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amazing bats...




sonar - inspired by nature

images: wikimedia, www.furuno.com, author's archive



proximity sensors in robotics

images: robots.net; Omron Adeﬁt MobileRobots, LLC; Nomadic Technologies;
Denning Branch International Robotics; Real World Interface, Inc.



a creature yet to be discovered




can robots navigate like bats?

- bat echolocation and bahavioral research
Prof. Cynthia Moss, Johns Hopkins University, MD
Prof. James A. Simmons, Brown University, RI

- heuromorphic VLSI implementation
Dr. Timothy K. Horiuchi, University of Maryland, MD

- biomimetic and bioinspired technology
Prof. Phillip McKerrow, Wollongong University, Australia
Prof. Roman Kuc, Yale University, CT
Prof. John Hallam, University of Southern Denmark
Dr. Rolf Miiller, Virginia Tech, VA
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aims of this project

1) implement binaural obstacle detection in
GreenArrays chips

2) use a different mathematical approach
- distributed and parallel processing
- detection of overlapping echos
- better noise tolerance

3) develop as a multi-chip application
4) have fun @
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ultrasonic ceramic transducers
Prowave 400ST/R160

central frequenc 40.0 kHz
bandwidth (-6 dB) 2.0 kHz
max. drive voltage 20V rms P
total beam (-6 dB)  55° Tt




analog module
transmitter amplifier

input voltage (Vpp) 450 mV
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analog module
receiver amplifiers
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target chip
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target chip

echo recording modules
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target chip

application trigger
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target chip

echo processing modules
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target chip

collectors, channel mixer, serdes
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host chip

serdes, channel splitter
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host chip

post-processing modules
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host chip
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host chip

transfer to PC
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IMPLEMENTATION

part I




target chip

ping generator & echo recording
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ping generator

Ping o4t TUST 40 kHz sine burst
1 MHz clock based on clocked DAC

71717 217 40

trigger ["74¢ I717
o <Dl suitable for:

sine _ - synchronous motors (1 kHz)

foxss

ZANS S AN - audio signal (10 kHz)
- RF signal (100 kHz)
- UGA color sync (25 MHz)




how DAC works?

current source - load resistor to GND

9-bit value

xor with $155

store in I0,_g — immediate conversion

suspend on write to UP according to WD bit:
WD = 0 wait while shared pin 17 is low
WD =1 wait while shared pin 17 is high

IO and UP not directly addressable

IO in B register, UP in A register




ping generator

ping out § ysT .
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1 MHz clock » 15555 15D55 15555 15D55 15555 15D55
71741 217 40 o 15555 15D55 15555 15D55 10 /stacl
trigger
99 716 N 717 ® reclaim 10717 node © org
D:‘> -] analog » dac 90 n or dup ! !b ;
H e KO .
sine Ny 10716 +node 10716 /ram right /b left /p
table emitter 5600 5600 5600 5600 5600 5600 5600 5600

00 820606 ® ¢ 00 3 3 _IEI DD W D Jé‘ll"

o |
4Op<Dr 4O <> 5600 5600 @p dac 10 /stack
S
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- init or a! ;
® ping 33 n for init 49 for !b @+ !b unext
® next !'b 200 !b ;
R
= @ org
200 , 231 , 263 , 295 , 328 ,
® 360 , 390 , 419 , 444 , 465 ,
e 482 , 493 , 499 , 499 , 493 ,
o 482, 465 , 444 , 419 , 390 ,
360 , 328 , 295 , 263 , 231 ,
-
-
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Figure 12 Typical DAC Transfer Function




echo recording module

digitizer
buffer
iterator

1 MHz clock

& &

2>

amplitude envelope out ¢

iterator
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£ Y
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echo recording - digitizer

receiver VCO from 56 GHz (Vss) to 36 GHz (Vpp)
! 18-bit modulo down-counter
B 317 linear between 750 and 1300 mV
<: vetope 31717 <00 '*‘*\.\.\
ﬁ{)} 5000 \‘
217
> \
¢ baseline | 21717 o
filter 20 m
Y GND
117 TR .,
[ R analog ' 3500 .

0 500 1000 1500 2000

Figure 13 Typical ADC Transfer Function



echo recording - digitizer

receiver

& &

a8

envelope

FOR0!

