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animal “sonar” system

Observation [Spallanzani, 1794]
navigation without vision
assumption of an active system: echolocation

@askabiologist.asu.edu/echolocation

Patrick Flandrin Of Bats and Men



animal “sonar” system

Confirmation [Griffin & Pierce, 1938]
acoustic navigation
ultrasonic waves, of short duration (a few milliseconds) and
large bandwidth (from 40 to 100kHz)

example of a pursuit recorded in the field (slowed down 32x)
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exploratory data analysis

Hearing evidence

“Chirping” transients
Limitation of Fourier analysis

Beyond Fourier
Time evolution of spectral features
Wedding physical intuition and mathematics
Development of time-frequency techniques
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a typical sequence (Myotis mystacinus). . .
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. . . and its time-frequency reading
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cruise, pursuit, catch
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details
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refined time-frequency analysis (reassignment)
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optimality of a natural system?

Necessity of adapting to multiple tasks

detection (obstacles, preys,. . . )
estimation (range, velocity, bearing,. . . )
recognition (scenes, targets,. . . )
interference rejection (reverberation, other bats,. . . )
. . .

Why the observed signals?

waveforms?
evolution within a sequence?
physiological constraints?
. . .
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the perspective of man-made systems

Two “historic” families of active systems
1 sonar (acoustic waves) : Navy, fisheries,. . .
2 radar (electromagnetic waves) : air controle, road traffic,

wheather forecast,. . . )
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from natural to man-made systems, and back

A two-way approach
1 Learn from Nature, towards artificial systems mimicking

natural solutions
2 Apply to Nature concepts, models and evaluation criteria

used in technological systems

Pros and cons
A “natural” perspective on optimality
The “bionic temptation” (e.g., planes vs. birds!)
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sonar/radar as a paradigm

Principle
1 target detection via presence of an echo
2 range estimation by time-of-flight measurement
3 speed estimation from Doppler
4 bearing estimation by binaural reception
5 target characterization from modifications (attenuation,

filtering) of the emitted signal

How?
comparaison by correlating signal and echo: matched filtering
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correlation
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correlation
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bearing
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Doppler effect
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signal theory. . .

Signal?

physical outcome of some “useful” information
characterized in a 1st approximation by properties in

time (duration,. . . )
frequency (bandwidth,. . . )

“Optimal” signals?

mathematical properties of correlation
accurate estimation of

range→ large bandwidth
speed→ narrow bandwidth

possible trade-off with frequency modulated signals
(“chirps”)
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. . . and biosonar (bat)

Observation and interpretation
Cruise — Importance of estimating both range (delay) and
speed (Doppler)
⇒ large bandwidth whistle + part with an almost constant
frequency
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. . . and biosonar (bat)

Observation and interpretation
Pursuit — Importance of estimating range whatever the
Doppler rate
⇒ matched whistle + progressive suppression of the part
with an almost constant frequency
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. . . and biosonar (bat)

Observation and interpretation
Catch — Importance of maximizing the emission rate
thanks to short duration signals
⇒ increase of the effective bandwidth by lowering the pitch
and increasing distortion (harmonics)
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a time-frequency view of detection
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Doppler tolerance
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Doppler tolerance
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a “built-in” matched filter?

J.A. Simmons et al. : Jittered sonar echoes in echolocation 593 

d o m a i n  fo rm in the c ro s sco r r e l a t i on  funct ion .  I f  the  b a t  
cou ld  d i sp l ay  neura l ly  b o t h  the spec t rum and  the cross-  
c o r r e l a t i o n  func t ion  o f  echoes  ( S i m m o n s  et  al. 1974), 
such a t r a n s f o r m a t i o n  is p laus ib le .  Recen t  exper imen t s  
have  now conf i rmed  tha t  echo spec t ra  a re  indeed  t rans-  
f o r m e d  by  Eptesicus in to  es t imates  o f  the  s e pa r a t i on  o f  
t a rge t  gl ints  a long  the r ange  axis ( S i m m o n s  et  al. 1990). 
To be t t e r  u n d e r s t a n d  this imag ing  process ,  it  is h igh ly  
des i rab le  to  de t e rmine  whe the r  the  images  perce ived  by  
ba t s  do  in fact  c o r r e s p o n d  to echo c ro s sco r r e l a t i on  func-  
t ions.  

