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Abstract—Whiskers are widely used by many animal species
for navigation and texture discrimination. This paper describes
Darwin IX, a mobile physical device equipped with artificial
whiskers, the behavior of which is controlled by a neural
simulation based on the rat somatosensory system. During its
autonomous behavior, Darwin IX is able to discriminate among
textures in its environment and learns to avoid textures that are
paired with aversive events.

|. INTRODUCTION

Haptic sensory information provided by mystacial vibrissae
(whiskers) allows the rat to discriminate among different
textures in its environment [8], [13]. Although whisker-based
perception lacks the fine resolution and long range of vision,
whiskers have the advantage of allowing navigation and dis-
crimination in the dark. Previously, studies have focused on
texture discrimination or contact localization by fixed whiskers

or whisker arrays [6], [10], [14], or obstacle avoidance b
ys [6], [10], [14] xig. 1. Darwin IX consists of a mobile base equipped with several sensors

mobile robots equped. with whiskers [3], [9]. .. . and effectors including left and right whisker arrays, and a neural simulation
To explore how haptic data may be used to discriminaignning on a remote cluster of computer workstations. The arrangement of a

among textures during autonomous behavior, we constructgtisker array is shown in the inset. Each array has 7 whiskers arranged in a
ow of 5 and a column of 3. Whiskers used for wall following are marked in

Da.rwm IX, a mOb.”e physical device equipped with artIﬂCIa[;reen (FT,MD,BK). Whiskers that provide input to the neural simulation are
whiskers and a simulated nervous system based on the n@aked in red. Note that one whisker (red/green) is used for both purposes.

roanatomy of the rat somatosensory system. We show tMétiskers marked in black are not used in the present model.

neuronal units with time-lagged response properties, together

with the selective modulation of neural connections strengthgssociation of this texture with an innately aversive simulated
provide a plausible neural mechanism for the spatiotemporgjot-shock’. Darwin IX demonstrated its conditioned behavior
transformations of sensory input needed for both textup§ freezing and then moving away from walls containing the

discrimination and selective conditioning to textures. texture corresponding to the aversive stimuli.
Darwin IX is the latest in a series of ‘brain-based devices’
(BBDs) that have been constructed over the last 12 years Il. METHODS

[5], [1], [11]. All BBDs in the Darwin series have the Darwin IX consists of a mobile robotic base containing IR
following attributes: 1) An embodied morphology that allowproximity sensors, custom-built whisker arrays, and a cluster
for active exploration in a real-world environment, includingf workstations that run the simulated nervous system and
sensors such as proximity sensors and artificial whiskers. @ntrol the device's behavior (Fig. 1). The cluster consists
A neural simulation to control the BBD’s behavior, incorpoef six 1.4 GHz Pentium IV workstations running Message
rating detailed neuroanatomy and neurophysiology based Passing Interface (MPI) parallel software under the Linux
vertebrate nervous systems. 3) A value system that signals tiperating system. One workstation receives whisker and IR
salience of environmental cues and that modulates plastidityput information, and transmits motor commands, via an RF
in the nervous system resulting in modification of the devicetaodem. A microcontroller (PIC17C756A) onboard the base
behavior. These features result in a system that adaptssiésnples input and status from the sensors and controls RS-232
behavior via conditioning to become increasingly successfedbmmunication between the robotic base and the workstations,
in coping with the environment. via a wireless modem.

In our experiments with Darwin X, the device au- During each simulation cycle of Darwin IX, sensory input
tonomously explored a walled environment containing two digs processed, the state of the neural simulation is updated, and
tinct textures each consisting of patterns of pegs embeddedrintor output is generated. In our experiments, execution of
the walls. It became conditioned to avoid one of the textures bgach cycle requires approximately 100ms of real time.
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TABLE |
WALL FOLLOWING BY DARWIN IX.

o T1
® Side | Whisker | vw | guw(wd(t) > 0) | gw(wd(t) < 0)
() Left BK 89 0.05 0.075
MD 33 0.1 0.2
o T2 Right BK 110 0.075 0.15
() MD 28 0.15 0.30

Fig. 2. A. Detail of a whisker array: The top (T), middle (M), and bottomreflective construction paper (‘foot-shock pads’) on the floor
(B) whiskers in the column are labeled; these whiskers provide input to te§ the arena. This response consists of continued movement
neural simulationB. Schematic of texture$'l and7'2. Each texture consists . . .