& 8

baseline
filter
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217

ZOR0

receiver

17

17

7.ai
USR right

write to LEFT to stop V/CO
- suspended according to WD level
read first count form LEFT
- VCO starts running
wait - voltage sampling interval
write to LDATA to stop VCO
- F18 not suspended
read second count from LDATA
count difference proportional to voltage



echo recording - digitizer

receiver
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10117 +node 10117 /ram io /b 12 go /p
11D55 11555 11D55 11555 11D55 11555
11D55 11555 11D55 11555 10 /stack

reclaim 10117 node © org

1+ 1. + ;

dif - . + -if - ; then 1+ ;

adc left a! !b dup ! @ 171 ldata a!
35 for unext dup ! @ dif ;

send up b! !b io b! ;

go 12 adc -200 . + send go ;

@ 9 3:9 O 0 9 P 2




echo recording - digitizer

receiver
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scope trace
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ADC output



echo recording - digitizer
filter & baseline
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envelope

317

17

measures baseline
grabs samples from analog node
applies EMA filter




echo recording - digitizer

filter & baseline
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16 for +* unext a -if drop 1+ ; then drop ;
ema *.r over - 1+ 1FFFF and

@b *.r al drop a . + dup ;

flush @ drop ;

base dup dup or 255 for @b . + next

2/ 2/ 2/ 2/ 2/ 2/ 2/ 2/

dup - 1+ down a! ! ;

grab 16000 for ema down a! ! next - ! ;

go 25 dup ! flush base flush grab go ;
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echo recording - digitizer

envelope
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f 8

envelope

3717

o0

& 8
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filter

217117

RS

& &

receiver

J

117.ai

fop e

O
USR right

initiates conversion upon trigger signal
removes direct sound wave

detects positive halfwaves

finds peak maxima

inverts digitized values

subsamples data (1:50)

self synchronizing algorithm



echo recording - digitizer
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echo recording - digitizer

envelope

Qmaxnmum data point %

25 samples RIS
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echo recording - digitizer

envelope

25 samples

Qmaximum = data point
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S *1 sample < O
. :1 24 samples o
¢ 1 sample > | *
Y * : * threshold | ¢
217 . y e | threshold 1 o
Db . - start
v . —l . v
<& basetine | 21747 O 10 %% (30 40 0
filter * | . *
i
U u * * *
2 | I
117.17 - . .
analog :
I

)
G

receiver



echo recording - digitizer

envelope

25 samples

data point threshold

[ ]
u
i
I
maximum = :
I
[ |
I
®

&8

baseline | 217117

I

filter : ] :
{L}{J}J 11 24 samples 1
: | | | |

i

i

i

L

117 sample >

117.17
analog threshold

P

25 samples

—— sample < O




echo recording - digitizer

envelope

S .

10317 +node 10317 /ram 195 rd-- /a left /b
» 30 env /p -

P ]
4

reclaim 10317 node © org

"7 3 PRy U 1

envelope ap @p drop @p ; ap! !lp; .. 0,
+. i e TR S -
X n-nx @ over . + ; 4

min - over . + - -if + ; then drop ;

trig n dup begin drop x -until drop drop ;
apex -n O ap! 24 for x ap min ap! next ap ;
fin dup 24 for x -if drop swap next ;

then drop pop drop 23 push

8 . + begin x - -if drop swap next drop ;
then drop drop pop drop ;

flush begin @ -until ;

inv/ n-m - 1+ -if dup or then ;

-ping 499 for @ drop unext ;
env 30 @b @ @ -ping dup 8 . + trig -ping
255 for apex inv/ ! fin next flush env ;

217

&8

baseline | 217117

filter
117 117.17

analog

P

receiver

® ® & 9 9 O O O O 9 9

® & &-90 & & O 2 90




echo recording - buffer

& &

@&

58

215
=
buffer out "

expand

216

sum
compress
buffer in

RS

&

& 8

115

N
&

buffer

116

buffer

T v

fop o

fop o

256 bytes packed in 128 18-bit words
calculates sum of data points
circular buffer controlled by iterator




echo recording - buffer

% +dly ion +node /b /p FBB2 9E27

s over over over over over over over over
i1a /stack 0 /a ;

