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Localization Output vs. Sound Source Azimuth
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Figure 7: Rerfornmance of the full systemon continuous input (sinusoidal) delivered
by a speaker fromdi fferent angles. Note that 90 degrees denotes the center position.
The three plots are the outputs for three diflerent settings of the eye position input
vol tage.



Output vs. Arrival Time Difference (3 eye positions)
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Fgure 6: (ipoutput vs. 1nput pulse timng: The chip was driven wth a signal
generator and the output vol tage was plotted for three different eye position vol t-
ages. Ide tothe discretized nature of the axon, there are only 15 axonlocations at
whi ch pul ses can neet. This creates the staircase response.
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is simlar to a shift schene proposed by Htts and MGilloch (1947) for obtaining
pitchinvariance for chord recognition. The eye position units are constructed from
anarray of “bunp” circuits (T2l briick 1993) vhi ch conpare the eye position vol tage
wth its local voltage reference. The tw dinensional array of internediate units
take the digital signal fromthe auditory umts and switchthe “bunp” currents onto
the output lines. The output current lines drive the inputs of acentroid circuit.

The current 1npl enentationof the shift can be viewed as a basis function approach
vhere a popul ation of internediate units respond to limted “ball-like” regions in
the tvo-dinensional space of horizontal eye position and sound source azimuth
(head-coordinates). The output units then sumthe outputs of only those interna-
diate um ts vhich represent the sane retinal location. It should be noted that this
coordinate transformation is closely related to the “dendrite nedel” proposed for
the projection of cortical auditory infornationto the deep SChy Goh and Sparks
(1992).

The final output stage converts this spatial array of current carrying lines into
a single output voltage vhich represents the centroid of the stimmlus in retinal
coordinates. This centroid circuit (I2Werth 1991) is intended to represent the

prinate SCwhere a simlar conputationis believed to occur.

Results and Concl usions

K gure 6 shovs three plots of the chip’s output vol tage as a function of the inter-
pulse tine interval . Hgure 7shovs three plots of the full systems output vol tage for
different eye positionvol tages. The output is roughl ylinear wth azi nuth and 11 near
w theye positionvol tage. Inoperation, the systeminput consists of asoundentering
the two mcrophones and the output consists of an anal og vol tage representing the
position of the sound source and a digital signal indicating that the anal og data is
valid.

The audi tory localization systemdescribed here 1s currently in use wth an anal og
MSI-based nodel of the prinate saccadic systemto expand 1ts operation into
the auditory donain (Thriuchi, Hshofberger, &Toch 1994). In addition to the
effort of our laboratory to nedel and understand hiol ogical conputing structures
inreal-tine systems, ve are exploring the use of these lowpover integrated sensors
in portable applications such as nobile robotics. Anal og VISI provides a conpact
and effici ent 1npl enent ationfor nany neuronor phi ¢ conputing archi tectures wh ch

can potentially be used to provide, small, fast, lowpover sensors for a wide variety
of applications.
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This techm que is described innare detail and wth nore biol ogical justification by
Tazzaro (1990). The current inplenentation contains 15 axon circui ts ineach del ay
line. This is shown in figure 4. A each position in the correlation del ay line are
logical ANDcircuits wiichoutput alogic one vhen there are tvo active axon uni ts

at that location. Since these units only turn onfor specific tine del ays, they define
audi tory “receptive fiel d&s”. The output of this subsystemare 15 digital lines winch
are passed on to the coordinate transform

L eft
Channel H@Wﬂﬂﬂ
il Right
Channel
e

K gure 4: Dagramof the double axon del ay l1ne vhi ch accepts digital spikes onthe
inputs and propagates themacross the array. Wenever tvo spikes met, a pulse

1s generated on the output ANDunits. The position of the ANDcircuit which gets
activated indicates the relative tine of arrival of the left and right inputs. NOIE
the actual circuit contains 15 axon um ts.
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K gure 5:

For the one-dimansional case described in this project, the appropriate transform
fromhead to retinal coordinates is arotation vhichsubtracts the eye position. The
eye positioninformationonthe chipis represented as a vol tage whi ch activates one
of the eye position unts. The spatial pattern of activationfromthe auditory wmits
is then “steered” tothe output stage with the appropriate shift. (See figure 5). This



The Localization System

The anal og front-end of the system(see figure 1) consists of three basic conponents,
the mcrophones, the filter stage, and the thresholded, zero-crossing stage. Two
mcrophones are placed wth their centers about 2 inches apart. For any given
tine difference inarrival of acoustic stimli, there are nany possible locations from
vhi ch the sound coul d have originated. These points describe a hyperbola wth
the tvwo mcrophones as the two foci. If the sound source is distant enough, ve
can estinate the angle since the hyperbol a approaches an asymptote. The current
systemoperates on a single frequency and the inter-mcrophone distance has been
chosen to be just under one wavelength apart at the filter frequency. 'The fil ter
frequency chosen was 3.2 kb because the author’s finger snap, used extensively
during devel opnant contained a l arge conponent at that frequency. The next step

in the conputation consists of triggering a digital pulse at the nonent of zero-
crossing if the acoustic signal 1s large enough.

