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Localization Output vs. Sound Source Azimuth
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Figure 7: Performance of the ful l systemon conti nuous i nput (si nusoi dal ) del i vered
bya speaker f romdi�erent angl es. Note that 90 degrees denotes the center posi ti on.
The three pl ots are the outputs for three di�erent setti ngs of the eye posi ti on i nput
vol tage.



Output vs. Arrival Time Difference (3 eye positions)
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Figure 6: Chip output vs. i nput pul se timing: The chi p was dri ven wi th a si gnal
generator and the output vol tage was pl otted for three di�erent eye posi ti on vol t-
ages. Due to the di screti zed nature of the axon, there are onl y 15 axon l ocati ons at
whi ch pul ses can meet. Thi s creates the stai rcase response.
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i s simi l ar to a shi f t scheme proposed by Pi tts and McCul l och (1947) for obtai ni ng
pi tch i nvari ance for chord recogni ti on. The eye posi ti on uni ts are constructed f rom
anarrayof \bump" ci rcui ts (Del br�uck1993) whi chcompare the eye posi ti onvol tage
wi th i ts l ocal vol tage reference. The two dimensi onal array of i ntermedi ate uni ts
take the di gi tal si gnal f romthe audi tory uni ts and swi tch the \bump" currents onto
the output l i nes. The output current l i nes dri ve the i nputs of a centroi d ci rcui t.

The current impl ementati onof the shi f t can be vi ewed as a basi s functi on approach
where a popul ati on of i ntermedi ate uni ts respond to l imi ted \bal l - l ike" regi ons i n
the two-dimensi onal space of hori zontal eye posi ti on and sound source azimuth
(head-coordi nates). The output uni ts then sumthe outputs of onl y those i nterme-
di ate uni ts whi ch represent the same reti nal l ocati on. It shoul d be noted that thi s
coordi nate transformati on i s cl osel y rel ated to the \dendri te model " proposed for
the projecti on of corti cal audi tory i nformati on to the deep SCbyGroh and Sparks
(1992).

The �nal output stage converts thi s spati al array of current carryi ng l i nes i nto
a si ngl e output vol tage whi ch represents the centroi d of the stimulus i n reti nal
coordi nates. Thi s centroi d ci rcui t (DeWeerth 1991) i s i ntended to represent the
primate SCwhere a simi l ar computati on i s bel i eved to occur.

Results and Concl usions

Figure 6 shows three pl ots of the chi p's output vol tage as a functi on of the i nter-
pul se time i nterval . Fi gure 7 shows three pl ots of the ful l system' s output vol tage for
di�erent eye posi ti onvol tages. The output i s roughl y l i near wi thazimuthandl i near
wi theye posi ti onvol tage. Inoperati on, the systeminput consi sts of a soundenteri ng
the twomi crophones and the output consi sts of an anal og vol tage representi ng the
posi ti on of the sound source and a di gi tal si gnal i ndi cati ng that the anal og data i s
val id.

The audi tory l ocal i zati on systemdescri bed here i s currentl y i n use wi th an anal og
VLSI-based model of the primate saccadi c systemto expand i ts operati on i nto
the audi tory domain (Hori uchi , Bi shofberger, &Koch 1994). In addi ti on to the
e�ort of our l aboratory to model and understand bi ol ogi cal computi ng structures
i n real -time systems, we are expl ori ng the use of these l owpower i ntegrated sensors
i n portabl e appl i cati ons such as mobi l e roboti cs. Anal og VLSI provi des a compact
ande�ci ent impl ementati onfor manyneuromorphi c computi ng archi tectures whi ch
can potenti al l y be used to provi de, smal l , fast, l owpower sensors for a wide vari ety
of appl i cati ons.
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Thi s techni que i s descri bed i nmore detai l and wi thmore bi ol ogi cal justi �cati on by
Lazzaro (1990). The current impl ementati oncontai ns 15 axonci rcui ts i n eachdel ay
l i ne. Thi s i s shown in �gure 4. At each posi ti on i n the correl ati on del ay l i ne are
l ogi cal ANDci rcui ts whi choutput a l ogi c one when there are two acti ve axon uni ts
at that l ocati on. Si nce these uni ts onl y turn on for speci �c time del ays, they de�ne
audi tory \recepti ve �el ds". The output of thi s subsystemare 15 di gi tal l i nes whi ch
are passed on to the coordi nate transform.

