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Adaptation of Orienting Behavior: From
the Barn Owl to a Robotic System

Michele Rucci,Member, IEEE,Gerald M. Edelman, and Jonathan Wray

Abstract—Autonomous robotic systems need to adjust their interaction has occurred between these two fields (see for
sensorimotor coordinations so as to maintain good performance example [1]-[4]). Recently, neuroscientists have turned to
in the presence of changes in their sensory and motor character- the use of robotic systems as a way to quantitatively test

istics. Biological systems are able to adapt to large variations in d | theories that Id oth - . |
their physical and functional properties. In the last decade, the anad analyze theories that would otherwise remain specula-

adjustment of orienting behavior has been carefully investigated tive. According to the approach of synthetic neural modeling
in the barn owl, a nocturnal predator with highly developed audi- (SNM) [5], [6], theoretical neural principles are investigated

tory capabilities. We have recently proposed that the development by coupling computational models of brain structures with
and maintenance of the barn owl's accurate orienting behavior systems interacting in the real world. This approach differs

can be explained through a process of learning based on thef tionist h f . 71181 i
saliency of sensorimotor events. In this paper we consider the rom connectionist approaches (see, for reviews, [7], [8]) in

application of a detailed computer model of the principal neural its degree of biological realism, and arises from the need to
structures involved in the process of spatial localization in the simultaneously examine multiple brain regions and various
barn owl to the control of the orienting behavior of a robotic  |evels of control in freely behaving animals over long periods
system, in the presence of auditory and visual stimulation. The 4t time This is an operation that, although crucial to the
system is composed of a robotic head equipped with two lateral - . . .
microphones and a camera. We show that the model produces _COmprehenS|0n of hPW_ brgln function and _bEhQVIqr Ipteract,
accurate orienting behavior toward both auditory and visual IS currently not feasiblen vivo due to technical limitations.
targets and is able to quickly recover good performance after SNM establishes a direct link between the neurosciences and
alterations of the sensory inputs and motor outputs. The results engineering that, while providing neuroscientists with new
|Ilust(ate _that an architecture specifically .deS|gned to account insights into the functioning of neural systems, can offer new
for biological phenomena can produce flexible and robust motor . . .

control of a robotic system operating in the real world. ideas t9 researchers in AI_ and robotics. .

In this paper, by focusing on the case of adaptation of
orienting behavior, we provide an example of how an archi-
tecture specifically designed to replicate a biological system
can produce robust and flexible motor control of a robotic
I. INTRODUCTION system. The system that we describe is based on a model

HE variability of the world presents a major challenge +gf some rjeural structure; in the br'am of the barn owl.. It is
researchers involved in the development of autonomoﬁgle to orient toward aughtory and visual targgts and ma'untam
robotic systems. These systems need to possess a high de@fEerate performance in the face of drastic sensorimotor
of flexibility in order to adapt to the continuously changind“a”'Pmat'ons- Thlls.prowdes one of the earliest examples of a
conditions of the environment and of their own sensors af@Poltic system efficiently controlled by an accurate model of
motors. In the course of evolution, nature has faced the vetgecific structures of the brain.
same problems engineers and computer scientists are currently o ]
encountering. As a result of millions of years of naturdl Orienting Behavior in Robotic Systems
selection, systems have emerged that are highly flexible inOrienting behavior is the motor action by which visual
the face of variable phenotypic and environmental conditionsensors are redirected toward a target. In the presence of
Although there is no doubt that the understanding of theensors with anisotropic resolution similar to eyes of verte-
basic principles of how brains operate and adapt to the envirdorates [9], orienting behavior allows the examination of the
ment will lead to a major revolution in the design of artificiatarget with the fovea, the region at the center of the visual
systems, and despite the existence of many problems comrfietd with highest spatial acuity. Orienting behavior is also
to both robotics and neuroscience, so far only occasionalportant with uniform resolution sensors (see [10] for a
review), as it permits visual analysis of stimuli detected by
Manuscript received November 7, 1997; revised June 15, 1998. Tiother sensory modalities. It also allows the allocation of the
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may be perceived in any of the available sensory modalitigbe shape of the facial ruff of feathers. As these morphological
redirecting the direction of gaze is not a trivial operatiorfeatures change during growth, auditory localization must be
Different sensory inputs are represented in different mannecentinuously tuned to compensate for corresponding changes
as in activation of receptors of the eyes or cameras for vision cue values.

or in detection of spectral components of sound for audition. Fig. 1(a) schematically illustrates some of the structures in
In all cases, coordinate transformations are required to cdhe brain of the barn owl involved in spatial localization. Two
vert sensory stimuli into corresponding motor outputs. Theseparate neural pathways process auditory and visual inputs
transformations depend on the structure and characteristicanél converge in the optic tectum (OT). The OT, the equivalent
the system under consideration, and they need to be tunedtahe superior colliculus in mammals [37], is a structure
compensate for changes in the components of the system.well known to be involved in the production of orienting

Calibration is a well-known procedure for evaluating trandehavior. Within the auditory pathway, physiological inves-
formation matrices, and has been widely used with head-eygations have shown the existence of two separate parallel
(or hand-eye) systems to determine the relations betwesgural pathways specialized for the independent analysis of
image and motor coordinates [16]-[20]. Unfortunately, callTD’s and ILD’s [38]. These pathways converge at the level
bration procedures often require the use of calibrating toa$ the inferior colliculus, an auditory nucleus that projects
and the interruption of the normal functioning of the systentg the OT. Neurophysiological investigations have established
an operation which may not be feasible in specific applicatiortsat neurons in the OT respond to visual and auditory cues
In the last few years, within the framework of visual servoingositioned in specific regions of the owl's surrounding space
[21], [22], examples have been provided of systems thi9]. In addition, it has been observed that stimulation of OT
operate efficiently even in the absence of accurate calibratiawsurons produces movements of the head in specific directions
[23]-[27]. In particular, methods of self-calibration have beef0]. The spatial regions in which visual and auditory stimuli
proposed that find the elements of the appropriate transfaetivate a cell in the OT are usually referred to as the visual
mation matrices by analyzing changes in the input imagéd auditory receptive fields (RF’s) of the neuron, and the
during measured movements [28]-[33]. These approachesrdean direction of gaze elicited by micro-stimulations define
not require the use of calibrating tools and are more suited fitle so-called motor RF of the cell. It has been found that in
autonomous systems operating in unstructured environmenite OT of normal barn owls, cells are spatially arranged so
Moreover, in some of these methods calibration parameteat the layout of their RF’'s gives rise to auditory, visual and
can be updated continuously while the system is executingbtor maps of external space [39]. In addition, these maps
other tasks. However, the extension of such techniques to inp#itspace are usually found in close alignment with each other
modalities other than vision is not immediately obvious. Fga1]. That is, OT neurons are activated by sound sources at
example, it is not clear how they could be applied to casesdpatial locations corresponding to the cells’ visual RF’s, and
which input signals are not passively propagated through tbkcit movements of the head toward these same locations. In
environment, as is the case with touch [34], or when signals ares way, the perceived position of a stimulus is converted
not explicitly spatially organized, as in the auditory domain.into a corresponding movement which orients the head and
the eyes toward the target.