of pegs embedded in a wall; pegs are aligned in rows corresponding to ff?é 55 simulation CyCIeS”€5'5S)' freezmg for 40 cycles\(4s)
whiskers in a column. Pegs in the top row deflect the top whisker (T), atBien a turn away from the wall by an angle randomly chosen

similarly for pegs in the middle row (M) and the bottom row (B). from the interval[x /4, 37 /4].
Darwin IX also has an innate wall following capability such
o ) ] that, on encountering a wall, the device moves parallel to
A. Artificial whisker design the wall at a distance suitable for the detection of embedded
Each whisker array consists of seven whiskers arranged iteatures. Wall following is based on signals from the backmost
column of three and a row of five (see Fig. 1 (inset) and Fi¢BK), the ‘middle’ whisker, which is lowest of the vertical
2). Whisker columns supply input to the simulated nervowgtack (MD), and the frontmost (FT) on each side (see Fig. 1,
system, while whiskers in the rows support innate avoidangeset). For each of these whiskers, a running average of the
and wall following behaviors (see secti@n Innate behavidr  current whisker valugw) is maintained over 75 simulation
Each whisker consists of two 4cm by 0.63cm polyamide stripsycles. This average is updated at every cycle except when
adhered back-to-back, that are responsive to bend (Jamehe, current whisker value differs by more than 10 from the
CA). These strips are typically used as strain sensors in devicesresponding average (signifying whisker deflection; recall
such as virtual reality gloves. Each strip has 20 resistive arehat the range of the current whisker value is 0-255). For each
embedded regularly along its length, providing a resistanedisker on each side, a ‘deflection’ valuel is calculated as:
of ~10KQ when the strip is unbent and50K when strip
is maximally bent. Each strip detects bending in only one

direction, hence the back-to-back arrangement. Voltage signals wdpr(t) = [wpri(t) — Wpx ()] @)
from each pair of strips (i.e. a whisker) are converted to wdyrp(t) = lwarpi(t) — Warp(t)] (2)
a single signal ranging from OV (maximum deflection in wdpr(t) = |lwpr (t) — Wpr(t)| 3)

one direction) to 5V (maximum deflection in the opposite

direction). These voltages are converted into digital signals, . ? . d
ranging from O to 256, by a 12-bit analog-to-digital convert eflection value for the left(right) whiskers exceeds 15. During

at a sample rate of 40Hz. During each simulation cycle SF‘Ch cycle of wall following, adjustments are made to the

Darwin IX a ‘packet’ of 4 signals for each whisker is receive&peed of the Whee[ fu.rthest from the Walll(the contralateral
by the neural simulation. For whisker, at simulation cycle wheel); the other (ipsilateral) wheel remains at the default

, the corresponding packet(is;1 (1), wia (1), wis (1), wia(t)], speed ofiV,.; = 35. Contralateral wheel speeds are set using:

where wy4(t) is the most recent. The first signal in each )

packet, w1 (t), which we call the ‘current whisker value’, is Wipeea = Waey — back —mid — front (4)

used for guiding Darwin IX’s wall following behavior; all four where front = 0.25(wdpr), mid = g, (wdyp — ©u), and
signals provide input to the neural simulation (see sedlon puck = g, (wdgx — ¢w), and wheremid and back are
Whisker input and lag cel)s bounded in the range-5, and g, (a scaling factor) and,,

(a threshold) are chosen according to the physical response
characteristics of the whiskers (see Table I). Additionajly,
Darwin IX is equipped with innate behavioral responsegaries according to the sign of the correspondinfjsuch that

The default behavior of Darwin IX is to move forward in &here is a bias in favor of turning towards a wall (see Table I,
straight line at a speed ef8cm/sec. If Darwin IX approachescolumns 4 and 5).

a wall head-on to within a distance ef4cm, an avoidance

response is triggered; the device stops, backs¢m), and C. Neuroanatomy

then turns~30 degrees away from the wall before resuming Darwin IX’s simulated nervous system contains areas analo-

default behavior. Avoidance responses are triggered by two ¢i@us to the somatosensory pathway in the rat brain, specifically

sensors, one facing front-left, and the other facing front-righthe (ventromedial) nuclei of the thalamus, and primary and
Darwin IX has an innate freezing/escape response whichsiscondary somatosensory areas (in our mdigl— S1 —

triggered by a simulated ‘foot-shock’, which is registered whefi2). AreasS1 andT'h are subdivided into left (L) and right (R)

a downward-facing IR sensor at the front of the device detectgions and further into ‘top’ (T), ‘middle’ (M) and ‘bottonm’

