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I. INTRODUCTION

Applied Research Laboratories (ARL), The University of Texas at
Austin, under Contract NOOO24-68-C-1339 with Naval Ship Systems
Command, has performed a survey of bilonies research on animal sonar
systems. Funding for this work began 1 November 1971 and terminated
31 August 1972. This report describes the nature and scope of this

effort and sumarizes the conclusions reached.

The objective of this effort was to identify and specify the
feetures of biological sonar systems which can be exploited by sonar
technology or the knowledge of which might influence or alter sonar
design philosophy. The biological forms considered in this survey
are the insect-eating bats (Order Chiroptera; Suborder Microchiroptera),

whales, dolphins, and porpoises (Order Cetacea, Suborder Odontoceti),
and a few species of birds. '

The literature relating to biosonar systems was reviewed. Nearly
600 documents relating to echoranging, physiological mechanisms of
sound generation and reception, morphology, and ecology (diet, habitat,

etc.) were collected. Included are approximately 85 foreign language

reports (44 in Russian, 24 in French, and 17 in German} which are :
being translated (45 completed to date). A tabulation of data for
each bioform is included in the appendices. Bibliograrhies of the

— . a

documentation on blosonar systems are also included.

Most active members of the biosonar community and many members

PPN

of the sonar engineering community at ARL were interviewed to achieve

a critique of bionics research. A listing of the biosonar membership




contacted is included as Appendix I. A standardized questionnaire

was employed to guide the discussions, namely:

(1) Has bionics research on animal sonar systems contributed to

synthetic sonar design or design philosophy? In what ways?

(2) What areas of animal sonar research appear most likely to
provide guideline information for synthetic sonar design
or design philosophy?

(3) In what ways can sonar engineering aid bionics research on
animal sonar systems to derive guideline information for
sonar technology?

The answer to the first question was unanimously, no. The answer
to the second question is the principal topic of this report. There
were two answers to question 3. The first, explicitly stated, was to
provide improvcd instrumentation (broader bandwidth, greater sensitivity)
for detection, recording, and analysis of biosonar signals. The
secoad, implied, was to communicate the interests and requirements of
sonar technology to provide guidelines for productive biosonar research.
Apparently, previous attempts to achieve the latter--vwhether initiated
by the engineer or biologist-~have been essentially unsuccessful.

There are several excellent, comprehensive reviews of biosonar
phenomena (Refs. b4,41,44 70,91,107,120,122,131,147,164,170,175), and this
report will not attempt to reiterate these. Five broad categories of
bionics information are identified: target detection phenomena, target
classification phenomena, signal processing for detection and classifi-
cation, passive/active sonar utilization, and mechanisms for sound

generation and reception. The first two will be considered together.
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II. TARGET DETECTION AND CLASSIFICATION PHENOMENA

Sonar technology stands in awe of the apparent ease with which
biosonar systems detect and classify targets. In many instances the
operating sonar/target parameter relationships significantly exceed
those achieved by synthetic means. For example, bats are able to
detect and avoid wire obstacles in their flight path at wavelength-
to-target diameter (A/d) ratio values of 15 to 25 (Refs, 48,49,53,63,
66,84,98,140,158), Food prey, like gnats .and mosquitoes, yleld ratio
values of 1 to 10, depending upon the target dimension selected. The
dolphin readily finds objects 0.25 to 0.5\ in dimension (Refs. T4, 78)
and avoids obstacles 0.1\ in dimension (Refs. 26,27,77,78,111). It is
reported able to resolve* targets separated 1 to 2 mm (0.05 to 0.1\)
in range and 0.25° to 1° in azimuth (Ref. 5). The owl determines
bearing and apparently range passively and suffers but slightly doing
so with only one receiver (ear) (Ref. 79,125).