‘up left 10116 +dly left up 10115 +dly

& 0. 820 3 00 O Ak

10216 +node 10216 /ram 135 -dl- /a up /b ...

reclaim 10216 node © org

shove n @p !'b .. 'b @ !'b @p |

S
&)
b
s}
.
s ]
4 f'b.@ Ib . l+.1b ..:; |
» o |




echo recording - iterator

o

controls circular buffer (0/-1 flags)
cycles through iterations (10 times)
polls right port - request for new data

) 1)

(=




echo recording - iterator

10315 +node 10315 /ram down /a 16 go /p

'reclaim 10315 node 0 org

‘more? -f io b! begin @b - 10000 and until ;
‘wait 50 for . . unext 3

round 255 for more? ! right b! @ !b next ;
'go 16 9 for O ! wait round wait next

-1 ! go ;

.
»
2 2

I 0 U R e W

e @& .89 & O O ¥ I




DEMO #1

echo recording


https://youtu.be/Dg5y3IaihsU

IMPLEMENTATION
part II




target chip

echo processing

UsT

USR left

717.a

611

—
51717
HTHT
3MThT

UsSB-C

goR0s

A2

oS
41

R
217

EE12

<§‘: baseline | 21747

=g 7

o

0
&
)
&

buffer
m

compress

Zoers
S
o0

&

X

Bor B

)
10 sutierout ] compress

£y o

215 :b 216 j;) 217

expand

S8 &Y

ox0:

LR

?1517T

ﬂ D

@ Dl

ﬁ b

{op do

<op 4o

{op 40

70847 | | 7081

{op 40

@ bl

{op <o)

705.1

<op do

ﬁ bl

{op 4o

"5Y

¢ buffer out

* X *»n *»n.* X l
l'nl!ﬁl!ﬁlfnl_
* ﬂ*»ﬂ *»n.* x l
Aﬁlfnllﬁllﬁl'nl_
nﬂlfnlfﬁlfﬁi';it
nﬁlfnllﬁllﬁlfnl_
»ﬂ«* X *»n *»n * X l
lfnl!ﬁllﬁl'nl_
»n«* x *»n *»n .* X l
Aﬁlfnllﬁllﬁl'nl_
l'nllﬂllﬁl'nl_

o

Y
P 0
T,

{p

= 3

PrEF

collector
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7

£Y BY £

o &

-
> 8

O L

Y

7E A% £

P&y

FoRGs
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math concepts

nhormal distribution N

probability density function (pdf)
- mean u
- variance o’

N(x |u,6%) = —L— exp (— () )

2162 2072




math concepts

gaussian mixture model (gmm)

sampled signal

- sample X

- amplitude 'y
composed of  gaussians

amplitude

y=_)§ajl\/(x | . 67%)

sample

K
mixing coefficient «;=[0, 1] Xa;=1




math concepts

expectation — maximization (EM) algorithm

finds the maximum likelihood ©®
- E-step: calculate the posterior probability P(O|x)
using Bayes’ theorem
- M-step: update © based on the posterior
probability P(©Ix)




math concepts

expectation — maximization (EM) algorithm

finds the maximum likelihood ©®
- E-step: calculate the posterior probability P(®|x)
using Bayes’ theorem
- M-step: update © based on the posterior

probability P(©Ix)
ol rior
o probabilty
P(x|®) P(®)

. P(@Ix) =
posterior P(x) normalization
probability constant




EM calculation p\esk
dat lizati x00 COmL\L\
ata normc: ization GPA‘

g, b fO°

E-step: posterior probability P(@|x) = responsibility r;
o, N(x|u,07)

7 I”J' = [O, 1]
g o N(x| W, 6.%)

rj=

M-step: update hidden variables




EM calculation - simplified

E-step: posterior probability P(®|x) = responsibility r;

o N(x | ), 6 ea)

T rJ- = [O, 1]
roN (x | i, O%ca)

PJ-=

M-step: update hidden variables
N
L1 Yi%

-~

&J=.Z”r:iy‘ ==
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gmm calculator
normal distribution lookup table

P109 +node 10109 /ram up /b 2F init /p
-256 + 3FFFF and 1 /stack
reclaim 10109 node @ org data 24 - ©
a2 58, 9,19
ic , 30 , 4E , 7C , BF ,
11E , 1A@ , 24D , 32B , 43E ,