Wall following of a left(right) wall is triggered when any

B. Innate behavior
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TABLE Il
NEURONAL UNIT PARAMETERS FORDARWIN [X.

Area Size [ o7 [ w g
Th(6) | 1x20 | 03 |08 -
51(6) | 1x20 | 01 | 00| 1.0

S2 30x30 | 0.2 08| 1.0
S 1x1 -0.10 | 0.0 | 1.0

Amy 1x1 0.0 0.0 | 1.75

Mave 3x6 0.0 00| 10
FS 1x1 -

excitatory

plastic

of ascending neuromodulatory systems in that it is triggered
by salient events, influences large regions of the simulated
nervous system (see sectiBriSynaptic plasticity, and persists

for several cycles [16].

Fig. 3. Global neuroanatomy of Darwin IX. See text for detditset The D- Whisker input and lag cells
operation of two idealized lag cells (A and B). The post-stimulus internal . . . . . .
state of cell A(s'T") rises quickly (red dashed line), at a rate determined by Whisker input to the neural simulation is provided by

©a. The internal state of Bs’?') rises more slowly (black dashed lingz).  transforming each whisker packet into a vector of ‘difference
When the internal state of each cell reaches a threspwofd ), output is values’ according to:
generated (solid lines) which decays at a rate determined. by ’

diff, = ) — wis(t), wes(t) — t),
(B) subregions, such that each subregion receives input from k= [0ra(t) = wis(t), wes(t) = wia(?)
a single whisker in the column on the corresponding side. wi2(t) — w1 (1), Wi (8) — wra(t = 1)]

A global diagram of Darwin IX’s simulated nervous systen];:

is given in Fig. 3. It comprises 17 areas, 1101 neuronal umf)r whiskerwy; at simulation cycle/. These values from the

(see Table Il), and-8400 synaptic connections (see Table III)\.N%'SI(er in each column provide input to the corresponding

Neuronal units in are@’h respond to whisker input with unit- sull;reg::onsbof qreaﬁffz. < tains 20 ‘laa’ cells- |
specific time delays (see sectidh Whisker input and lag ach subregion of ar contains ag cetls, heurona

cells). These units project topographically to the c:orrespondirkg"ts Wr."Ch .re.spond to mput V\.nth.cell-sp(—?uflc time delays
units of S1. Each subregion of1 has local inhibitory con- ells with similar properties exist in the visual thalamus of

nections which serve to increase the activity contrast amo cat [15]). Each lag cell is charact_e_r ized by an internal state
neuronal units. All subregions i1 project to areaS2 such (s3"), an output(s), and a cell-specific lag parameter set to

that each neuronal unit i¥2 takes input from 3 neuronal be 4); = te {1’2"’2.0} for cell ¢ in each _subreglon.
g\lhen triggered by a whisker deflection, the internal state

units, each of which is in a different subregion of either the; - _ o
left sub-area or the right sub-area 1. This arrangement of cell 7 in the corresponding subregion increases at rate

ensures that synaptic input to a neuronal uniSihis sparse determined by the lag parametgr. When this internal state
and balanced. A deflection of a particular sequence of DarV\;ﬁ?_ ‘1 B ¢ diff . |
IX's whiskers leads to a spatiotemporal pattern of activity ifji 'S reset to zero. Because of di erencesjinamong lag

2. Such a dynamic sequence is comparable to that obser\%Hs’ each whisker deflection evokes a wave of activity in the
in the rat brain [7] corresponding subregion, with some cells firing shortly after

. } . eflection and the remainder firing with gradually increasing
Darwin IX’s nervous system also contains areas suppori- . .
elays (see Fig. 3, inset).