In order to understand the mechanisms underlying learning
and adaptation of orienting behavior, experiments involving
manipulations of the sensory inputs have shown that young

In the last two decades, neuroscientists have carefully iparn owls are able to adapt to drastic alterations of their
vestigated the process of spatial localization and orientisgnsory conditions [42]. These experiments have also revealed
behavior in the barn owl, a nocturnal predator with accurageneural correlate of the adaptation of orienting behavior in the
visual and auditory capabilities [35]. As with many othereacquisition of alignment between sensory and motor maps in
species, there is little doubt that the barn owl learns to orietite OT [43]-[45]. Analysis of the brains of barn owls raised in
toward targets on the basis of sensorimotor experience. Durihg presence of chronically altered sensory conditions have led
growth, its body changes significantly in size and shape, andtiesthe identification of specific sites in which neurons change
brain must constantly tune sensorimotor coordinations in ordéeir patterns of connectivity on the basis of sensorimotor
to ensure accurate localization. This is particularly evident gxperience [46], [47]. These modifications are responsible for
the case of auditory localization. Behavioral experiments hatlee readjustment of visual, auditory and motor RF’s in the OT.
shown that, unlike humans, barn owls rely on two separateBased on a careful study of the barn owl literature, as well
auditory cues for the localization of the azimuth and elevatias on a large body of biological evidence in different species,
of a sound source: differences in the time of arrival of thee have recently proposed [48] that the development and
sounds at the two ears [interaural time differences (ITD’s)] areaintenance of accurate spatial localization can be explained
used for localizing the azimuth, and differences in amplitudés the context of a neurobiologically-based paradigm of rein-
[interaural level differences (ILD’s)] are used for the elevatioforcement learning [49], [50], which we calblue-dependent
(see [36] for a review). While the same basic cues for auditolgarning [6], [51]. According to this paradigm, signals related
localization are used by all barn owls, their actual valudgs the saliency of sensory and motor events are broadcast
have been found to vary significantly among and withiby diffuse projecting systems to many parts of the brain,
individuals, because they depend on the size of the head avitere they modulate changes in the strengths of connections

B. Spatial Localization and Orienting
Behavior in the Barn Owl
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() (b)

Fig. 1. The main neural structures involved in spatial localization in the barn owl and the modeled system. (a) In the brain of the barn owl, similarly to
the brain of many other species, projections from visual and auditory structures converge in the optic tectum (OT), which, in turn, projects tcl@otor n
(MN) that control the movement of the head. The visual pathway (grey arrows) is composed of direct projections from the retina to the OT. Within the
auditory pathway (black arrows) different structures are specialized for processing ITD’s and ILD’s. These two separate pathways convergel af the le

the internal nucleus of the inferior colliculus (ICc), which projects to the external nucleus (ICx) and from there to the OT. The ILD pathway (dasbed ar
includes the nucleus angularis (NA) and the posterior lateral lemniscal nucleus (pNLL). The ITD pathway (solid arrows) includes the nucleutitaagnoce

(NM) and the nucleus laminaris (NL). (b) The robotic system considered in this paper was composed of a mobile head equipped with two microphones
and a camera. Movements along the pan axis of the head were controlled by a model of the owl structures involved in the localization of the azimuth.
Both the visual and ITD auditory pathways to the OT were included (see text for details).

among neurons. The proposal that the adaptation of orientitig presence of different sensorimotor conditions, and quickly
behavior occurs through a mechanism of value-dependeatovers good performance after manipulations of sensory and
learning does not require biologically unrealistic computatiomsotor characteristics.
and is consistent with what is presently known about the In the following section, we describe in detail how the main
neuroanatomical organization of the auditory pathways to theain structures of the owl involved in spatial localization have
OT in the barn owl. This hypothesis is supported by the resutieen modeled. In Section Ill, we present the results of the
of simulations of a computer model of the neural structuregplication of the model to the control of the robotic system.
involved in the generation of orienting behavior in the owlFinally, a brief discussion is included in Section IV.
which are in agreement with a wide range of physiological
data [48]. Il. MODELING THE BARN OWL NERVOUS SYSTEM

In the present paper, we consider the application of a more,
complete version of this model to the control of the direction this paper included the neural structures of the barn owl

gaze of a robotic platform, in the presence of both auditory alﬂﬂ/olved in the localization of the azimuthal position of

visual stimulation. The system that we consider is SChemaﬁ"target Each structure in the model was composed of a

cally illustrated in Fi@!- 1(b). A ro_botic head equipped Wm}:ollection of units, each implemented as a leaky integrator
a camera and two microphones is controlled by a computer g

model of the neural pathways of the barn owl involved in = z;(t) — SU;(£) + n(t) (1)
the localization of the azimuth. Adaptation in the model is dt

achieved by allowing synaptic modifications to occur in thosghere U;(¢) is the output of uniti, § is a constant that
structures which have been observed to be plastic in the bagtermines the decay of activation(t) is a noise term, and
owl. According to the proposed learning scheme, synapti¢(¢) is the net input to the unit, evaluated as

strengths in the model were influenced by the activity of

a diffuse projecting modulatory system which signaled the zi(t) = Z wirU(t) (2)
occurrence of behaviorally salient events, such as successful k

foveation. We show that, independent of the characteristivhere U;, is the activation of unitk connected to unit
and the precise relative arrangements of the components oftugh the weightv;;, which represents the strength of a
robot, the model develops accurate and robust localizationsynapse between the two units. The outdutt), of a unit

s illustrated in more detail in Fig. 2, the model described
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Fig. 2. The model of the barn owl's neural pathways involved in the localization of the azimuth was designed so as to incorporate a large number of
physiological and anatomical data. Each area was composed of a collection of units, each implemented as a leaky integrator (see text foridietails). Sol
and striped circles represent excitatory and inhibitory units, respectively. Empty arrows indicate connections with modifiable weightsy Lnfitbitat

the level of the optic tectum are not shown for clarity.