Members of both biological orders have been trained to discriminate
between 2- and 3-dimensional targets of differing shapes, forms, and
materials (Refs. 6,17,38,54,67,78,81,83,145,146,152,168). Once the
animal comprehends the task requirement, identification of a positive
lversus any other) target by echolocation {Refs. 81,83,128,135),
discrimination performance improves relatively rapidly. That is, the
animal readily learns (identifies) characteristics of the target echo
that identify the positive target (and in absentia, also identify any
negative target). Tt has been necessary to "teach" some dolphins to
echolocate in a testing environment (Refs. 3,16,109), but once 'taught"
they perform (discriminate between targets) as well as any other so
tested. The limits of ability to discriminate size (acoustic cross

*It is probable that the animal is detecting qualitative differences
between the echoes from the test targets and a single target presented
simultaneously withsut actuvally neasuring (resolving) the separation
between the test targets.
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section, or target strength) have been determined for several species
(Refs. 3,17,41,128,157). A working vslue is 10% difterence in sgize

(Refs. 3,113,152) or 1 dB difference in target strength (Refs. 41,128).

The detection/avoidance phenomena imply apparent operation in &
low noise background (et least within the requisite bandwidth, what-
ever that might be), or the ability to process the echo signals to
achieve an effectively high signal level (or low noise level), or
probably both. Attempts to mask echolocation by projecting high
intensity, broadband noise into the flight path of bats have been
only partially successful (Refs. 50,53,60). It appears there is g
physiological signal-to-noise ratio greatly exceeding the physical
value, and knowledge of how this is accomplished would assuredly
benefit sonar technology. Current efforts in electrophysiological
blosonar measurements are rapidly increasing our understanding of the
mechanisms involved and should be supported (see next section).

A "figure-of-merit" (Ref. b4) calculated for a post World War II
search radar, for two species of M bats, and for a dolphin yields
comparable performance values for the bats and the radar (Ref. 4k4),
but indicates the dolphin is several orders of magnitude poorer
(Ref. 137). However, the latter result is questionable‘due to poor
validity of the measurements assumed in performing the calculation.

The owl's ability to localize and range passively, insofar as it
is documented and understood, is of prime interest to the sonar com-
munity, and increased support of efforts aimed at understanding this
abilit& is highly recommended.

In most parameters, synthetic sonars excel their biosonar
counterparts. The exceptions are in bandwidth and signal-to-noise
ratio. Recent developments in sonar technology indicate a capability
of achleving comparable vandwidths (Refs. 14,34). Detection and

o e cdat % etk s o
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classification, then, seem not to be & question of capability, but of
ability. A design philosophy which specifies mechanical processing of
echoes precludes a legitimate comparison with biological systems. They
are not comparable at this time. Sonar technology has achieved only
narginal success with wholly mechanical systems, regardless of their
capabilities. Knowledge of biosonar capabilities and abilitles thus
begs the recommendation that the ear-brain processor (the sonar
operator) be reintegrated into sonar evaluation philosophy.

Little is known about echolocation by whales in the wild. They
are intelligent and curious, and the observer's presence assuredly
alters their behavior and stimulates acoustic activity probavly more
excitatory than echolocational in nature. Bats, however, seem little
bothered by the presence of man in their environs and may be cbserved
without disturbing their normal behavior. Some bats capture as many
as 15 to 25 insects per minute under natural conditions (Refs. 51,118),
but in the laboratory must be trained to discriminate (i.e., be
provided experience with) non-food objects. They will attack any
object from pebble size to basketball size the first few times it is
thrown into their flight path (Ref. 62). (After training, especially
when satiated, bats will often attack these non-food objects, epparently
for diversion (Ref. 164).) A dolphin that has been trained to dis-
criminate artificial (non-food) targets and has been fed whole dead
fish, which it sometimes must retrieve acoustically, will ignore a
similar specimen when presented as a target object in a testing
environment (Ref. 10). Thus, it appears that routine classification
is "monopolar” and intrinsic to the context in which it is performed.
For instance, an echo indicates a likely food object, or positive
target, and therefore initiates pursuit or approach, or it doesn't.
In the wild echolocating animals, such as bats, may actively classify
little more than surface, whether it is land or water (Refs. 46,121).
The insectivorous bat in a hunting context pursues any object in
translational motion. (It does not attack rustling leaves, and it

s ot i AP i bt Bk STt 3
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soon learns that not all "flying" objects atre food.) The dolphin
learns to recognize, and to respond to, an echo signature in context

and to ignore it out of context.