In  several  respects  the  resul ts  o f  the or ig ina l  j i t t e r  
expe r imen t  have  been conf i rmed  in m o r e  recent  exper i -  
ments ,  b u t  a full r ep l i ca t ion ,  wi th  a careful  e x a m i n a t i o n  
o f  the  imp l i ca t ions  o f  the  or ig ina l  da ta ,  has  no t  ye t  been  
done .  Two  recent  exper imen t s  us ing the j i t t e r  t echn ique  
wi th  Eptesicus have  d e m o n s t r a t e d  tha t  the  fine acu i ty  o f  
less t han  a m i c r o s e c o n d  is re l iable  ( M e n n e  et  al. 1989; 
M o s s  a n d  Schni tz ler  1989). Howeve r ,  ne i ther  o f  these 
two exper imen t s  o b t a i n e d  d a t a  tha t  m a t c h  the c rosscor -  
re la t ion  func t ion  o f  echoes.  Two  other ,  recent  exper i -  
men t s  us ing m o r e  s t a n d a r d  echo-de lay  d i s c r imina t i on  
m e t h o d s  wi th  Eptesicus ( S i m m o n s  1973) have  o b t a i n e d  
resul ts  cons i s ten t  wi th  the or ig ina l  c ro s sco r r e l a t i on  inter-  
p r e t a t i o n  o f  the  j i t t e r  curves  (Mas te r s  1989; M a s t e r s  a n d  
J acobs  1989). Howeve r ,  the  n o r m a l  d i s c r imina t i on  
p r o c e d u r e  c a n n o t  be  used  to  a p p r o a c h  the smal l  t ime 
s teps o f  the  j i t t e r  exper imen t s  because  the b a t ' s  head  
m o v e m e n t s  smea r  the resul ts  (see S i m m o n s  a n d  Gr inne l l  
1988). N o t w i t h s t a n d i n g  asser t ions  to the  c o n t r a r y  
(Schni tz ler  et  al. 1985), the  or ig ina l  d a t a  d o  in fact  con-  
t a in  s ta t i s t ica l ly-s igni f icant  peaks  in p e r f o r m a n c e  tha t  
a l ign wi th  the peaks  o f  the  c ros sco r re l a t ion  func t ion  o f  
echoes  ( S i m m o n s  1979). (Simi lar ly ,  the resul ts  o f  t a rge t -  
r ang ing  exper imen t s  wi th  different  species o f  ba t s  still 
s t and  as be ing  as soc ia t ed  wi th  the shape  o f  the  enve lope  
o f  the echo c ros sco r r e l a t i on  func t ion  (see S i m m o n s  a n d  
Gr inne l l  1988), even t h o u g h  any  po ten t i a l  theore t i ca l  
s ignif icance for  this obse rva t i on  has  been denied  
(Schni tz ler  et al. 1985). W h a t  is the  difference be tween  
the or ig ina l  j i t t e r  expe r imen t  and  the newer  j i t t e r  experi-  
men t s  t ha t  results  in the c ro s sco r r e l a t i on  r e l a t ionsh ip ' s  
d i s a p p e a r a n c e  f rom the newer  d a t a ?  Pu t  a n o t h e r  way,  is 
its presence  in the  or ig ina l  d a t a  an  ar t i fac t ,  o r  is its 
absence  f rom the newer  d a t a  an  a r t i f ac t ?  The  w o r k  de- 
sc r ibed  be low repl ica tes  the  cr i t ical  de ta i l s  o f  b o t h  the 
o r ig ina l  j i t t e r  expe r imen t  a n d  the two newer  j i t t e r  experi-  
men t s  to answer  this ques t ion .  The  s t imulus  cond i t ions  
used  in the  ear l ier  and  in the  m o r e  recent  exper iments  
differ in a seemingly  smal l  de ta i l  t ha t  accoun t s  for  
thei r  differing resul ts  by  the c rea t ion  o f  an  u n i n t e n d e d  
m a s k i n g  effect. 