Right
Channel

Left
Channel

Figure 4: Di agramof the doubl e axon del ay l i ne whi chaccepts di gi tal spi kes on the
i nputs and propagates themacross the array. Whenever two spi kes meet, a pul se
i s generated on the output ANDuni ts. The posi ti on of the ANDci rcui t whi chgets
acti vated i ndi cates the rel ati ve time of arri val of the l ef t and ri ght i nputs. NOTE:
the actual ci rcui t contai ns 15 axon uni ts.
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Figure 5:

For the one-dimensi onal case descri bed i n thi s project, the appropri ate transform
fromhead to reti nal coordi nates i s a rotati onwhi ch subtracts the eye posi ti on. The
eye posi ti on i nformati onon the chi p i s represented as a vol tage whi ch acti vates one
of the eye posi ti on uni ts. The spati al pattern of acti vati on f romthe audi tory uni ts
i s then \steered" to the output stage wi th the appropri ate shi f t. (See �gure 5). Thi s



The Local i zati on System

The anal og f ront-endof the system(see �gure 1) consi sts of three basi c components,
the mi crophones, the �l ter stage, and the threshol ded, zero-crossi ng stage. Two
mi crophones are pl aced wi th thei r centers about 2 i nches apart. For any gi ven
time di�erence i n arri val of acousti c stimul i , there are manypossi bl e l ocati ons f rom
whi ch the sound coul d have ori gi nated. These poi nts descri be a hyperbol a wi th
the two mi crophones as the two foci . If the sound source i s di stant enough, we
can estimate the angl e si nce the hyperbol a approaches an asymptote. The current
systemoperates on a si ngl e f requency and the i nter-mi crophone di stance has been
chosen to be just under one wavel ength apart at the �l ter f requency. The �l ter
f requency chosen was 3. 2 kHz because the author' s �nger snap, used extensi vel y
duri ng devel opment contai ned a l arge component at that f requency. The next step
i n the computati on consi sts of tri ggeri ng a di gi tal pul se at the moment of zero-
crossi ng i f the acousti c si gnal i s l arge enough.

Thresholded Zero-crossing Detection Pulses
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Figure 3: Exampl e of output pul ses f romthe external ci rcui try. Zero phase i s chosen
to be the posi ti ve-sl ope zero-crossi ng. Top: Di gi tal pul ses are generated at the time
of zero phase for si gnal s whose deri vati ve i s l arger than a preset threshol d. Bottom:
3. 2 kHz Bandpass �l tered si gnal for a �nger snap.

Phase Detection and Coordi nate Transform i n Analog VLSI

The anal og VLSI component of the systemconsi sts of two axon del ay l i nes (Mead
1988) whi ch propagate the l ef t and ri ght mi crophone pul se si gnal s i n opposi ng
di recti ons i n order to compute the cross correl ati on (see Fi g 4. ) The l ocati onof the
peak i n thi s correl ati on techni que represents the rel ati ve phase of the two si gnal s.