This consideration suggests a fundamental guideline for bionics
research, that is, to vary the animal's sonar problem and monitor
the development of its solution rather than to evaluate the epparent
solution after it has developed, which is the usual practice. This
will allow description of the testing procedure (the signal design)
employed by the animal to achieve a solution. Then, with knowledge
of the target(s), it would be possible to provide a description of
the problem and, thus, its solution. The merit of this procedure is
universally recognized, but it has not been practiced for perhaps
obvious reasons. An operational criterion for inferring the existence
of olution is the stabilization of behavior. It is then a simple
matter to record a short sequence of measurements after this criterion
is reached. The alternative 1s to record many measurements over an
indeterminate period during development of the solution, and the cost
may be excessive. However, the former approach yields no way of
knowing if the apparent solution is optimal, a consequence of adaptive
testing within the constraints of the animal's capabilities, or is
merely effective, a manifestation of the only overt solution the
animal is capable of, regardless of the problem. From the viewpoint
of sonar technology, the potential return from & "developmental

approach would seem to more than offset its probable cost.

A second alternative is to continually vary the sonar problem,
by substitution or replacement of targets, once it has been es.ablished
that the animal understands what it is required to fo, and toc monitor
the changes in the animal's echolocation behavior, which are then
corollated with the assumed changes in the problem (Ref. 146). The
dangers of this procedure are that the animal may fail to underctand

the behavior required of it and cease to perform, or that it mey

T A e, e v b



proceed with the overt behavior o the testing paradigm without
performing any acoustic discriminations (Ref. 10). Any conclusions
drawn from this latter event would be most misleading. However, use
of this technique has illuminated apparent differences in the signals
employed by one species of FM bat for "orientation," "target location,"
and "classification" (Refs. 146,152).

The small whales use a transient-like, usually ultrasonic click
for echolvcation (Refs. 12,13,41). This is a broad bandwidth signal:
3 to 5 octaves, @ ® 1. The generic form 1s illustrated in
Dwg. AS-72-923. The mechanism of generation is moot (see Section IV
on mechanisms of gsound generation). The signel is directed forward
in a narrow, conical beam (20° tc 90° beamwidth, depending on frequency)
(Refs. 39-41,112,158,139,170). Signel frequency decreases with angle
from the acoustic axis (Refs., 3#,112), a feature which msy be exploited
for target localization and/or classification. The dolphins scan the
forward volume (direction of motion) by rotating the head through an
ellipticael path (up-and-down as well as side-to-side motion) (Refs. 41,
111,112,128 170). It is not known whether this is related to transmission,
reception, or both.

Whales employ a somewhat stereotyped transmission format for
echolocation of artificial targets in a tank (Refs. 13,38,41,74,
101,113,128). As the animel closes range on the target(s), it transmits
usually at an increasing rate and reduces signal in“ensity. There
is no embiguity; the next transmission occurs only after receipt of
the echo from the preceding trensmission (Ref. 101), The generator
may,'in fact, be triggered by feedback from the receiver, although
experienced test animals seem able to comsclously control repetition
rate, transmitting only often enoagh to maintain tracking and/or to
achieve target identification (~ 25 to 50 per second) (Ref. 10).
Signal intensity is reduced, apparently to minimize extraneous returns

from other targets or surfaces. The dynami~ range of intensities over
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a 3 to 5 m test path is greater than 35 dB (exceeds the range of
available recording ins ruments). No reliable spectral changes have
been observed over this distance (Refs. 12,13,135).