586 , 6FF , 89E , A52 , CO7 ,
DA1 , FO5 , 101A , 10C9 , 1105 ,

abs -if - 1 . + then ;

p mn-mp over . + abs -25 . +

-if - al @ ; then dup or ;

go 3F a! @ 9 for

255 for pop dup push p !b next @b next go ;
init 2F 3F a! ! go ;

® ® © 0 ® O P P -9 I I DO I 0

0. 0006 & O Do P D DD




gmm calculator

responsibility ratio calculation

aJN(x , ;. O tiea)
lé o M(x| M, Grred)

I"J=



gmm calculator
responsibility ratio calculation

10209 +node 10213 /ram 20 go /p

odd cols reclaim 10213 node @ org

aph @p drop @p ; aph! !p ; .. 1555 1/12 ,
1+ 1 . +

*.r ab-aa*b a! dup dup or

15 for +* unext a -if drop 1+ ;

then drop ; +cy

/. hd-rq clc a! dup dup or 15 for begin
dup . + push dup . + dup a . + -if

drop pop swap next dup . + ; then

over or or pop next dup . + ; -cy

rj pp-r left a! @ . + a push right a! !
@ dup pop a! ! /. ;

go 20 9 for 255 for up b! aph @b *.r dup rj
down b! !b next

@b @b aph! up b! !'b next

1555 aph! go ;

O ® ©:0 0 O O & -9 I I DO I O
0. 0006 & O Do P D DD




gmm calculator
EM calculation




gmm calculator
EM calculation . .

9 110309 +node 10313 /ram 18 go /p

3 a ]

S odd cols reclaim 10313 node © org 5
ry @ drop @ ; ry! !'p ; @,

Y ry+try . +ry! ; 5

 ryx @p drop @ ; ryx! !p ; 0, )

4 Pryx+ ryx . + ryx! ; .
1+ 1. + i\

*.r ab-aa*b a! dup dup or
380ps )15 for +* unext a -if drop 1+ ; then drop ;
* ab-aa*b a! dup dup or 8 for +* unext ;
go 18 dup or dup ry! ryx!
255 for down a! @ r 124 ps
left b! @b dup right b! !'b *.r ry
pop dup push 2% 2% 2% 2% 2% 2% 2% 2% 2%
over * 2/ 2/ 2/ ryx
- drop - next
dup or ryx ry 2/ 2/ 2/ - 1+ --u/mod mu
- dup 1+ down a! ! ry alpha dup ! 1F5 r-1- al
- ahead begin swap ! then . .. . @ -until
-1 11 go; 40

® ® & & 9o O -0

o @ 9-0 o & o o




DEMO #2

echo processing


https://youtu.be/-w9PNOQ3pO8

IMPLEMENTATION

part II1
azimuth & distance



host chip

azimuth & distance determination

USB-A
from the target chip IW
701.1?”701‘1 708.17 | 708.1
=Y > I =% [REUR = > IRUREEY = N = > N = R = RURECY = B = B = B
GG € & & CHEEECEENCEECHEN IR C R R
al S8 e P > P Y fE Gt f¥ fE & G fFE #EY {fET GY {HY
) poseens N~ I = = = TR = = = T = R = I
GRS e G I I < I I = I I I I
©Y B D g { o #Y @Y 4G4 KUY f G G K K KY /Y
G q o H 8 848 8 8 @ ¢ @
R oF 4 G oy Bl @l R BT REY BRY BRY BT Y flY fHY
5 S x> A« Il =~ (Rl = IR = (Rl = Il =~ = Rl => [ = >
g S <= << < O - I < T < T I
U OY R¥ DY H¥ 0¥ Y Y GY A Y fU fu au al aY a8y
ﬂ = T =~ = B =5 S = B = T = R =~ B
SOttt S 3 IO T = R < I = C N 2 I I G
B Y o S0 o Sl ol @l Al fY fE Al fY fl Al fY
200 201 207 208 209 210 211 212 213 214 215 216 217
= =y = Bl => [l -V IR =~ Tl => Tl => Rl - Il => (>
& = G a a G a
100 ] 101 Lol . [ 2T 107 i 108 N 105 I 110 ] 11 I 112 I 11 Iy 114 I 115 I 116 I 117
e
000 001 006 007 008 009 010 011 012 013 014 015 016 017