ing the acquisition of conditioned aversion (see sect®&n > o . ) )
Aversive conditioning Area F'S is activated by detection of Speuflcally,si n thg subregion corresponding to whisker
a ‘foot-shock’ (see sectionl. Experimental environment and ‘%" is updated according to:

protocol), and projects to areaémy, M,,. andS. Area Amy

is analogous to the amygdala, a neural area which has been

(®)

m 1
widely implicated in the acquisition of conditioned fear [12]. 0.2 Ski (t) < Oﬁflﬁ’“(ﬂ > 3.0
Area M,,. is analogous to a motor cortical area, activity irfki({ 1) = {0 sii(t) > o;
which elicits an innate aversive freezing/escape response. (1+1;)(sin(t)) otherwise
Activity in the simulated value system, are® signals (6)

the occurrence of salient sensory events and this activiperediff, (¢) is the averageliff, (¢) value (a value exceeding
contributes to the modulation of plastic connection strengthséwceeding 3.0 signifies a whisker deflection), arfd™ is a
the pathwayss2 — Amy. Initially, S is activated by detection unit-specific firing threshold (Table 11).

of simulated ‘foot-shock’. Activity inS is analogous to that The outputsy; is calculated using
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TABLE 1lI

PROPERTIES OF ANATOMICAL PROJECTIONS INDARWIN IX 1 change is modulated by activity in the simulated value system

(areaS) according to the following rule:

Projection Arbor P ¢;;(0)
Th — 51 0x0 | 1.0 13.0,15.0
51— Sl(intra) | [2x8 | 1.0| -0.45-0.6 Acij(t+1) =ns;(t)BCM(s;(t))(V(t) — 0.1) (10)
S1— 52 special - 0.25,0.25
FS — Amy non-topo | 1.0 5.05.0 wheren is a fixed learning ratén = 1.4), s,(¢) ands;(¢t) are

Amy — Mgye non-topo | 1.0 40.0,40.0

FS — Mo non-topo | 1.0 50.0.50.0 the act|V|t_|es of the post- _a_nd _pre-synaptlc units respectively
FS — S non-topo | 1.0 50.0,50.0 and V(t) is the mean activity in are&. The term(V (¢) —
Amy — S non-topo | 1.0 | -50.0,-50.0 0.1) causes depression of plastic connections in the absence

S2 — Amy non-topo | 1.0 | 0.0001,0.0003

of value system activity.
The functionBC M () is based on the rule of Bienenstoek
al. [2] and is implemented as follows & 6, 8, = 65 = 0.1,

) . k1l = k2 = 0.45):
tanh (10 (s (1)) 520 < o )
it +1) = < tanh(10(w;(ski(t . 7
it +1) W0sia0) e @ , o
+(1 —wi)sy; () 0y — ) 0. < 01402
1\Y1 — 1>"9
wherew; determines the persistence of unit activity from one BCM () = n(z — 02) 0140, <2x <6, (11)
cycle to the next (Table Il). This value is fed as input into ko tanh (p(z—02)) tﬁ N
neuronal units in the corresponding subregionssof P otherwise

G. Aversive conditioning

Synaptic plasticity supports conditioned aversion to texture
as follows. AreaS maintains a baseline level of activity
.1) in the absence of input'rzf”'e = —0.1, see Table ).

E. Neuronal dynamics

With the exception of the lag cells in aréah, the state
of each neuronal unit in Darwin IX is determined by a me

firing rate variables, which corresponds to the average activit etection of a simulated foot-shock (see sectiénExper-

of a group of roughly 100 real neurons over 100 millisecon thental environment and protogotauses neuronal units in

(the output’ of a Iag Ce.l(sk") Is equivalent to the mean firing areaF'S to produce a steady output of magnitude 1.0. This

rate of neuron_al units in other areas). ) output pushes activity in are® above baseline, which causes
Thg mean firing rateés).of eagh neuronal unit ranges fro,mpotentiation of synapses onto neuronal units in ateay from

0 (quiescent) _to 1 (maximal firing). For all neu.ronfal UNISy nits in 52 corresponding to the currently present texture (see

gxcept tho_sg n "%“eagh and 'S, the total contribution of equations (10,11)). Freezing/escape responses are triggered by

nput to uniti is given by activity in M,,. exceeding a threshold (0.5) as a result of

M NI input from areasF'S and/or Amy (see Fig. 3). This model
A;(t) = ZZCU“"J’ (t) (8) also supports extinction of conditioned responsesify is
—1j=1 activated without any corresponding foot-shock, ateavill

be inhibited such that its firing rate falls below baseline,

where M is the number of different anatomically definedand currently active synapses betweémy and 52 will be
connection types andvl is the number of connections Pelyeakened (see equations (10,11))

type M projecting to uniti (see Table I}). The activity level

of unit ¢ is given by H. Experimental environment and protocol
Fig. 4 shows the overall arrangement of Darwin IX's envi-
si(t +1) = ¢(tanh(g;(4;(t) + wsi(t)))) (9)  ronment. One texturél'1) consists of a vertically aligned col-

umn of pegs, the othdfl"2) consists of a vertically staggered
set of pegs with offsets of£6cm (see Fig. 2B). Two adjacent
Yvalls containedI'1, the other two contained’2, and either