Bats use a diversity of signal forms for echolocation: short
duration (1 to 5 msec) frequency modulated (FM) slides (Refs. 148,61,
65,118,130, 145,146,149,161,168); long duration (20 to 100 msec),
constant frequency (CF) bursts, terminated with a short duration FM
slide (Refs. 1,61,65,85,116,141,142,172); & mixed form consisting of a
short duration CF burst terminated with a similar duration ™ slide
(Refs, 61,65,117-119,124,157); and short duration (~1 msec) CF pulses
(Refs. 48,98). (One species of Megachiropteran bat, Rousettus
aegypticus, generates an audible transient by clicking its tongue
(Refs. 149,87).) Signals may be pure (Refs. U8, 65,97,130,147,149)
or contain one or more higher harmonics (Refs. 48,61, 65,116,118,1%0,
140,142), one of which may dominate (Refs. 61,65,118,130,140,142).
™ bandwidths range from about 0.2 to 2 octave, depending upon species

(Refs. 48,116,118,130,145,146,149,173), signal form (Refs. 61,65,85,130),

and phase of pursuit/capture or obatacle avoidance maneuver (Refs. 1h5,
146,157,158,168 ). Sounds are generated in the larynx (see Section IV
on mechanisms of sound generation). The PM bats radiate through the
open mouth, which is formed like a megaphone. The directivity pattern
is broad (~45° to 90° at the half-power points)(Refs. 92,148,155),

but the sound field is frequency structured and it is thought that
bats achieve fine spatial resolution by exploiting this feature

(Ref. 64). They do not appear to scan mechanically during pursuit/
tracking (Ref. 167).

The CF bats in general radiate through the nostrils, which are
separated by one-nalf wavelength at the dominant frequency and may bve
enclosed in a tissue appendage (nose leaf, horseshoe) which aids in
directing the transmission (Refs. 44,92,95,97,98,100,131,154,172).
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Directivily is greater than for IM bats (beamwidths about 30° to &0°
at the half-power points)(Refs. 92,97,100,1k41,148,154,156), and there
is noticeable mechanical scanning of the head during pursuit/tracking

(Refs. 69,94,95,97,100,142).

Bats also employ a stereotyped transmission format. When
searching they pulse at a low repetition rate (5 to 10 per second).
Anzlogous to synthetic sonar usage, this may indicate an ability to
detect at much longer ranges than ordinarily attributed to these animals
(Ref. h6) or it may be merely & manifestation of energy conservation
(Ref. 4k). During pursuit/capture or obstacle avoidance, the repetition
rate increases and signal intensity is reduced (Refs. 6,28,4k4,45,51,69,
82,85,117,119,12k4,140,141,145,146,157,161), It is moot whether the onset
of increased pulse repetition indicates the time of detection, classi-
fication, or merely initiation of pursuit., It is not unlikely that
detection/classification occurs during search, perhaps aided by
passive clves (Refs. 6,82,162) and possibly vision (Refs. 1,2,22,29,
102,159). The M bats initiate pursuit or avoidance at about 1 to 3 m
distance from the target (Refs. 6,21,51,54,63,119,157,158), and the
CF bats at about 3 to 10 m distance (Refs. 97,99,124),

The FM bats shorten the duration of their signals during pursuit/
avoidance to prevent pulse-echo overlap, except in the final moments
of capture, and they reduce the frequency range of thei: slides by suc-
cessively omitting the higher frequency compnnents (Refs. 28,45,51,145,
157,168). Thus, resolution is progressively degraded (directivity
and bandwidth are reduced) during pursuit/capture. Some species emit
pulses.in doublets during the later stages of pursuit/avoidance
(Refs. 98,161). The intent of this change in transmission formet is
unknown.

