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Abstract— Many studies addred®ow neurons in thdarel cortexof rats react to stimula-
tion of the rat’'s whiskers. Inthis study we aralyse hav the statistichproperties of wisker
deRectionsfrom typical surfaces relat® the propertiesof neuronsin the somatosensory
systan. We built an artibcial whisker systen to recordrealistic ratural tactile dta. An
artibcial whisker is mved dout a set of wrfaces of eeryday obgcts We analyse how
simulated neurors canrepreseh swch stimuli in an optimally sparse fasion. These
represetations predct a number of interesthg properties d neurons in the somatosensoy
systemthat have t to be measurd.

1. Introduction

Whiskers provide an important source of information 1 rats and other rodent [26]. Rats can for exanple,
distinguish srface propeties (textire) purely on thebasis of ces from their whikers [7, 5]. They can
furthermore se their whiskers to disaiminae objects [4] based on their shge. As the rat explores ts
environment, its whiskes are noved ove surfacesof various shapeand texture.Neurons m the sensorimtor
systemthusneed b transmmit the rebvantinformation o subsequent brain aeas.The whisker def3ections caisal
by these stimlations debne the input to the rats ssmatosensry system. Althoudh alarge rumber of sudies
analse te ekctrophysiological propeties of the barel cortex [1, 17, 18], the relevant featues of its iput that
should be tansmitted by neuons haverensined unknown.

Recent studieshow agrowing interesin the texturediscrimination abilitiesof rats (fora reviev see [16]).
Frequencies inducel in the vibrissahar are discusedasthe rebvant information used for this behaviour [19, 9].
Furthernore, it was shown that for an artibcial whisker sensor, different textures could be disaiminaked
analytically using power speat[6].

In an emerging branch of neuroscience optimal coding of naural scenes, it is studied in what regect
neurons optimally erncode natural stiruli. As anmals gow up ard ewlve in a worldof agproximatdy constart
properties, tle properties of the kain should be well matched to the prgoerties d the world [3]. Within this beld,
many studies aldress he propertes d natral simuli in the visual domain addressing the scaing behaviour of
naural images [2] or the propeties of higher order satistics ushg garse codng [21, 20, 25]. Theses stidies
showed that many properties of the visual cortex can be understoodas sprsely ewoding the stimuli it typically
encainters. A nunber of studies aboaddress parsecoding in the auditory domain addresing the auitory nave
[14] or the pimary audiory cortex [13]. Again these didies shaved that many properties of he auditory system
canbeunderstood as parsey enmding naural saunds.

Optimally sparse in these wgties means lat the neurons often hare an acivity close b zero ad then
sametimes lave very high activity. Drawing upon this inspration, we aralyse tle somateersory systen with
similar methods. Parsenss has wo distinct albeit related meanings: (1) At any point of time only a snall
nunber of neurons should tactive (sparseness ovethe population). (2) Ovethe courseof time eachneuron
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should be acive only rarely (spars@essover time). While the eary explbraions of spasenas often usa
debnition 1, most moden studies usedebnition 2 as he implementation is typcally a Id faster andn many
cases the resuts are idertical. There ae a lage number of discussed reasons why sparseness should be useful.
Justto narre two of them (1) Sparsenessenaures that information is transnitted usng a minimal nunmber d
spkes enitted by the neurons and tlerefae resits in a minimal energy consuption of the bran. (2) Spase
repeseatationsalso maximise he indgpendence betveenneural outputs and thus nake recoqition tasks easir
for subseent stages ofcortical processg.