T1 or T2 can be associated with a simulated aversive foot-
F. Synaptic plasticity shock. Note that Darwin IX typically travels in both clockwise
and anticlockwise directions around the environment such that
%he textures deflect both the left and right whisker arrays.
Moreover, in the case df'2, the pattern of whisker deflection
8epends on the direction of travel.

INeuronal units connect with a probability (P) and projection shape (Arbor) E'xperlm'ents W?re divided into tra'”'r‘g anq testing stages.
which can be rectangular “[]” with a height and width (h x w), or non-During training, eitherfl'l or 72 was paired with foot-shock
topographical “non-topo” where all pairs of neuronal units have an equghd Darwin 1X autonomously explored its enclosure for 25,000
probability of being connected. The initial connection strengths(0), are | di 48 ith h I d
set randomly within the range (min, max). Connections marked with “intreY €1€S, cor_respon Ing te enCOL_mters with each wall an .
denote those within a sub-area. ~24 aversive responses to the simulated foot-shock. During

fire

where¢(z) = 0 for < /""", otherwise¢(z) = z, g; is a
scale factor, ands determines the persistence of unit activit
(Table 11).

Synaptic plasticity in Darwin 1X acts to strengthen conne
tions between simultaneously active neuronal units in at@as
and Amy. This process is ‘value dependent’, i.e. the degree
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eee Texture 1(T7) == Texture 2 (T2)
'Foot-shock' pad

Fig. 4. Experimental setup for Darwin IX. Darwin IX explored a walled
enclosure (2.41m x 2.95m) with texturéd and7'2 on the walls. Instances
of each texture were regularly spaced along the walls at intervals36tm.
Located on the floor adjacent t61 patterns were ‘foot-shock’ pads made
of reflective construction paper. Training and testing was repeated for each
Darwin IX subject after exchanging the positions®f and7°2.

Cycles

testing, the foot-shock pads were removed and Darwin IX was s
allowed to explore its enclosure for 15,000 cycles. Trainingg “
and testing were repeated using three Darwin IX “s;ubjects'g30
initialized with different random seeds, and pairing béth =
and7'2 with foot-shocks (six training/testing episodes in total).
During training and testing of each subject, responses of all ®
neuronal units were recorded and saved for analysis. The
position of Darwin IX was also continuously recorded by an
overhead camera that detected an array of LEDs pOSItlonedF(ljgn 6. Spatiotemporal response properties of neuronal unit&irirhe top

the top surface of the robotic device, the images from whigfanels shows2 activity during two separate encountersb) with texture
were time-stamped for analysis. T1 by Darwin IX's left whisker column. The bottom panels show encounters
of the same whiskers with textufE2. Each panel shows the activity of the
30x30 matrix of S2 neuronal units £ and y axes) over 60 post-stimulus
cycles (indicated by the axis as well as by the color scale). Neuronal units
are shown if their activity exceeded a threshold (0.25).

Train Test

during testing occurred inappropriately, i.e. in response to
whisker deflections by walls or by the texture not associated
with foot-shock.

Darwin IX’s ability to categorize textural stimuli is sup-
Fig. 5. Conditioned aversion to textures by Darwin IX. The line tracinggOrted by spatiotemporal patterns of activity in neural area

show the trajectory of a single Darwin IX subject during aversive conditioning2- Each texture deflects whiskers in a column in a specific
to textureT'1 (left), and during testing (right). Large black dots show Iocationsemporal order. The |ag cells in aréBh and neural units

of aversive responses, gray shading shows locatiofisloDuring testing all downstream inS1 (see Fig. 3) present a pattern of activity
freezing/escape responses occurred in proximity to the aversive tékiure B . . . .
with both a spatial component (i.e. the particular whisker)
and a temporal component (i.e. the time since deflectin).
lll. RESULTS responds to particular combinations of tifi$ activity.