serdes data control address



echo processing module output

512

reversed
order

double
gaussian




post-processing module

1) sorts pairs according to increasing mu
2) removes all zero pairs
3) merges double gaussians




b 3 i
T8 £ 3 £3 #d
& & &
n«%ﬁ«#ﬁ«%» g

1 <>

PRy qUPRYs UpRY

o <> & < S

o)
< £ <
7)) @]
9L B
S
B3T3 3855
mWnnPVnmU R R =



sieves

7 <

e
pi

pu
g £ Y
g

M
AR
5

"8 ©d 7T £ d

VPR P PNy

.

402 +node 402 /ram left /a down /b 11 go /p .

® @& @290 9 9 9 D DD

' reclaim 402 node 0 org

‘le mn-f - . + ;

-fall am-am dup push @ @ pop over le
-if drop push push over !b !b pop pop ;
then drop over !b !b drop ;

flush am !b 'b ;

fill -am @ @ 10 for -fall next ;

go 11 fill flush go ;

S . B 0T 0.0 wE D NS




sieve analysis

wikimedia commons




sieve analysis

wikimedia commons



sieves

data out in the
ascending order

7 {3~

b 3 i
23 £d £ 3 fd

& & L
n«#ﬁ«#ﬁ«%» 3

& < P

3 <= .

o <> <7

unsorted

VPR U qUPRY



sieves

data out in the
ascending order

7 {3~

v ¥ 5
23 £d £ 3 fd

& & L
n«#ﬁ«#ﬁuﬂn 2

o <>

3 <= .

o <> & <7 S

unsorted

VPR U qUPRY



)
O
S

Q
)

data out in the
ascending order

p D
23 £d £ 3 fd

B

& & &
'Y R g o o
b 2 i

unsorted

VPR U qUPRY



sieves

data out in the
ascending order

p D
23 £d £ 3 fd

B

& & &
e o o
b 2 i

unsorted

VPR U qUPRY



data out in the
ascending order

p D
23 £d £ 3 fd

e e

& &
I«*@I«*ﬂim
v b

g

VPR U qUPRY

4

unsorted
UL U i

sieves




data out in the
ascending order

unsorted
data in

sieves

VPR U qUPRY



data out in the
ascending order

he y ¥
»I«*»I«*»ﬂ«* xe;

(N e

u!&*?fﬁ@*ﬂl#

Up S ﬁ@ UF

Y

unsorted
data in

sieves







sieves

data out in the
ascending order

v ¥ 5
secaiier-aiirowsaii: ¥

M

& & &
<o e SR>
b 3 i

UPUZ QUPRUZ qUPSU

unsorted
data in




sieves

data out in the
ascending order

v ¥ 5
secaiier-aiirew il . 2

M

& & &
<o e SR>
b 3 i

UPUZ QUPRUZ qUPSU

unsorted
data in




sieves

data out in the
ascending order

unsorted
data in

VPR QU qUPRY




sieves

data out in the
ascending order

unsorted
data in

VPR QU qUPRY




sieves

data out in the
Vv ascending order

b

e N
oI I~

& & &
%%3«#@1«

= =

VPR QU qUPRY

Y

unsorted
data in



sieves output

1341
1510
2 2L
690
74
192




empty pairs removal

removes zero pairs
ends data with -1 flag




empty pairs removal

| 705 +node 705 /ram right /a down /b @ go /p .

|

|

ireclaim 705 node © org

'go 11 for @ @ over over . +
~if drop !b !b then next

dup or - !'b go ;

& 0. 9200 0 O b

® O $:0 3 O P I B-Q




merger

m"H.l - Mn > 6

m,, a, out




9 605 +node 605 /ram 135 -dl- /a up /b @ go /p.