In this paper, we exanine the statisticsfonatural stimuli to the sanatosersory systemWe this examnine if
not only visud ard auditory but also somatosensry simuli canbe undestood as sparsey encoding typical
stimuli. In analogy to the datbasesof naural images usgfor visualstudies, we brst neal a datbaseof naural
whisker deédections. We this built an artibcial whiske systam with a realrat whiske attached to &apacitor
microphone. This setup was descibed in previous papers [15, 8]. This extends previous robotics stidies that
usal simple whisking devices measumg dstances orcontact only [10, 23 11], but do not capture the rich
information picked up by naural whiskers in abiologicaly plausble way. We collect whisker dat by acively
moving the whisker over aset d complex stimuli. The motion pattern of the whisker in this coriguration
closely matches he notion patterns d the whiskers in naural conditions (rough visual obsevation) and has
similar movenent frequency andthe same shape

We aalyse if he neuronsn the vibrissal systen can beundersbod in ternms d leadng to sparse actiity in
respnse b these naitral inputs. We representthe data coning from our atibcial whisker systen in the
spectro-termoral donain to dlow for a large clssof spedrotenporal responses. Simulated newons optimally
coding for these dah are analysed and generate predictionsabaut newronsin the sorretosensry system

2. Hardwar e Design and Methods

This sectiondescriles te artbcial whisker systen we huilt and the respnseswe recaded in resporse to
moving te whisker over naural sufaces. The desred atibcial whisker should be functionaly conparabk to a
natural rat wlisker and therefoe be sersitive to small amplitude def3ectiors and fast acillations. We
investgated different designs, including piezo-electric crystals and srll capacitor ricrophones. Tie infBuence
of different whisker materials (metal wire, polyvinyl, human hair, rat whiskershas ale been corpared [15]. Rat
whiskers respod to a range of spatial freqercies aml shaved little oscillations. The most promising resuts
weregainedwith a canbination of the ratwhisker with a cpactor microptone technique, which is descrbed in
the fdlowing subsectian.

2.1. The Arti bcial Whisker Sygem
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Figure 1. Basic scheratic of the artbcial whisker with an electret micrphane picking up the oscillations ard
converting them into electicaly measural# signals. The whisker is glued onto the membrane @ the microphone
The d&ecion of the membrane s measureddy the change of cgpactance The related change of voltage & fed
into apreanpliber cirauit.

We atachel arat whisker to the diaphragm of a cgactor microphoneusng cyanoacylic suypemglue.

Vibrations and displaceemtof thehar results in déormations of the mcrophonemembrane Theresulting
charge n voltage s pre-anplibed anddigitally recaded This tectique allows us to meagire fastoscillations of
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the whisker evenif the anplitude is very low. The nicrophore with the ratwhisker is attacled toa servo rotor
to produce adtve whisking in a cantrolled way as descbed in the next sedion. A schenatic draving of the
device s shown in bgure 1, apicture of the artibcial whiker systemcan be seen ipgure 2.

Figure2. Image of theartibcial whiker systen used for reording he data.
2.2. The Def3ections of the Artibcial Whisker

We reorded delRecionsfrom a shgle whisker being automaticaly sweptove differentobjects (sadpaper
leaher,wool, etc.) with a sevo motor turning badk and forth atfrequendes of either 1 Hz or 4 Hz. While this is
a sbw movement it is of the same order of magnitude as naural whisking of rats which is at about 8 Hz.
Capactance readings are sapied at4000 Hz. In contrastto a previousstudy [8], the stmulation of he whisker
was modeled on the acive whisking behaviour of rats and nice. Previouslydatawas aquired eitherby
manually sweping the sasor acros different surface®r by stinulating the whiskeby a rotatingdrum coverd
with sandpgper of varying roughness. Inthe brst casesmdll variations in distance and geed couldnot be
controlled andthe whisker was na tilted as n natural whisking. The latter stimlation doesnat correspad to the
biological realty and resuts in cortinuows, unform stimulation. As some electyhysiological Pndings almut
differing resporses in tle whisker processing pathway suggest this distinction night be highly relevant [24]. A
typical trace of capacitance of the bcial whisker systen can be seem bgure 3. Ithaseight signal peaks per
secod becaise d the forth and badk movement.
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Figure 3. Capacitance trace measul®dthe artbcial whisker system while whisking badk and forth over an
object.
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3. Results
3.1. Representation in Spet¢rogram Space