Bats transmitting a mixed signal form follow the same protocol,
except the signals are first shortened by eliminating the CF portion,
then proceed as do the pure M species (Ref. 157).

10
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The CF bats permit pulse-echo overlap throughout the pursuit/
avoidance maneuvers (Refs. 117,122,124,141). Some species shorten
signel duration during target closure to maintain constant pulse-echo
overlap (Refs. 117,119,122). The benefit derived from this is unknown.*
Other species initially increase the duration of their transmissions
to increase pulse-echo overlap, then proceed by shortening the dura-
tion more or less linearly with range to keep the FM ending of the
echo constant in time relative to the onset of the transmission
(Pefs. 117,122). 'The lengthy overlap probably permits accurate deter-
mination of the Doppler shift in echo frequency resulting from platform
(vat) motion.** The benefit derived from initially increasing overlep and
then maintaining the relationship descrived is, again, unknown, Initial
pulse-echo overlap may index detection. Increasing the overlap might
then facilitate the initiation of pursuit at the earliest time (greatest
target distance). The Rhinolophidac., the horseshoe bats, emit a long

CF pulse during search, but change to a sihort pulse burst transmission
mode when approaching an obstacle (Refs. 145,52,85,140-142), Both

the search and burst pulses terminate with an ™ sweep (Refs. 45,85,
141,142), It is speculated the intent of this change in signel format
is to increase the rate of infrrmation provided by the terminal FM
portion of the echo. This interpretation seems overly simple. The
total duration of a pulse burst is usually longer than a single long
pulse (Refs. 85,140-142);pulse echo overlap is thus increased with

=2 apparent synchrony between pulses and echoes. The bat may be able
to attend to only the FM portions of the signals and thereby uchieve
some resolution. But then why does it emit the CF portion of the signal

Tiis poseible the overlap generates a difference-frequency component
which sigpals the generator to stop transmitting; i.e., the duration
of overlap is & measure of the system's reaction time. The bat
senses target closu-e bty apperception of the shortening of signal

duration.

**Sensing of constancy of rrequency shift mey be apperceived as normal
progressioa of target closure.

11
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at all in this mode? These bats excel the FM species in detecting
smaller obstacles at longer ranges (Refs. 84,85,124,140,141);
accordingly, their sonar merits additional study.

There are no outstanding singular differences between the sonar
problems confronting FM and CF bats, as manifested by their hunting
behavior(s), diet(s), and ability to resolve artificial targets in
the laboratory (Refs. 46,49,84,116,120,158,163). Both feed on flying
insects; the CF bats, being somewhat larger in size than the FM bats,
often attack larger species (Refs. 44,163,164). The CF bats are less
agile flyers than some of the FM speclies and are able to hover in
flight, which allows them to capture crawling or stationary prey
(Refs. 98,120,162,163). The insectivorous bats, confronted with the
problem of tracking small moving targets in an uncluttered environment,
emit high intensity signals (SPL ~135 dB re 0.0002 dyne/cm® at 10 cm),
while the hovering bats, seeking large or motionless prey in often-
times dense follage, emlt relatively low intensity signals
(SPL ~75 aB re 0.0002 dyne/cm2 at 10 cm) (Ref. 43). The fishing bat,
Noctilio leporinus, which is sometimes insectivorous, emits a
relatively intense signal (Ref. 48). Many of the CF bats achieve a
broad signal bandwidth by emitting many harmonics, but in an ill-
definea format (Refs. 48,118).

Noctilio using a mixed signael form is able to detect small
perturbations of the water surface to locate fish swimming Jjust
underneath, which it then gaffs with its feet (Refs. 20,120,157).