can be viewed as representing the average firing rate ofvhereV is the activation of the modulatory system (described
collection of cells and its response properties can be considel&t@r in this section) an@,(x) is a linear piece-wise function
as representative of a typical cell within such a group. Moharacterized by two thresholds, andéd, (see Fig. 3)
specifically, in most areas of the model, the net input to the

units was evaluated as O’k (2~ 6n) :; i;?g o)
_ —hl —UD)s D,
ri(t)= 3 WBUE®D + Y whULD + Y wali(t) @)=Y thole—bp), Hxel@bp) O
ke SE ke ST k +k3(xz —0p), fz>06p

) wheret’ = (k20p — k16p)/(k1 + k2), andky, k2, and k3 are
where different contributions are explicitly shown. The firspositive real numbers. It follows from (5), that when the argu-
and second terms represent the contributions from excitatengnt of®;, is in between the two thresholds the function has a
(wE >0) and inhibitory (w}, <0) connections originating negative value, thus inducing depression of synaptic strengths.
from units in the same structure as uhitThe third term rep- Above fp it assumes positive values, thereby potentiating the
resents excitatory inputs from neurons in different structurassnnection. The thresholds were selected so that potentiation
SE and S} are the excitatory and inhibitory neighborhoods aficcurred only for connections between units whose activity
unit ¢+, defined as the sets of units with excitatory connectiongas highly correlated when the activation of the modulatory
(excitatory units) and inhibitory connections (inhibitory unitsyystem was also high. This happened after a successful motor
that project to unit:. action that brought the stimulus into the fovea, the center

Learning occurred in the model by modifying the strengthsf the visual field. By contrast, after a movement that did
of selected sets of connections on the basis of sensorimatot lead to localization of the target, connections between
experience. According to the proposed learning paradighighly correlated units tended to be depressed. For each unit,
synaptic changes were affected by the activation of a moduthe patterns of weights were periodically normalized. The
tory system modeled after the diffusely projecting subcorticako terms of the argument ob; have different functional
structures such as the monoamingeric and cholinergic systeinglications: the first termg, U; Uy, reflects docal factor that
common to the brain of many species. The variable connectigray be different for different connections; the second term,
weights of plastic synapses were initially set to random valuesV is a global factor shared by all plastic synapses. While
and then changed according to a modified version of Hebbitiie local Hebbian term is proportional to the role played by
learning [52] inspired by recent findings on synaptic plasticitypecific sets of connections in the performed motor behavior,

[53] the global term is a reinforcement signal that depends on
dw;y, the behavioral outcome. Both factors are needed for selecting
F7 Cr(alili + V) 4)  the correct pattern of connection strengths and their relative
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post-svnaptic choice was that the activation of NL neurons can be accurately
predicted on the basis of the spectral components of the two
input signals. It has been observed that NL neurons in the
barn owl are most active at a preferred frequency and their
activation is a periodic function of the input ITD [54]. In
addition, it has recently been observed that the activity of
madudatory NL neurons is modulated by the intensity of the binaural
@ stimulation [55]. As in the barn owl, each NL unit was
characterized by a preferred frequengyand a preferred input
;II:I;:“;‘(()CJLZ’Z{([ ’”/j;)‘\"f;‘l’l t‘;’ll;[ A ITD, T, for which the response of the unit was maximal. For
' ' - binaural stimulation, when two signalg,(¢) and sg(t) with
: : . Fourier transformsAp(f)e’®2() and Ap(f)e’?=) were
Gontinuous learming inction -~ N applied as inputs, the activatioUTNL? of an NL unit with

\ . characteristic parametefs, f was evaluated as
. ]

pre-synaptic

-
“
%

Potentiation §

UTN% =F(AL(HAR(F))[cos(prr(f) — 27 fT) + 1G5, (f)
(6)

Depression

Freerapprosmaten where F(x) is a monotonic function that controls the change
®) in firing rate for different amplitudes of the input signals,

Fig. 3. The learning rule used for changing the strengths of the connecti ER(?) = (/)L(?) is the difference of phase between the
on the basis of sensorimotor experience. (a) The changes in the connecjj

weight w;; between pre-synaptic unif; and post-synaptic unit’;, depend é% and rlght Input Slgnals at_frequenqﬁl, and G?o(f) 1S
on the activation of the two units and on the activation of the modulatogy Gaussian function with meaf] and variancer.

unit V. (b) A linear approximation® ;. (dashed line) of a biphasic function Following the physiological data from the barn owl. the NL
recently proposed for explaining synaptic plasticity [53] (continuous line), was - - . . o .
applied to the sum of the activation of the modulatory term and the correlati®$@S modeled as a bidimensional array in which unit sensitivity
of pre- and post-synaptic elements. Due to the learning rule adopted, only thgegried systematically with respect to frequency along one axis

synapses that were active during successful saccades (those which broughém interaural time delavs alona the other. Within the map. the
stimulus on the fovea) were strengthened; all others underwent depression. y g ) P,