Time varying data are conveently analysed in gectrogam space, the spacg@ana by frequency and
time. In this paceboth changes ove time and ove frequency areessily undestood. his repregntation is
particularly ugful for the whiker systan since ratsare dle to dscriminate surface®of different gatid
frequencies[5]. It has alsobeen shavn aralytically that the whisker oscillation frequencies elicitedby differert
textures can be usal to discriminae baween different sufaces [6]. We thus present the input signals as
spectrogrars. The resaltion onthe tondopic axs is 64points, cosering a frequercy range from 1 to 512 Hz. In
Pgure 4, three tyjpcal sanples of seh trarsformed whisker daia can be seen.Thesespectrogram show hat
whisker del3ecionslead b a largely conseved frequency-time respnse.

Figure 4. Sanple specrogram of whisker data (left: 1 Hz da, right: 4 Hz dat). The frequency axis ranges from
1 Hz to 512Hz while time runs from 0 to 1000 ms in steps 610 ms. The cdour codes for the intersity, red for
high valuesard blue for low ones.

3.2. Principal Componert Analysis
Neurons usually represen the properties of stimuli over a localisedwindow of time. To aalyse tle
properties of these stirti we cut the speobgramdatain windows of 250ms each,overlapping by 100 m The

temporal resdution of thesewindows is25 pants. We sulsequently assenble a setof 24360 sanples of dcita
spectrogrars froma recordingime of alut 4 mnutes.

Figure 5 First 10 principal conponents d the speaitbgram dat. The PCA is applied to the whisker dag in
spectrogranspace, usingiindowsof 250 1rs.
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For the learning studse thespectrograrms are brst compressedby a principal conponent anal/sis (PCA)
using the brstnP CA = 100 principal conponent (out of 25 x 64 = 1600). These omponens cgture nore than
96% ofthevariance. In Figuré, the brst 10 pincipal componerts of the spectragram data ae¢ show, sarted by
the size of theicorresponding Eigevalues The purposeof the PQA is merely the comressionof the data. It
does notsignibcartly inBuence te resuts of the garsecading described in the following subsecton.

3.3. Smarse Coding and ICA

A set of 32 simulated neurons is traired to optimally code for the recaoded dataset. Tle activity of the
neuonsis cakulated as
A= 1OWi(D),

where A is the actiity of the reuron, W, is the weight vecta of the reuron i. I(t) is the inpu vectorof lengh
Neca = 100shared Ly all neurons. This input vectoritself again cortains a repesetation of time as it ecodes the
whole spectrotemporal window. The weight vecbr of each nauron is optimisedby saled gralient descet to
minimise tle fdlowing loss function:;
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with C = cov(A) being the n x n variance matrix of A

\ caucty IS @ function that favours sparserepresendtions The o otherloss funcions ersure the stardard criterion
usal in Indepedent Comporent Analysis (ICA) and garse coding stidies hat the autput variances sould be
unitary and te output covariances siould be varishing. It can bestown (see [12]) that the decorelation term is
equialent to minimising the reonstuction eror for the original dataset given a linear system and an
overcomplete setof neurons.

3.4. Spetrotemporal Receptive Fields

Simulatedneurons areoptimised to sparsely exoce naturally occuring whisker def3ecions. Figure 6 shows
the general properties of tke resuting spectraenyporal recepive belds.Out of 32recepive belds 18 ae similar
to plot A, 6 are smilar to plot B, and there aresore receptive belds lboking like C, D, ard E. Since\ caycy is
symnetric, thereceptive belds carhave positive a negative localisation featues. Mostof the aralysed urons
are localised in timandfrequency.