Materials and methods 

We conducted a series of psychophysical experiments to examine 
the fine structure of the image of a sonar target as this is perceived 
by echolocating bats that use FM sonar signals. The animals used 
in our experiments were big brown bats, Eptesicus fuseus (family 
Vespertilionidae), obtained from the attics of buildings in Missouri 
and also in Rhode Island and southeastern Massachusetts. Each bat 

was trained in a two-alternative forced-choice procedure to discri- 
minate between an electronically-simulated sonar target whose 
echoes alternated in delay from one transmission to the next and 
a simulated target whose echoes had a fixed delay for all trans- 
missions. The bat's task was to detect these alternations in delay, 
or jitter in echo arrival-time (Simmons 1979; Menne et al. 1989; 
Moss and Schnitzler 1989), and to respond in the two-choice par- 
adigm to jittering echoes in preference to stationary echoes. Because 
echo delay is the acoustic cue for perception of the absolute distance 
to a target (Simmons 1973 ; Simmons et al. 1990), these experiments 
effectively present bats with the choice between a target that shifts 
back and forth in range and a target that is stationary in range. 
The data reported here consist of the bats' two-choice performance 
(percentage correct or percentage errors) plotted as a function of the 
size of the time interval over which the echoes jitter, with additional 
manipulation of the amplitude, the spectrum, or the phase of one 
of the jittering echoes relative to the other. These results provide an 
index of the bat's image of targets along a psychological range axis 
in perception (Altes 1989). 

Target simulation. Figure 1 shows schematically the design of the 
experiment and the method used to present the bat with electroni- 
cally-reproduced echoes that simulated sonar targets at different 
distances by controlling the delay of the replicas of the bat's sonar 
transmissions that returned to its ears. The bat was trained to sit 
on an elevated, Y-shaped platform and broadcast its sonar sounds 
to detect echoes arriving from the left or the right channel of the 
simulator. One channel was set to deliver echoes that alternated in 
delay from one value to another (over an interval of At in Fig. 1), 
thus simulating a target that shifted back and forth from one range 
to another (a t and a 2 in Fig. 1). The other channel delivered echoes 
at a constant delay, thus simulating a target at a fixed range (b). This 
fixed delay was 3.275 ms for return of the echo to the bat's observing 
position on the platform, which is equivalent to a target range of 
about 56.5 cm (3.087 ms and 53.2 cm for Bats ~ 1 and ~2). The 
jittering echoes were delivered around this fixed delay as a mean 
value. That is, the jitter interval was centered upon 3.275 ms. The 
bat was rewarded with a piece of a mealworm offered in forceps for 
every correct choice of the jittering echoes, while no reward was 
given for incorrect choices of the stationary echoes. The bat's 
response (arrow in Fig. 1) was to crawl forward along whichever 
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Fig. 1. Diagram of the two-choice discrimination procedure for 
studying perception of changes in the delay of echoes that simulate 
targets electronically. Bats choose between echoes (a 1 and a2) that 
jitter by a controlled amount (At) and echoes (b) that arrive at a 
fixed delay. The bat's sonar sounds are picked up at microphones 
(m), digitally delayed, and then returned to the bat from loud- 
speakers (s) as echoes. Delay changes are introduced by a controller 
that resides in the delay system 

J.A. Simmons et al., J. Comp. Phys. A (1990)
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a “built-in” matched filter!
J.A. Simmons et al. : Jittered sonar echoes in echolocation 605 