unit at location(z, j) was characterized by a preferred mean
interaural delayZ’; and by a preferred frequency
contribution is set by the values of the parametersand  The activation of three units in the NL, as well as the global
2. Whenever an auditory or visual stimulus is present, thgatterns of activation in the NL map for two auditory targets
activation of the input units propagates through the netwogke shown in Fig. 4(a) and (b), respectively. As illustrated by
so as to trigger an orienting response. Before the exposuraHe figure, the patterns of activation are characterized by a
sensorimotor experience, when the connections have randgsftical array centered on the column composed of units with
synaptic strengths, the direction of gaze is in large pasteferred ITD equal to the input ITD value. The periodic peaks
determined by the noise superimposed on the activation gifactivation that change with the frequency of the lamina are
the units [see (1)]. Following each movement, connectiofise result of the ambiguity in determining the difference of
between highly correlated units (i.e., those connections whighase of two time-delayed sinusoidal signals.
gave a significant contribution to the selection of the motor
action), are strengthened or weakened depending on whether
a foveation event occurred or not, so as to increase Br Central Nucleus of the Inferior Colliculus

decrease the likelihood of repeating the same action in similar,
o . T : . ..~ Based on the known anatomy of the barn owl, the central

future situations. The influence of noise in unit activation . . .

nugleus of the inferior colliculus (ICc) was modeled as a

on the selection of movements decreases as the pattern%.g : - .
connectivity become more specific idimensional map containing equal numbers of excitatory
o ! " L alnd inhibitory units. As in the NL, unit layout was such that
In the remaining part of this section, we describe in det i e .
?h < sensitivity with respect to ITD and frequency changed

each of the modeled structures and how they relate to gFtematically along orthogonal directions, so that at each

corresponding areas in the barn owl. Structures in the mo{?requency an array of units (the frequency lamina) with
are indicated by italic characters using the names that refer dt '

. . . |9ferent preferred ITD values is present. As shown in Fig. 2,
the corresponding biological structures. : ) ; : ;
excitatory units of the ICc received topographically organized
projections from the NL. Excitatory units also projected to
surrounding units in the ICc and to excitatory units in the
As illustrated in Fig. 2, the modeled auditory pathway start€x, and received connections from inhibitory units in more
with the nucleus laminaris (NL), which is the first station irdistant regions of the ICc map. The net input to uajf
the ITD pathway of the barn owl where the signals from thiecated in position(z, 7) in the ICc map was given by (3).
two ears are brought together [36], [54]. The reason for thir an excitatory unit, the local excitatory and inhibitory

A. Nucleus Laminaris
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neighborhood in (3) is given by cells has a crucial role in shaping the receptive fields of ICx
neurons [58].
SB = fugg: ||k — 4| < d¥} Fig. 4(e) and (f), illustrate the response of two ICx units as
ST = Luggs d < ||k — || < dL). @) the ITD between the two input signals was changed systemati-

cally. The data refer to a system which had already undergone
sensorimotor experience, and the connections between the ICc
and ICx had adjusted correspondingly. As a result of the
pattern of connectivity, each ICx unit responded maximally
to a specific value of ITD, that is, to sound sources located in
a specific position of space. In contrast with the responses of
"¥nits in the NL and in the ICc, units in the ICx did not show
periodicity with respect to ITD when stimulated with broad
‘'spectrum noise, in agreement with data from the barn owl
9]. As in the barn owl [60], the preferred ITD of ICx units
varied systematically with the position of the unit within the
) ap, so as to give rise to a representation of auditory space.

In practice, an excitatory unit;; received external input from
the unit located in positioré, 7) in the NL map; it received
excitatory connections with connection strength from ICc
excitatory units which were less thadf® units distant on
the same frequency lamina; and finally, it received inhibito
connections with strength from ICc inhibitory units located
at a distance betweet} andd; in the same frequency lamina
Inhibitory units received excitatory connections with streng
B from excitatory units inS¥ . The topographically organized
layout of connections from the NL gave rise to systemat
changes in the characteristics of ICc units. In agreement wi
what has been observed in the barn owl [56], the preferred .
ITD and frequency of ICc units changed along orthogonX: OPtiC Tectum
axes. The layout of ICc units implies that each array of units The OT was modeled as two unidimensional arrays of
perpendicular to the frequency axis, has an array-specific ITits: a sensory map composed of bimodal units that were
representing the value of ITD that activates all the units of tteetivated by both visual and auditory stimuli, and a motor
array at the same relative response level. map whose units projected to the motor system. Both arrays
Fig. 4(c) illustrates the sensitivities of three ICc units teontained excitatory and inhibitory units with a local pattern of
different values of ITD. In accord with what occurs in theonnectivity similar to those in the ICc and ICx. OT sensory
ICc of the barn owl [38], unit activation was characterizedeurons received visual input directly from the retinal map
by a narrow frequency range and showed a periodicity witly means of a set of topographically organized connections
respect to ITD, with the period determined by the neuron{adjacent receptors of the retina are connected to adjacent
preferred frequency. Two typical maps of activation in the ICareas of the OT). In addition, OT sensory units received
for different auditory targets are shown in Fig. 4(d). The magepographically organized connections from ICx excitatory
are similar to the those in the NL, but due to the influenagnits. Whereas the visual RF’'s of OT sensory units were
of inhibitory connections the selectivity of ICc units is moraletermined by fixed connections from the retina, the auditory

refined. RF’s could change location depending on plastic changes in
the connections from the ICc to the ICx. Theth excitatory
C. External Nucleus of the Inferior Colliculus unit in the OT sensory map received external input from units

in the same position in the ICx and in the retina. It projected

Th_e ext.ern.al nucleus Of_ the inferior colliculus (ICx), 'Swith connection strength,,, to the jth excitatory unit in the
the first site in the ascending pathway to the tectum wh otor map. As in the case of the connections between the
information is integrated across multiple frequency channq

¢ and the ICx, an initial coarse topographical organization

to create an audltory_ representation of Space. Given hats also present in the connectivity between the sensory and
localization of the azimuth only was considered, the ICﬁ] tor maps in the OT. The strengths, ., of the connections

was .modeleq as a _one-dlmens_|ona_l array Of excitatory re refined during sensorimotor experience. The probability
inhibitory units. As |IIu§trated in F,'g' 5. projections fromof anatomical connection between units in the sensory and
the ICc were topographically organized along the ITD axi otor maps in the OT decayed with a Gaussian profile of