Finger Snap at 45 degrees L of Center

0 1 2 3 4 5 6

time (seconds)  (10-3 )

-4

-3

-2

-1

0

1

2

3

4

5

D
ot

s=
R

ig
ht

, S
ol

id
=

L
ef

t

Finger Snap at Center Position
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Finger Snap at 45 degrees R of Center
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Figure 2: Fi l tered si gnal s of the l ef t and ri ght mi crophones f rom3 di�erent angl es.



to sound wi th an accuracy of 1 to 2 degrees whi ch i s comparabl e wi th humans.
One important cue for l ocal i zi ng sounds i s the rel ati ve time of arri val of a sound
to two spati al l y separated ears. Aneural archi tecture �rst descri bed by Je�ress
(1948) for measuri ng thi s time di�erence has been shown to exi st i n the barn owl
audi tory l ocal i zati on system(Koni shi 1986). An anal og VLSI impl ementation of
the barn owl systemconstructed by Lazzaro (1990) i s extended here to i ncl ude a
transformati on f romhead coordi nates to reti nal coordi nates.

In compari son to the barn owl , the neurophysi ol ogy of audi tory l ocal i zati on i n cats
and primates i s not as wel l understood and a cl ear map of audi tory space does not
appear to be present i nthe i nferi or col l i cul us as i t i s i nthe owl . It has been suggested
that corti cal audi tory regi ons may provi de the head-based map of audi tory space
(Groh and Sparks 1992).

In primates, where much of the ocul omotor systemi s based i n reti notopi c coordi -
nates, head-based i nformati onmust ul timatel y be transformed in order to be used.
Whi l e other model s of coordi nate transformati on have been proposed for vi sual
i nformati on (e. g. Zi pser and Andersen 1988, Krommenhoek et al . 1993) and for
audi tory i nformati on (Groh and Sparks 1992), the model of coordi nate transforma-
ti on used i n thi s systemi s a swi tchi ng networkwhi ch shi f ts the enti re projecti on of
the head-based map of audi tory space onto a reti notopi c \col l i cul us" ci rcui t. Thi s
parti cul ar model i s simi l ar to a basi s functi on approach where i ntermedi ate uni ts
have compact recepti ve �el ds i n an eye-posi ti on / head-based azimuth space and
the output uni ts sumthe outputs of a subset of these uni ts.

The audi toryl ocal i zati onsystemdescri bedhere provi des acousti c target i nformati on
to an anal og VLSI-based saccadi c eye movement system(Hori uchi , Bi shofberger,
and Koch 1994) bei ng devel oped i n our l aboratory for mul timodal operati on.
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Figure 1: Bl ock di agramof the audi tory l ocal i zati on system. The anal og f ront end
consi sts of external di screte anal og el ectroni cs.
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Abs t r a c t

The l ocal i zati on and ori entati on to vari ous novel or i nteresti ng
events i n the envi ronment i s a cri ti cal sensorimotor abi l i ty i n al l
animal s, predator or prey. In mammal s, the superi or col l i cul us
(SC) pl ays a major rol e i n thi s behavi or, the deeper l ayers ex-
hi bi ti ng topographi cal l ymapped responses to vi sual , audi tory, and
somatosensory stimul i . Sensory i nformati on arri vi ng f romdi�er-
ent modal i ti es shoul d then be represented i n the same coordi nate
f rame. Audi tory cues, i n parti cul ar, are thought to be computed
i n head-based coordi nates whi chmust then be transformed to reti -
nal coordi nates. In thi s paper, an anal og VLSI impl ementation for
audi tory l ocal i zati on i n the azimuthal pl ane i s descri bed whi ch ex-
tends the archi tecture proposed for the barn owl to a primate eye
movement systemwhere further transformati on i s requi red. Thi s
transformati oni s i ntendedtomodel the projecti on i nprimates f rom
audi tory corti cal areas to the deeper l ayers of the primate superi or
col l i cul us. Thi s systemi s i nterfaced wi th an anal og VLSI-based
saccadi c eye movement systemal so bei ng constructed i n our l abo-
ratory.

In t r o d u c t i o n

Audi tory l ocal i zati on has been studi ed i nmany animal s, parti cul arl y the barn owl .
Most bi rds have a resol uti on of onl y 10 to 20 degrees, but owl s are abl e to ori ent