don performance was not  different in any respect. Figure 
19A shows the autocorrelat ion functions of  representa- 
tive sounds from Bats # 3-6. Although the spectrograms 
of  signals emitted by these bats differed, the autocorrela- 
tion functions are very much alike. The shapes of  these 
functions in the region o f  + 40 laS (the region most re- 
levant for the jitter data shown above) are similar. Figure 
19B shows autocorrelation functions for 3 consecutively- 
emitted sounds recorded from Bat qr 3. These are even 
less variable than the functions shown for all 4 bats, 
primarily because the orientation of  the bat's head did 
not  change very much from one sound to the next. It is 
likely that the variability shown in Fig. 19A originates in 
different orientations of  the bat's head relative to the 
recording microphone as much as in differences between 
the signals themselves. Interestingly, the autocorrelation 
functions in Fig. 19A are more nearly alike than are the 
spectrograms in Fig. 17A, indicating that the variations 
in the spectrograms may reflect a kind of  surface descrip- 
tion of  the waveforms that does not adequately convey 
their underlying, deeper similarity - which the bats them- 
selves can sense, judging from the similarity of  the perfor- 
mance curves in Fig. 6. The broad features of  the auto- 
correlation functions are relatively insensitive to the 
variations shown in the spectrograms, which consist 
mostly of  differences in the distribution of  the same 
frequencies over time rather than differences in the fre- 
quencies themselves. Figure 20A shows spectrograms of  
7 consecutive signals recorded from one bat (Bat # 3) 
during the scanning stage of  a trial to show the stability 
of  the shape of  the spectrogram when the bat is perform- 
ing a well-defined task and not  moving very much rela- 
tive to the microphone. Figure 20B shows the mean 
autocorrelation function of  50 signals emitted during 
several trials by Bat # 3 to give an indication of  the 
variability o f  the function over a set of  signals actually 
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Fig. 20. (A) Spectrograms of 7 consecutively emitted signals record- 
ed from Bat ~ 3 and (B) the mean (~ -4- 1 standard deviation) of the 
autocorrelation functions for 50 signals emitted by Bat 4~ 3 for jitter 
discrimination. Sampling rate in B is 250 kHz. Time scale in A refers 
to the individual spectrograms; the spacing between them is not 
related to actual repetition-rates used by the bats 
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Fig. 21. Crosscorrelation function of an echo returning to the bat 
for comparison with the mean compound jitter discrimination curve 
for Bats ~ 3-~ 5. The jitter discrimination data are reflected around 
the zero origin of the time axis to form a symmetrical curve 

used for a series of  discrimination choices. Eptesicus is 
capable of  emitting signals that have very similar features 
either in the time-frequency plane or in the summary 
statement of  the time domain provided by the autocor- 
relation function. Furthermore,  the autocorrelation 
functions for signals emitted by different bats are as 
much alike as the performance curves f rom the experi- 
ments. 

The compound error curves derived by combining 
the 0 ~ and 180 ~ phase-shift data (see Figs. 9 and 10) are 
approximations to the point-spread function along the 
delay or range axis for the sonar of  Eptesicus (Altes 
1989). This is equivalent to the spatial impulse-response 
of  the system, by analogy with the use of  compound 
period histograms in auditory physiology (Kiang et al. 
1965; Goblick and Pfeiffer 1969). The crosscorrelation 
function between emissions and echoes is the realization 
of  the impulse-response for a particular emitted 
waveform. Figure 21 compares the crosscorrelation func- 
tion of  echoes reaching the bat for a representative signal 
(from Fig. 19B) with the mean compound jitter-discri- 
mination curve for the 3 bats (Bat # 3, # 4, and # 5) that 
had side-peaks in their error curves at 35 ~ts. (Bat # 6 had 
its peak at 30 ~ts, so including it in the average would 
distort the resulting waveform by mixing sets of  data 
having different inherent periodicities.) F rom Fig. 21, it 
is evident that the compound error curve is a good ap- 
proximation to the crosscorrelation function of  echoes. 
Thus, both of  the principal findings of  the original jitter 
experiment are confirmed in our present data and exten- 
ded to new observations. 

A total of  4 recent experiments with Eptesicus have 
addressed whether the crosscorrelation function of  

J.A. Simmons et al., J. Comp. Phys. A (1990)
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a “built-in” time-frequency matched filter?

Mammals cochlea as a filter bank

Dispersive delay line
“Tonotopic” organization
Time-frequency information
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to conclude

A general principle
1 a signal questions a system (natural or man-made)
2 the system answers with an echo
3 the useful information is derived from a comparison

between signal and echo

Multiple variations
the example of Nature
the bionic approach (and its limits. . . )

One quote [J. Fourier, 1811]
“L’étude approfondie de la nature est la source la plus féconde
des découvertes mathématiques.”
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