s 506 +node 506 /ram left /b © one /p %
~ 505 +node 505 /ram 105 -d-u /a left /b A X
first /p
3 )
9 reclaim 605 node O org -
+~ go @ -if !b go ; then ! @ !b go ; o
® reclaim 506 node @ org 24
9 oneupa' @ --1- ; 1+ 1 . + ; ~
» * ab-a*b a! 17 push dup dup or 4
A begin +* unext a ; +cy
: b
+d clc a! push a . + al pop . + a ; -cy 4
? weigh aa-a over over . + dup push push o
» @b * push push drop @b * pop pop +d -
» Ppop - 1+ --u/mod !b pop --1- ; -
?  reclaim 565 node @ org <
® near? ab-abf over push dup pop "
s ba-.+-6.+; ®
A blend @p !'b .. weigh ; !b !'b @b ; .
solo over @p !'b .. !pone ; ! @b ! ; t
® first oA @ -if ! first ; then °
®» follow @ -if solo ! first ; then "
e @p 'b .. one ; e
g near? -if drop blend follow ; then .
drop @p 'b .. over !p .. over ! @b ! .
® follow ; -
ol -




merger output

49 1341
146 2280
177 690
233 266




matchmaker module

abs(m, - mg) < 6
m=(m,+mg) /2
m, a;, ar out

abs(m, - mg) > 6
smaller(m;, mg) out
corresponding a out
other channel a = O out




matchmaker module

9 406 +node 406 /ram up /a A init /p .
s | e
o |Meclaim 406 node @ org B
~ xqt @p @ push ; xqt! Ip ; .. 0, i
%  fin 10000 ! ; | o
s nxt @b -if ' fin 1lit xqt! fin ; then ! ; ps
» 1nit OA io b! ' nxt lit xqt! s
go begin @b 800 1lw and until left b! ---u ; “
> L)
] ‘ 1 o
> -~




matchmaker module
matchmaker .

306 +node 306 /ram 1E start /p

2
S
o reclaim 306 node @ org
left@ left al!
7 get@ ! @; xqt ..
% right@ up a! get ;
~ abs -if - 1 . + then ;
i 1t? ab-abf over over neg + ;
near? ab-abf 1t? abs -6 . + ;
9 -emp? ab-abf over 2* over 2* . + ;
» smlr mmf-m -if drop over !b right@ !b @ !b
4 right@ over ;
then drop !'b 0 !b left@ !'b left@ ;
® start 1E io b!
R
b
R}
)
L]
R
-
b

rdy? begin @b - dup 2/ 2/ and 400 and until
go right b!

begin right@ left@ upd -emp?

while drop near?

-if drop . + 2/ !b right@ !b left@ 'b

else drop 1t? smlr upd ; then

end then dup or - 'b .. @p @p over @p init ..
145 up , 175 left , a! ! al ! start ;

e 0 86 0 © @ ¢ 900 3 I 2D D @Y P




matchmaker module output




azimuth calculator

Michelson contrast

ar- AL
az+a

azimuth

-1 < azimuth < 1

distance ~ u




azimuth calculator

307 +node 307 /ram 1F5 r-1- /b 11 go /p

reclaim 307 node O org ,
abs -if neg - 1 . + then ;

sgn@ @p drop @ ; sgn! !p ; @,

sgn sgn@ -if drop neg ; then drop ;
4/d a! +* +* g ;

/ hd-rq push dup dup or 4/d pop

neg --u/mod ;

go 11 @b -if !b go ;

then push @b @b over over . + dup push push
neg + dup sgn! abs pop / sgn

pop pop !'b !'b !b go ;

0 B9 P PP D I B A O
& 0 8280 O O O 2 3 I




ost chip

possible use of distance & azimuth

USB-A
from the target chip
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ost chip

possible use of distance & azimuth

USB-A
from the target chip
70147 | 7011 70817 | 7081
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ost chip
transfer to PC

distance
& azimuth

USB-A
from the target chip
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DEMO #3

radar screen”


https://youtu.be/wf_RBBHQlGM

FURTHER DEVELOPMENT



possible improvements

- larger receptive field
— wide angle ultrasonic transducers
- adding pinnae (auricles)

- longer r;an[qe . . N
— variable gain receiver amplifiers
— more gmm calculators
— stronger ping (more cycles)

- replace gaussians with other (asymmetric) functions




potential areas of interest

- detection of moving objects
— Doppler shift

- vertical obstacle detection
- frequency sweep ping
- spectral analysis

- size, shape, surface roughness estimation
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