Thresholded Zero-crossing Detection Pulses
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K gure 3: Fxanpl e of output pul ses fromthe external circuitry. Zero phase is chosen
to be the positive-slope zero-crossing. Top: Dgital pulses are generated at the tim
of zero phase for signals vhose derivativeis larger than a preset threshold. Bottom
3.2 ki Bandpass fil tered signal for a finger snap.

Phase Detection and Coordi nate Transform in Analog VLSI

The anal og VST conponent of the systemconsists of tvo axon del ay lines (Mad

1988) which propagate the left and right nicrophone pulse signals in opposing
directions inorder to conpute the cross correlation (see Fg4.) The locationof the
peak inthis correlation techn que represents the rel ative phase of the tvo signals.
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K gure 2: Hlteredsignals of the left and right mcrophones from3 diflerent angles.



to sound wth an accuracy of 1 to 2 degrees which is conparable with hunans.

(re important cue for localizing sounds is the relative tine of arrival of a sound
to two spatially separated ears. Amneural architecture first described by Jeffress
(1948) for measuring this tine diflerence has been shown to exist in the barn owt
audi tory localization system(Tonishi 1986). An anal og VST inpl ementation of

the barn owt systemconstructed by Tazzaro (1990) is extended here to include a
transfornation fromhead coordinates to retinal coordinates.

In conparison to the barn ow, the neurophysiol ogy of auditorylocalizationin cats
and prinates 1s not as well understood and a clear map of audi tory space does not
appear to be present inthe inferior colliculus asit isinthe owt. It has been suggested
that cortical auditory regions may provide the head based map of auditory space
(Goh and Sparks 1992).

In prinates, where much of the ocul ometor systemis based in retinotopic coordi-
nates, head-based infornationnust ul tinatel y be transforned in order to be used.
Wile other nodels of coordinate transfornmation have been proposed for visual
information (e.g. Zpser and Andersen 1988, Konmenhoek et al. 1993) and for
audi tory infornation (Goh and Sparks 1992), the nodel of coordinate transforna-
tionused inthis systemis aswtching netvork vhi ch shifts the entire projection of
the head-based map of auditory space onto a retinotopic “colliculus” circuit. Ths
particular nodel is simlar to a basis function approach vhere internadiate wmits
have conpact receptive fields in an eye-position / head-based azi nuth space and
the output umts sumthe outputs of a subset of these umts.

The audi torylocalizationsystemdescribed here provi des acousti ¢ target i nformation
to an anal og VISI-based saccadi ¢ eye moverent system(Fbriuchi, Hshofberger,
and Foch 1994) being devel oped in our laboratory for mltinedal operation.
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K gure 1: Bock di agramof the auditory localization system The anal og front end
consists of external discrete anal ogelectronics.
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Abstract

The localization and orientation to various novel or interesting
events in the environnant is a critical sensorinotor ability in all
anmmnals, predator or prey. In mammals, the superior collicul us
(SO plays a mjor role in this behavior, the deeper layers ex
hi bi t1 ng topographi cal 1 y napped responses to visual , auditory, and
somatosensory stimuli. Sensory information arriving fromdi fler-
ent nodalities should then be represented in the sama coordinate
frane. Auditory cues, in particular, are thought to be conputed
in head-based coordinates whi ch ust then be transfornmed to reti-
nal coordinates. Inthis paper, an anal og VISI 1npl enentation for
audi tory localizationin the azinuthal plane is described which ex
tends the architecture proposed for the barn owt to a prinate eye
novenant systemwhere further transformation is required. This
transfornationis intendedtonodel the projectioninprinates from
audi tory cortical areas to the deeper layers of the prinate superior
colliculus. This systemis interfaced wth an anal og MSI-based
saccadi ¢ eye movenant systemal so being constructed in our 1abo-
ratory.

Introduction

Anditory localization has been studied in nany ani mals, particularly the barn ow.
Mst birds have a resolution of only 10 to 20 degrees, but ows are able to orient