Elaecr;r;gjezgg |raer$]?r|]\;eed ;3? n;ﬁgo?rznt.m? Iilncw:i('ie(ljmlrfn;;r:a ige distance between the motor unit and the center of the
' o . rojection area. A spread of projecti was used.
preferred ITD’s. The probability of a connection betwee ) P projectiodr

two units decayed with a Gaussian profile of the distance

between the ICx unit and the center of the projection area, 7 Motor Output

spreadsic,. was used in the profile of connection probability. In order to determine the direction of gaze for a given

This pattern of connectivity, which provided a rough initiapattern of activation in the OT, a simplified motor system

registration between the ICc and ICx, is in accord with the#as implemented. Through a set of fixed connections, OT
results of anatomical studies in the barn owl [41], [57] as welinits in the motor map projected to two motoneurons, which
as the observation that developmental events independentaifitrolled movements to the left and right. The activation of

sensorimotor experience are sufficient to establish a neuts motoneurons was given by a weighted average of the
connectivity that support rudimentary auditory localizatioactivation of OT motor units

[57]. A local pattern of excitatory and inhibitory connections

similar to the ICc was also present in the ICx. This is consistent My, = Z 1 O; k=01 8

with data showing that the local connectivity with inhibitory J
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Fig. 4. Responses of units in different areas of the model. Top Row: Characterization of the modeled NL: (a) ITD tuning function of three unitsrerth diff
7. (b) Two patterns of activation in the NLTOp) ITD = 0 us; (Bottom) ITD= +1004s]: units are aligned in frequency laminae on thaxis, and according

to their ITD sensitivity along the: axis. Middle Row: Characterization of the modeled ICc: (a) ITD tuning function of three units in different frequency
laminae. (b) Two patterns of activation in the ICc [(Top) IED—75 ps; (Bottom) ITD= 0 us]. Units are aligned in frequency laminae on thexis, and
according to their ITD sensitivity along the axis. Bottom Row: Patterns of activation of the modeled ICx when binaural signals with ITD equal-+t@Qe)

s and (f) 15us are applied as inputs. The graphs show the mean and standard deviation of unit activity evaluated over 10 repetitions.

where0; is the activation of thgth unit in the motor map of as the peak of activation moved toward the extreme left of the
OT and s, is the connection strength between this unit anthotor map in the OT. The situation was mirror-symmetric for
the motoneurork. To establish a linear relationship betweethe second motoneuron and the right side of the map.
the direction of gaze and the activation of the motor map in The position ®;, assumed by the system was evaluated
OT, the connections strengthg; were set to through a push-pull relationship, as a function of the activation
N of the two motoneurons
. 7 .
:—]_k ]_—— ’:]_.ZVO7 If:O,]. (Prn
pg =(=1) < No> J=5 Op = (M, — My) (10)
©)

where®,,, is the maximum movement allowed. By means of

In this way, the activation of the first motorneuron increasetie connectiong:;, each unit in the OT motor map triggered
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O activation i_ncreased nonlin.ear_ly if the response to motor events
/‘,s and foveation overlapped in time. In this way, the modulatory
,\TL Ic unit was moderately active when a stimulus was in the center
O - O - O 0 X of the visual field or when a movement was executed, and
. . -~

\7:_’ was particularly active when the two events occurred shortly
n one after the other. As illustrated in Fig. 3(b), this differential

activation of the modulatory unit led to the strengthening

or weakening of connections in the model depending on the

.. '
ijk G o
o ex accuracy of orienting responses.

............. u. S IIl. EXPERIMENTAL RESULTS
ICc i &? A prellmm_ary version of. the model was analy;ed in a
<& series of off-line computer simulations [48]. These simulations
- revealed that the model can account for the development of
interaural time difference a spatial registration between auditory and visual maps in the

Fig. 5. Connections between the ICc and the ICx and among the units of t(r?(;r of _the _bam owl durlng normal VISU‘?‘I expe”ence’ after
ICx. Excitatory units (filled circles) in the ICx received excitatory afferentéhe retinal image was shifted through prismatic goggles, and

from units in the ICc and from adjacent units in the ICx. They also receivegffter the reestablishment of normal visual input. The results
e sea ionn s s o e these simulations were in agreement with much of the
(not shown in the figure). Solid arrows indicate excitatory connections, oppysiological and behavioral data described in the literature,
arrows inhibitory ones. Solid (striped) circles represent excitatory (inhibitordnd also illustrated the robustness of the model with respect
units. to noise and its stability over a wide range of parameters.
In the present study, we analyze the performance of the

a shift of gaze by an amount which was proportional to thsodel when actually used for controlling the orienting be-
position of the unit in the map. havior of a robotic system in the presence of real visual
and auditory targets. The robotic system and the environment
used for the experiments are illustrated in Fig. 6. A robotic
head (Helpmate Robotics, Danbury, CT) was equipped with

In accord with the results of physiological studies oa black and white camera and two microphones. As shown
the barn owl [61], [46], experience-dependent changes im Fig. 6, the camera was mounted at the center of the pan
the strength of connections occurred both in the projectioagis of the head, and the two microphones were located at the
from the ICc to the ICx and in the projections betweenpposite sides of the camera, at a distance of approximately
sensory and motor maps in the OT. In the learning scher@@ cm apart. Visual and auditory targets were generated by
proposed here, synaptic modifications were mediated by thetivating one of 15 lights and loudspeakers located on a
activation of a modulatory system, which was triggered hgircular frame directly in front of the robot. Auditory stimuli
the occurrence of visual and motor events. This learnimgpnsisted of a burst of pseudo-white noise in the frequency
scheme is based on the observation that in the brain rahge 1-9 Khz. The neural model was implemented on a Unix
many species relatively small groups of neurons, such wasrkstation interfaced to the robot via a VME system, and
monoaminergic and cholinergic nuclei, project diffusely tthe motor commands of the model were used to control the
large areas of the brain where they modulate neural activigan position of the robotic head. The selection of the target
While little is known about the anatomical and physiologicakas also controlled by the host workstation via a digital 1/0
characteristics of monoaminergic and cholinergic systems hioard. Visual and auditory data were processed in real-time
the barn owl, the colliculi receive abundant innervation frorby dedicated boards on the VME. The sampled image was
these systems in most species studied [62], [63]. The modetadcesholded on a Datacube MV200 (Danvers, MA) and the
modulatory system functionally replicated the hypothesizgaixel values summed up along the vertical axis of the image, so
role of these diffuse-projecting neuromodulatory centers. &s to produce a vector which was used as the input activation
view of the complexity of these systems and their interactionsf the retina. The two auditory channels were simultaneously
the present model did not attempt to replicate in detail any sdmpled and their FFT’s estimated continuously on a dedicated
their individual properties, but simply represented their overatiulti-channel DSP.
effect of modulating synaptic plasticity. For simplicity, the In all the experiments described in this section, the experi-
modulatory system consisted of a single unit, which receivedental paradigm consisted of three sequential steps: first, the
afferents from both the central region of the retina (the foveaystem was positioned so as to aim in a randomly selected
and the motoneurons. Due to the long time constant of undsection. A visual or an audiovisual target was then presented
in the motor system, the modulatory system received inpat one of the 15 available locations, and as a result the head
throughout the duration of the orienting response and theved according to the activity determined within the neural
initial phase of the foveation event. The time constant of thmodel. After the execution of the movement, the stimuli were
modulatory unit was considerably smaller, such that its level tdmoved and the accuracy of localization performance was

