorecep-
tors distributed on a dorsoventral axis from a ventral torsalarea of weakly electric
fish. In addition, there is no experiment that connects tlbelpm of localization of a
target and tail-bending movements. In this research, we she role of electrorecep-
tors spread on the sensory plane, on both the rostrocaudal@soventral axes. In
addition, another distance measurement is studied - theaeaisensor readings when
weakly electric fish bend their tails.

7.1 Pattern of tail bending

The temporal readings can be interpreted by two points of.vigrst is the temporal
pattern due to movement of a target object, and another isefeence of readings
with active movements of weakly electric fish, such as taridieg, that distort the
electric field itself. In Chapter 4, it was shown how can terappattern caused by
tail bending movements help weakly electric fish localizea@ét object. This tail
bending movements might be restricted to wave EOD speciekenvthe tail of a
fish bends from-45° to 45°, the bilateral symmetry varies rhythmically with bending
of the EO. This distortion of the electric field produces apenal pattern and the
temporal information gives us the distance measurementtafget object without
being concerned with other properties of the object; fongxa, size and an electrical
constant. It can be very useful when there is not enough séamfeomation to use as
spatial information.

The temporal tail-bending pattern is affected by positgne, and electrical property
of atarget, but the normalized tail-bending pattern is peaelent of characteristics of a



7.2. Distance estimation for multiple objects 79

target such as size and conductivity. Itis possible to usetlkegration of temporal tail-

bending patterns to estimate the distance of a target sueatise slope and FWHM

in a spatial structure. The temporal tail-bending patteekes it possible to use an
electrosensory system with only a few sensors. When etquoitentials are integrated
at each electroreceptor with tail bending movements, tlaive slope obtained from

the integrated electric image provide a distance inforometvith a low pass filtering

effect.

7.2 Distance estimation for multiple objects

In Chapter 5, the electrolocation in complex environmens wealt with. There was

no research on electrolocation of multiple target obje®#hen there are more than
two objects near a weakly electric fish, the electric imagdfected by superposition.
It is not easy to determine the whole electric image. In thesis, a spatiotemporal
electric image is introduced to measure distances of nielbipjects. The concept of a
relative slope can be expanded to an spatiotemporal el@oiaige. In previous studies,
a relative slope extracts the maximum spatial differendbe@asensory domain. It was
shown that a time-to-spatial slope takes the spatial @iffee at the time domain when
weakly electric fish swim forward and has a role of distancasneement. When two
objects are not far enough apart to extract two differenttateimages, it is hard to

estimate the distances of multiple objects. A time-to4igpatope is less affected by
the superposition of multiple objects. It is possible tdreate distances of multiple
objects at the same time when interval of objects is largegimto avoid superposition.

Secondly, when there are one target object and backgroyedtsimear weakly elec-
tric fish, how can weakly electric fish identify a target olbtfetn complex scenes with
background objects, the localization of a target objeciffecdit without another ad-

ditional process. In this study, it was assumed that a tanigjetct is closer to weakly
electric fish than background objects. It is possible to tifethe rostrocaudal posi-
tion of a target object from complex electric images. Evea target object is small
and doesn’t show a distinctive peak in electric image, tleetdat signal due to a tar-
get object has high frequency characteristics. In a diffigaged electric image, the
position which has maximal difference indicates the rastumlal position of a target.
However, there is al problem to estimate the lateral digari@ target. The distance
measurements such as relative slope and FWHM are not deaitesuperposed elec-
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tric image. Weakly electric fish might use active body moveta¢o identify a target
object in complex scenes. When weakly electric fish are dosetarget object, the
effect of background objects decreases and weakly eldithocan use the electric
image with background cancellation.

7.3 Noise reduction in spatiotemporal electric image

It is studied that the periodic characteristics of EODs mgeral structures can make
the electrosensory system more resistant to noise in Gh@pté/eakly electric fish
generate periodic electric discharge. There are two typEO®, wave and pulse. In
this study, a low pass filter and cross-correlation was thtced in the spatiotemporal
domain to reduce noise. Low pass filtering is a common metboddise reduction.
When the noise increases, de-noised electric image shostated curve and relative
slope is affected by distorted maximal slope and amplitiithe. temporal information
which have periodical characteristic can be used to redoise effectively. When we
apply a low pass filter in a spatial domain and cross-corcglah a temporal domain,
the relative slope in a de-noised electric image is veryectosthe relative slope in a
noisy electric image.