It is able to detect small wires protruding above a smooth water
surface (Ref. 157), as well as the "wake" of a fish traversing a
wind rippled surface (Refs. 20,44,120). During pursuit/capture it
shortens its signal by successively eliminating the CF portion to
prevent pulgce-:cho overlap (Ref. 157). It employs a different trans-
mission format to detect and avoid wire obstacles in its flight path

12
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than it does to pursue fish. That is, it continues to transmit a
mixed signal form throughout without shortening the pulse and uses
pulse~echo overlap as it closas the target/obstacle (Ref. 158).

The megachiropteran bat, Rousettus sp., together with the
South American 0ilbird, Steatornis, and certain specles of Asian
Cave Swiftlets, Collocalia, emits click-like echolocation signals
generated with the tongue and radiated from the cormers of the mouth
(Refs. 43,4k 49,55,87,115). All utiiize the capability functionally,
in lieu of vision, for navigation or orientation in the dark; none

apparently uses it for detection and pursuit of prey (Refs. 43,4k,
h9) 96.’ 102) .

13
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IITI. SIGNAL PROCESSING FOR DETECTION AND CLASSIFICATION

Available evidence indicates that an animal's signal
characteristics are matched to its receiver capabilities (hearing)
(Refs. 5,30,41,57,61,65,68,70,75,86,103,162). Hearing sensitivity
changes as the animal matures, and it apparently adapts its signal form
to coincide with these changes (Ref. 65). After maturation there is

evident adaptation to changes in sonar environments and/or tasks
(Refs. 1,2,21,k42,44 98,145,158,167).

There are few data relating directly to signal processing for
target classification. The reason for this is principally procedural.
Even when it is possible to monitor both the transmitted and target
echo signals, as well as the animal's behavior, it is operationally
difficult to ascertain the time of occurrence of, or to infer the
analytic sequence leading to, a classification decision. There is
sufficient signal-to-signal variation to generate quite misleading or
erroneous conclusions should the improper moment or sequence be
selected. Bat and dolphin signal forms have been mechanically simu-
lated to examine echo characteristics of targets used in animal tests
(Refs. 17,21,31,32,41,54,136,168,169). A study of target shape
discrimination by the bat, Vampyrum spectrum, an FM bat, followed by

analy;is of target echoes generated by artificial signals, indicated

learned discrimination based upon overall echo amplitude differences

by one bat and upon freguency response differences by a second bat

(Ref. 21). Other similar efforts have been noticeably less successful j
(Refs. 17,31,32,54,136,168,169). Correlations between identified

echo signal characteristics and known target characteristics or

between signal characterisvics and the animal's discriminetion per-

formance are minimsl and unreliable., Presentation of the data,
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translated in frequency to human listeners, results in facile
discrimination of perceived signal characteristics that identify a
class of targets (e.g., "hard," "soft," spherical, cylindrical)

(Refs. 32,168). Attempts to extract these clues by machine processing
have been only marginally successful (Ref. 12,31,32).

Analyses of signals emitted by dolphins during target shape
and/or material discriminations have been generally unrevealing; the
signals (emitted and/or reflected) examined do not exhibit significant
differences in form or spectrum (Refs. 12,13,135). There is a reported
correlation between discrimination performance and echo structure
(of elastic targets) (Ref. 35), but this is not unexpccted. Finally,
it has bean speculated that bats and dolphins utilize learned target

motion behavior (track, range rate) as a (perhaps the) classification
clue (Ref. 56).

There are abundant data relating to signal processing for
target/echo detection and localization. The results to date are
both exciting and encouraging. Electrophysiological measurements of
activity in peripheral and higher nervous centers in response to
artifically and self-generated sounds have revealed unique capabilities
related to the echolocational process(es) of both bats (Refs. 6,57,58,
59, 61, 64, 65, 69, 70,103,106,127,162) and dolphins (Refs. 23,24,88). Work
in this area is expanding. By 1973 the recording of radio-
telemetered data from free-flying bats with microelectrodes chronically
implanted in the auditory nervous system should be accomplished (Ref. T1).
Progress on analogous measurements on dolphins is hindered principally
by staée-of—the-art knowledge of animel mairntenance and care.