Figure 6. Fivetypical sanples of colour-coded ectrotenporal receptivebelds ait of 32 nearrons. y-axis:
frequency (1 Hz to 512 Hz), x-axis: time (0 b 250 ).
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To further quantify this property, we ntroduce twwo measure®f localisedness fgure 7). For the aralysis,
we calculate the avage @ergy ove time, and the frquency for eale recetive beld, repectively. We also
measurethe width of the maximum peakat haf the pe& value for time localisation, ard the octaveslog(fl /fh)
for frequency localisation. Mre than 96%of thereceptivebelds have a localisatio measure intime o less tlan
80 ms. This seens © benecesaryfor texture discriminaion. Arabzadehet al. [2] report that rats candistinguish
texturesalrealy after & offset of 5 15 nsec after stimlus onset. Te receptivebelds have atuning width in
frequency of less han one ociave in 81% of the neuons The cels coding for the data recorded for this reseach
show signipcartly higher localisedhess than cells cding for the sardpape data(see[8]).

This is in analdgy to parse smulated neurons ithe visud systen that obtain localised receptivieelds in
space ad orientation[21]. In addition to his, they ae often tunel to changes or even modulations ofthe energy
of the input over time, such as C and D in bgure 6. This prgperty might be wseful for tactile texure recgnition.
We predict that in a similar setip for elecrophysiological measurerants, the somatosen®ry neurons should be
tuned to both energy and frequency

Figure 7. Histograns showihg thelocdisedness ofthe gatiotenporal receptiveelds for frequeng in octaves
(left bgure) andfor time inms (right bgure). The number of exammined reeptive belds is 32,

4. Discussio

We predcted properties of cells athey night be found in the sanatosersory systemof arat by simulating
neuronsthatreceive input froman artbcial whisker systemand optimising their properties so tht ey exibit
optimally sparse respnse ftterrs.

Thereare wo major assunptions hat have to be @nsdered Ore is the choice of the preprocessingof the
data. Wedecidedo usespecrograns sincedata receive from whiska's havevery similar properties a auditory
data with regards o their dmersionality and structure. It thus is likely that similar aralysis methods shauld be
usal. It is up to dae notknown, what preprocessig is pefformed on te information traveling from the whisker
follicle in ratsto the barrel cortex. The aher assmption is that the retural input is not assiged a classy ary
means 6 supewisedlearnng, the clustering hagpens completely unsupevisedon input data varying in material,
spee of movement, freuendes, etc.

Our study shows that a pressire for sparsecoding together with the diosen pre-procesang would results in
neurons that are typcally localisedbath in time ard in frequercy. Modulations in time has been shawn for
neuonsin the barel cortex: A recent study by Arabzadén et al. [2] hasinvestigated neurons in the barrel cortex
of rats ard found no specibty for specibc frequencies, but an encoding of the product of frequency and amplitude
of the whisker movenent. This seens © be h contradiction to our resllts, however, there are major differences
bewveen the two studies. The experiments descitbedin [2] have beenperformed on anaedtetised rats without
actve whisking. Our experiments useactve whisking frequencies of 1 or 4 Hz. Their simulus © the whisker is
a vewy cortrolled signal corsisting of a shgle frequercy presaited asa sinewave eab, we ae preenting he
whisker system with naural simuli consgting of a whole range of frequencies. It is therdfore impossble o
directly conpare theresilts, but further expeiments are needa to elucidatethe way by which the bran
combines signals at differg frequencies.
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5. Future Work

The research ebcribed in this paper resultsin properties of simulated cells codng for natural whisker
stimuli. In a next step we will perform behavioural eyperiments an an artibcial mouserobot. One ofthe
advantages touse sprse codig in a robatic setp is the task independerce of the sensty modality. Sparse
modek for the visual domain have already beengpplied successflly to biologically insgred sersorimotor tasks
[27]. The receptive belds of the sirmulatedneuwons from our studeswill be usedto learnto discrimirate dfferert
objects and texares. Tlis will be basedon the activation of a snall number of neurons which are ogimally
tuned to the nature of the stimuli instead ofusing the original raw sigrml.
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