F. Modulatory System



104 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 15, NO. 1, FEBRUARY 1999

loudspeakers

lights

microphone

AN

Fig. 7. The experimental procedure consisted of randomly selecting the
initial direction of gazed,, (dotted line) and the position of the targest. &},
indicates the direction of gaze assumed by the system after the first orienting
movement. The foveation error was defined as the distance between the center
of the retina and the center of the target projection on the retina. In the
absence of manipulations of the visual input, the foveation error is equal to
the orientation error, that is the angle, between the position assumed by

the system and the location of the target. In the case of a translation of the
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visual input by an angleb (see text), the foveation error is equal to the
angle®; — & between the position assumed by the system and the apparent

location of the target.

v

Unix TABLE |
workstation RANGES OF VALUES OF THE MODEL PARAMETERS USED IN THE EXPERIMENTS
parameter value
Fig. 6. System architecture controlled by the neural model. The camera o 400 Hz
was mounted at the center of the pan axis of a TRC robotic head. Visual ) 0.1-0.7
signals were acquired and processed by a Datacube MV200 board. Real-time n 0.1
proces_sing consis_ted in the thrgsholding of the imgge and compr_ession along freq. range 1-9Khz
the azimuthal axis. Auditory signals were acquired by two microphones Model anatom I'TD range | -800 - 8005
located at the opposite sides of the camera, and they were digitized by Y dE & 9.3 F
synchronized A/D channels. FFT's of both channels were evaluated in ; - -
real-time on a DSP board. The system was positioned at the center of a dg 5-6
circular array which included 15 lights and loudspeakers. Selected targets di 25 - 30
were activated via a digital I/O board on the VME bus. b, 180°
O1Cs 10 - 30
" . L ooT 10 - 30
measured. Periodically, in ordgr to evaluate' guantitatively Synaptic 7€ 0.006 - 0.33
the accuracy of the system, visual and auditory targets at connections 84 0.001 - 0.05
several fixed distances from the current direction of gaze were 8% 0.1-0.5
presented and foveation errors (see Fig. 7) were measured. The M 5 11'00 I
results described in this paper refer to a model composed of 2 0.6-09
50 x 300 units in both NL and ICc, and 50 units in all the A by 0.01 - 0.03
other maps. The values of the parameters of the model are Sé‘/"‘t"f”t"‘f ko -0.001, -0.005
shown in Table I. plastictty ks -0.001, -0.02
fp 0.2-04
0 06-038

A. Development of Orienting Behavior
The first series of experiments focused on the development

of orienting behavior in the presence of normal sensorimotof the system was dependent on the spread of projections
conditions. Normal conditions refer to the situation in whickn the ICx and OT and on the level of noise superimposed
no systematic manipulation of sensorimotor characteristics waiso unit activation. Given the initial broad sensory tuning of
performed, in contrast to the experiments described later. Tih&x and OT units, the level of noise in the activation of the
goal of these experiments was to discover the sensorimotetls had an important role in determining the final position
transformations that lead to successful localization of tl&ssumed by the system, thus giving rise to high variability in
target, given the relative structural arrangements of the systéim final position. By means of learning, the performance of the
components and their functional characteristics. As previouslystem improved with sensorimotor experience, and the mean
described, the adopted learning scheme was such that cand standard deviation of the foveation error both decreased.
nections both at the level of the ICx and OT changed thelihese reductions were a consequence of a decreased influence

strengths as a result of behavioral performance.

Before the exposure to sensorimotor experience, the oriergativation.
tion behavior of the system was poor, due to the initial randomIn the experiment reported in Fig. 8 the initial magnitude of
strengths of connections in the model. The initial performantiee foveation error was 20.14+ 28.4F for visual targets and

of noise on behavior due to an increased specificity of unit
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Fig. 8. Improvement of system performance with sensorimotor experience. (Top row) Improvement in the accuracy of orienting behavior towad visual (
and auditory (b) targets with learning. The plot is a running average over 50 movements. The horizontal lines in the graphs indicate the dimeffisi@apf th
which consisted of three receptors corresponding to a spatial extension (¥liddle row) Foveation errorsy(axis) after the presentation of 15000 targets

for stimuli in different spatial locationsr(axis): visual targets (c) and auditory targets (d). (Bottom row) Relative alignment of the auditory, visual and motor
receptive fields for the units of the OT, before (e) and after (f) sensorimotor experience. The main diagopat = on which the RF'’s align is also shown.