7.4 Future work

In this thesis, the electric field model of wave EOD speciean@otiformes, is basi-
cally applied to overall experiments. The pulse and wave E@otric fish have dif-

ferent EO organization and foraging strategies. The coatparstudy of two species
will help to understand the electrolocation mechanism odkixe electric fish. There
are several possible topics to understand and realizeegb#r@bcation system.

7.4.1 Other distance measurements

The relative slope is a major method in estimating the latBstance of a target object
in this thesis. The tail bending movement was suggested &$ande measurement in
Chapter 4; however, the temporal tail-bending pattern Ehmeliintegrated and normal-
ized in order to be used as a measurement. There can be aiteeradi measurements
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for electrolocation. On the other side of the fish, electectyprbation is generated.
In this thesis, the electric perturbation of the other sifla target is not studied. It
can provide information for identification of a target olijand help to enhance the
electrosensory signal.

The comparative study of distance measurements can helpderstand the elec-
trosensory system of pulse and wave EOD species. Usuatlyethtive slope is used
for pulse-type electric fish and the relative width and FWHMapplied to wave-type
species. The relative slope was available for the eleceld finodel based on wave
EOD species. There isn't an explanation for the reason whayrehative slope was
used only for the pulse-type fish.

Actually, weakly electric fishes show different decisioraiccordance with the shape
of an object, and we can accept the difference of the relatoge due to the shape of
a target object to measure the distance. In this thesis xiherienent was conducted
without consideration of shape and capacitance. To theestigd method, the shape
and capacitance should be considered.

7.4.2 Distance measurement in complex scenes

Chapter 5 considers two different complex environmentsstFivhen there are mul-
tiple target objects, what is the distance measurementaéle? A time-to-spatial

slope was suggested. However, the inter-distance shaulginevithin a certain range.
Weakly electric fish can't detect multiple targets when titeirival is not large enough.
Comparing the biological experiments and simulation tssial validate the time-to-
spatial slope is needed. In this experiment, the tempoigh due to the EOD and
other movements are not considered. The other movementseceemoved by the

reafference; however, it is not sure that the EOD can be dadc& he complex tem-

poral change can be a problem for electrolocation.

Secondly, when background objects distort the electriagamat is still possible to
localize the rostrocaudal position of a target. It was assiithat a target object is
closer to the fish and smaller than background objects. Butateral distance of a
target object cannot be easily identified. To extract therédtdistance of a target with
background objects, other methods are needed. Mayberpattdching will help the
restoration of electric image of a target object. It is n&tyea restore the electric image
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of a target because the size, electrical property, locaiad shape affects the shape
of the electric image. If we can extract the electric imageamplex electrosensory
images, the extracted electric image will provide infonmatfor identification of a
target object.

7.4.3 Comparative study on biological experiments

In computer simulations, it is difficult to validate the segted electrolocation mech-
anism and model. The observation of movements and chandeatfie potential on
the surface of weakly electric fish will help to find the eletbcation mechanism and
validate the suggested model.

7.4.4 Realization of the electrosensory system

Additional studies are needed in order to apply electrasgnsystems to underwater
vehicles and fish-like robots. To realize an electrosensgsiem, the characteristics of
developed electrosensory systems and arrangement afoskecsors should be stud-
ied. The ultrasonic sensor is common underwater sensotgreysThe comparative

research of characteristics of ultrasonic waves and @&datds can help to develop

the underwater sensory system. It is possible to apply #&relocation mechanism

to the ultrasonic sensor system.

7.4.5 Identification of other characteristics of an object

In this study, we concentrated on the localization probléims known that weakly
electric fish can identify not only a position, but also othbaracteristics of a target
such as size, shape, and electrical property. There is rforoe@d measure for iden-
tification of these characteristics of a target. When thetedsensory system can be
used to identify characteristics of an object, it will be fuséor the realization of an
electrosensory system for underwater vehicles.
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