Texture discrimination by Darwin IX subjects was assessedThe population response 6B to a texture was specific and
by monitoring trajectories during testing. Fig. 5 shows theepeatable. Fig. 6 shows representati/z activity patterns
behavior of a single Darwin IX subject during training induring testing of a Darwin IX subject. The top panels show
which foot-shock was paired witf'l, and during testing, .52 activity during encounters of the left whisker column with
in which the foot-shock pads were removed. Most aversitexture7'1. The bottom panels show encounters of the same
responses were in regions associated with the aversive texturkiskers with texturel'2. While all panels show complex

Taking into account data from all subjects reveals near pepatiotemporal patterns of activity, the top panels are highly
fect conditioned avoidance of aversive textures. During testirgmilar to each other, the bottom panels are also highly similar
Darwin IX subjects which were trained to avoill made to each other, but the top and bottom panels are dissimilar.
aversive responses on 9%6(S.E. = 0.18:) of encounters This observation is supported quantitatively by measures of
with T'1. When trained to avoidl'2, these subjects madepattern similarity over time for all possible pairs, calculated
aversive responses on 9%XS.E. = 0.14%) of encounters as the normalized vector product (see Fig. 7). As shown in
with 72 during testing. Only 3.% of all aversive responsesthis figure, there is high similarity between activity patterns

Aversive texture
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Same textures

whisker array [6], [10], [14], or on obstacle avoidance by
a mobile robot [3], [9]. Darwin IX extends these studies
by showing texture discrimination using whisker arrays
mounted on a behaving device, and by incorporating a
neural simulation based on the rat somatosensory system.
Our approach illustrates a very general mechanism for
implementing spatiotemporal transformations that may
underlie whisker-based perception in a variety of behavioral

Pattern similarity
o o
(2] or]

I
IS

o
)

Different textures
30 40

10 20 50

Cycles

Fig. 7. Similarity over time between pairwise combinations of activity
patterns shown in Fig. 5, calculated a&n(i,j) = v;(t)  v;(t) where
v;(t) is the normalized neuronal unit activity vector for pattérat time ¢.
Patterns representing the same texture are highly similar over time (solid blac
lines; sim(T'1a, T'1b), sim(T2a,T2b)), but patterns representing different
textures are not similar (dashed gray linesn(T'1a, T2a), sim(T1a, T2b),

sim(T2a,T1a), sim(T2a, T1b)). and

tasks.
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representing the same texture, but not between activity patterns
representing different textures. [1]

IV. CONCLUSION

Darwin IX categorizes objects based on haptic sensingl
and learns behavioral responses selective to specific textures.
Observations of Darwin IX show that time-lagged neuronal re-
sponses to somatosensory input together with value-dependé&t
synaptic plasticity provide a plausible mechanism for th 4]
spatiotemporal transformations of sensory input needed for
texture discrimination. This mechanism can provide a basis
for selective conditioned aversion to textures. 5

Distinguishing among textures using only the information
provided by whiskers involves multiple spatiotemporal trans]
formations. The spatial patterns of textures are transformed, by
self-movement, into temporal patterns of whisker deflections,
which are themselves transformed into spatiotemporal patterb@
of neural activity in areg?2, via a combination of the intrinsic
properties of lag cells in are@h and the arrangement of [g]
projections in the pathwa¥yh — S1 — S2.

As a result, neuronal units if2 respond to specific com- (9]
binations of whisker deflections with particular post-stimulus
delays. Analysis of neural activity it¥2 revealed the for-
mation of spatiotemporal activity patterns corresponding !
specific haptic perceptual categories (Fig. 6). The response
properties of these units are analogous to cells with comples]
spatiotemporal receptive fields that have been found in rat
somatosensory cortex [7] as well as in cat visual cortex [4]12]

Texture discrimination by Darwin IX was assessed behav-
iorally by a paradigm based on fear conditioning in whicH?!
one texture was paired with a simulated foot-shock. In this
paradigm, simulated foot-shock triggers a freezing/avoidanidél
response and activates a value system which modulates synap-
tic plasticity betweer2 and a neural area analogous to the rqis;
dent amygdala4my). Activity in Amy evokes a conditioned
freezing and avoidance response via excitatory projectionsdg]
M,... As a result of these interactions, Darwin IX became
conditioned to avoid the aversive texture.

Previous work on whisker-based perception in autonomous
robots has focused either on texture discrimination by a fixed
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