39.29 + 32.69 for auditory targets. Fig. 8(a) and (b) showshe OT and ICx were affected for movements in response
the mean change in the absolute foveation error at differdntaudiovisual targets. Following the conventions commonly
times during the presentation of 15000 visual [Fig. 8(agdopted in neurophysiology, we defined the center of a visual
and audiovisual [Fig. 8(b)] targets, the equivalent of a fegauditory) RF as the position of a visual (auditory) stimulus
hours of training. Fig. 8(c) and (d) illustrates the final meaposition that gives rise to the maximum value of activation of
foveation error in the system for visual and auditory targetee unit. The center of a motor RF was defined as the mean
in different spatial positions relative to the direction of gazespatial location assumed by the system when the unit was
Overall the magnitude of the foveation error dropped tactivated, as in microstimulation experiments [40]. Fig. 8(e)
0.59+ 0.38 for visual localization and to 1.54 1.01° for and (f) shows the alignment of auditory, visual and motor
auditory localization. During the localization of visual stimuliRF’'s for OT units, before and after training, respectively.
learning occurred mainly at the level of the OT, while botfror each unit, a dot is plotted at a position defined by the
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centers of its RF. When the RF’s are perfectly in registepreviously exposed to normal sensorimotor experience (per-
the points lie on the principal diagonal (the lime= y = 2) formance illustrated in Fig. 8) when the visual field was
and the distance of the RF's from this line can be used t@anslated by 20 to the right. As illustrated by Fig. 9(a),
a measure of the alignment. The relative alignment betwethre localization of visual targets remained accurate after the
RF’s improved drastically with learning, with the distancehift was introduced. This is similar to what occurs in the
dropping from 24.77+ 27.24 to 1.15+ 0.95'. barn owl, and is a consequence of the fact that the alignment
between visual and motor maps in the OT does not need
to be changed, since the magnitude of movements leading
In order to test the robustness of the system with respegtthe localization of visual targets is not affected by the
to altered sensory conditions, we replicated some well-knowaggles. On the contrary, the audiomotor coordination needs
experiments of sensory manipulation in the barn owl. A striko be readjusted in the presence of a translated visual field
ing example of adaptation of orienting behavior is given bjgee Fig. 9(b)], as auditory inputs need to trigger different
experiments in which the visual input is chronically translategotor actions. The final performance of the system is shown
by inserting prismatic goggles over the eyes of the barn ovih Fig. 9(c) and (d). Again, the absolute foveation error is less
It has been found that prolonged exposure in early life than the size of the fovea for visual and auditory stimuli in
a translated visual field causes the animal to recalibrate @i€ferent spatial positions (0.85+ 0.45 for visual targets and
orienting behavior toward auditory targets. Instead of aimirgy15> + 1.02 for auditory targets). Fig. 9(e) and (f) illustrates
directly toward the sound source, barn owls learn to diretHat the recovery of good orientation accuracy was again a
their gaze laterally by an extent equal to the shift introducensequence of reacquired alignment between the visual and
by the prisms [64], [43], so that after execution of the motauditory maps in the OT. Immediately after the introduction
action targets project onto the fovea. Furthermore, if remowveal the visual shift, although the RF’s remained aligned along
of the sensory manipulations occurs sufficiently early in lifeg straight line, they were shifted away from the main diagonal
a barn owl is usually able to recover normal behavior. (x = y = %) by an amount equal to visual displacement [see
In this section, we describe the results of two sets of sensd¥ig. 9(e)]. With sensorimotor experience, the RF's become
manipulation experiments. In the first paradigm, a translati@ligned on the liner = y = 2+ 20° [Fig. 9(f)], so that the
of the visual field was present from the start of sensorimotfinal distance of the RF’s from this line &B12° + 3.22°.
experience, thus replicating the insertion of the goggles when

the owl first opens its eyes. In the second paradigm, th',e Adaptation to Altered Motor Conditions

shift of the visual field was introduced after the system had .
. . . To analyze the capability of the system to adapt to changes
become well adapted to normal sensorimotor experience. This - ; .
. X ) ; " _In_the motor characteristics, experiments were conducted in
second set of experiments replicated the insertion of prismatic . . .
ich the motor behavior of the model was systematically
goggles over the eyes of older barn owls, and were use . : .
; . . altered. Manipulations of the motor outputs were implemented
in determining the ability of the system to recover from

sudden changes in the sensory characteristics. In both cabg directly modifying the motor commands sent by the model

: . ; ...t0 the robot. In this section, we describe the performance of the
the translation of the sampled image was achieved by shlftlng tem in the presence of a nonlinear motor transformation. in
it directly on the video acquisition board in the VME systems. stem In the pre ) '

N -~ ~.which the direction of gaz@’ was evaluated as
In an example of development of orienting behavior in
the presence of chronic translation of the visual field, the ® \?
image was translated bg0° to the right. The system had P = Sgll((l))@Al(q)_)
no difficulty in developing accurate localization, so that, with M
learning, the magnitude of the foveation error decreased frammere ¢ is the output of the model given by (10). This
29.05° +27.89° to —0.61° 4-0.38° for visual targets and from manipulation, which is similar to a nonlinear change in the
30.92° £ 23.17° to 2.28° £ 1.05° for auditory targets. After gain of the motors, introduces a modification in the way the
the presentation of 15000 targets, the foveation error was lggsitern of activation in the OT affects motor behavior. This
then the size of the fovea for both visual and auditory targetsequivalent to an anisotropic displacement of the OT motor
located at any distance away from to the current directionap and it represents a condition which can be approximated
of gaze. As in the case of normal sensorimotor experiends;, for example, damaging the muscles of the neck in the
the improvement of orienting behavior originated from thbarn owl. As in the case of alteration of the sensory inputs,
increased accuracy in the alignment between sensory awel considered the introduction of motor manipulations at the
motor maps in the OT. In this case, since accurate localizationset of sensorimotor experience and also in a well-trained
implies that the system aims at the side of the target by apstem.
amount that compensates for the presence of the gogglesaVhen a motor manipulation was introduced in the early
visual and auditory RF’s were in close alignment and wephases of sensorimotor experience, the system was able to
systematically shifted with respect to the motor RF’s. Aftdearn the sensorimotor transformations so as to produce ac-
learning, the distance of the RF’s from the lime= y = 24+ curate orienting behavior. After the presentation of 15000
20° dropped from30.31° + 24.60° to 1.4° + 0.73°. stimuli, the mean magnitude of the foveation error dropped

Fig. 9 illustrates the ability of the model to recover fromo 1.76 + 1.29 for visual targets, and to 22 1.4° for

a sudden change in visual inputs. The system had bearditory targets.

B. Adaptation to Altered Sensory Conditions
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Fig. 9. System performance in the presence of a sudden change of visual characteristics. A system previously trained with normal sensoriemaer experi
was exposed to a systematic translation of the visual field Ky t20the right. (Top row) Improvement in the accuracy of orienting behavior toward
visual (a) and auditory (b) targets with learning. (Middle row) Foveation errors after the presentation of 15000 targets for stimuli in difféeaént spa
locations: visual targets (c) and auditory targets (d). (Bottom row) Relative alignment of the auditory, visual and motor receptive fields ftg tfie uni
the OT, before (e) and after (f) the new sensorimotor experience.

Fig. 10 shows the ability of the system to recover from &ansformation introduced in this experiment is reflected by
sudden change in motor characteristics, such as may occur theeRF alignment function shown in Fig. 10(e) (the mean RF
to a motor malfunction. At the beginning, immediately afteglistance with respect to the line=y = » was 7.88+ 3.38).
the change in the motor characteristics, errors were present-ffrning is able to realign the maps of space as reflected by the
the localization of both visual (9.88 3.95) and auditory !In€ar correspondence of RF’s in Fig. 10 (f), so that the final
targets (10.09t 4.52). After the presentation of 15,000 distance of RF's with respect to= y = » was1.56° £ 1.14°.
stimuli the orientation error was reduced to r.640.83 and
1.83 + 1.31° for visual and auditory targets, respectively. As IV. CONCLUSION
in the case of sensory manipulation, the recovery of orientationRobustness is a crucial issue in the design of autonomous
accuracy was a consequence of the reacquired alignmenkgdtems. Environmental conditions change continuously due
the receptive fields for the units in OT. The nonlinear motdo a number of unpredictable factors, as do the characteristics
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Fig. 10. System performance in the presence of a sudden change of motor characteristics. (Top row) Improvement in the accuracy of orienting behavior
toward visual (a) and auditory (b) targets with learning. (Middle row) Foveation errors after the presentation of 15000 targets for stimulem differ
spatial locations: visual targets (c) and auditory targets (d). (Bottom row) Relative alignment of the auditory, visual and motor receptive fieds fo

units of the OT, before (e) and after (f) the new sensorimotor experience.

of sensors and motors. In order to maintain good performaribe cellular level, and that different levels of explanation are
in the presence of such changes, autonomous systems meedired in order to have a complete picture of how learning
to continuously accommodate their behavior to the currentcurs. The case of spatial localization in the barn owl is
conditions. Biological systems provide clear examples of suche of the few examples described in the literature in which
adaptive capabilities. Individuals of virtually every animatuantitative changes in a motor output (the adjustment of
species show significant variations in their phenotypic apfienting behavior) have been systematically linked in detail to
pearance and their bodies undergo large changes during tineiural phenomena (the plastic alignment between sensory and
lifetime. Nevertheless, their brains are constantly able to tumetor maps in the OT). Anatomical and physiological studies
motor output so as to ensure proper behavior. have extensively characterized the structures in the brain of the
Understanding the principles underlying learning and adalparn owl involved in the production of orienting behavior, and
tation is one of the major goals of the biological sciences. frovide serious constraints on the underlying mechanisms of
is clear that changes in behavior originate from changeslaarning. The hypothesis proposed here that map registration
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occurs through a mechanism of value-dependent learning dog$ V. D. Sanchez and G. Hirzinger, “The state of the art of robot learning

not require the existence of any unknown anatomical pathways
or structures nor does it imply biologically unrealistic compu-
tations. In addition, a large body of evidence supports the ideg]
that synaptic plasticity is mediated by a global signal related
to the saliency of sensorimotor events. In many differenio)

control using artificial neural networks: An overview,” Tthe Robotics
Review 20. Khatib, J. J. Craig, and J. Lozano-Perez, Eds. Cambridge,
MA: MIT Press, 1992.

G. Sandini, G. Gandolfo, F. Grosso, and M. Tistarelli, “Vision dur-
ing action,” in Active PerceptionY. Aloimonos, Ed. Hillsdale, NJ:
Erlbaum, 1993, pp. 151-190.

A. L. Abbott, “A survey for selective fixation control for machine

species neuromodulatory systems have been found that prO{ect vision,” IEEE J. Contr. Syst.pp. 25-31, Aug. 1992.

diffusely to most areas of the brain. These systems, such
the monoaminergic and cholinergic systems in vertebrates arg
endowed with the appropriate anatomical and physiological
properties, and there is evidence that they play a role in long-
term plasticity (see references in [48]). The results of thjs4]
paper, together with close comparisons between behavio 15
and physiological data from the barn owl and equivalent dags)
obtained from computer simulations are strongly in accord

with this proposal. [17]

In the past, researchers in robotics and Al have often lookad]
at biology as a source of inspiration for solving their problems,
From the opposite perspective, neuroscientists have recerﬁjfﬁ)
turned their attention toward the use of robotic systems as
a way to quantitatively test and analyze theories that woulgf!
otherwise remain at a speculative stage. The approach of
synthetic neural modeling [5], [6] is based on the couplingi]
of computational models of brain structures with systems
interacting in the real world. While computer models havey)
recently gained popularity in the neuroscience communit
as a way to analyze the operations of complex neuror{g?]
ensembles, these models are usually activated with simplified
artificial patterns that bear little resemblance to natural stimul?4
The use of robotic systems has the advantage of introducing
phenotypic and environmental constraints similar to thoses)
that brains of animals have to face during developmerﬁbl
Consideration of these constraints is particularly important
light of modern brain theories, that emphasize the importance
of the environment and sensorimotor experience during neut&!
development.

There is little doubt that comprehension of the fundamentggl
functional principles of the brain will dramatically affect
the design of artificial systems operating in the real-worlgzg]
We believe that the approach of synthetic neural modelin
and efforts like the one described in this paper can mak
significant contribution toward these goals and, at the same
time, by establishing a direct link between the natural arigtl
engineering sciences, offer new ideas to workers in robotigs;
and artificial intelligence.
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