The auditory systems of echolocating bats are sensitive to
ultrasonic frequencies, maximally so in the region(s) of their
emitted sounds (Refs. 5,30,57, 61, 65,103,106,127,162). Also, they are
capable of fast time resolution, and some species show an increased

responsiveness to the second of a pair of sounds (an "echo" after
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trarsmission) (Refs. 58,64,65). (Recent work on dolphins shows similar
capabilities for those animals (Refs. 23,24).) Hearing sensitivity

in those bats that transmit a relatively long duration, constant
frequency (CF) signal is sharply tuned (effective roll-offs of several
hundred decibels per octave change in frequency) to the dominant
frequency emitted while the bat is at rest (Refs. 6l,65,103,106,127,
151). In flight these bats lcwer their transmitted signal frequency to
compensate for Doppler shifte in the echo caused by sourco and/or
target wotion and thus maintain the echo at the frequency of maximum
hearing sensitivity (Refs. 127,141-143,151). This has the effect of
reducing apparent echo masking during pulse-echo overlap (Refs. 103,
106,127,143) and of sharpening target localization by rejection of
off-axis target echoes, which will be shifted less in frequency
(proportional to the cosine of their angle with the acoustic axis)

then those on-axis (Refs. 103,143). Apperception of the shift in

signal frequency would yield a measure of range rate,

All species, CF and FM, reduce signal intensity during target
closure, probably to minimize echo clutter (volume reverberation) from
extraneous targets (Refs. UL, 69,82,85,140,141,145,157).

The CF bats radiate sound from a dipole source* (the nostrils,
separated one-half wavelength at their most sensitive frequency) and
scan the sound beam by moving the head during echo ranging (Refs. 97,
98,142). They also move their pinnae (external ears) through a forward-
to-side-looking arc while echolocating (Refs. 52,70,97,131-133,142),

The pinnae alternate, one directed forward while the other is diracted
laterally. In the Greater Horseshoe bat, Rhinolophus ferrum equinum,
the alternations occur in synchrony with the emitted pulses (Ref. 52).

In other CF bats, the emission rate and ear movements are asynchronous
(Refs. 69,70,133,142). The two scanning behaviors, projecting and
receiving, together provide for crossrcnge (or azimuthal) tracking;

*Except Chilonycteris p. parnelii which emits through the open mouth,
17
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the latter alone may provide for crossrange rate determination. It has
also been speculated that the ear movements, by providing & Doppler
scan across frequency, may facilitate accurate frequency tracking

(Ref. 151). Also, by orienting one receiver toward the target and the
other orthogonally to this direction, the animal enhances its ability
to detect the target echo in a noisy enviromment (Ref. €0).

The short FM slide (~10 kHz ) terminating each CF transmission
may function as an alerting signal during searching behavior when
the animal is at rest. If, when searching, the bat transmits at or
near its frequency of maximum sensitivity, the CF portion of an echo
will be shifted upward to a less sensitive frequency region. However,
the ™ part of the echo will sweep down through the region of maximum
sensitivity and thus alert the bat to the presence of a target. The
utility of this function would be vitiated in flight, unless target
motion shifted the echo frequency above the region of maximum sensi-
tivity.

{
!
!
H
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There has been much recent speculation atout the intent and use
of the CF and FM portions of the signals emivted by the "CF" bats,
and, in comparison with the "pure FM" species, of the capabilities
inherent in the two generic signal forms (Ref. 174). It is conceded

the FM bats use an optimally Doppler tolerant waveform for determining
target range (Refs. 7,174). The CF bats presumably minimize the effects

of Doppler shifts in echo frequency upon target range determination by
compensating for these shifts during transmission of the CF portion
of the signal, i.e., by sliding the signal up or down in frequency to
compensate for Doppler. The FM portion of the echo is maintained st
the same "frequency" as that of the transmission to yield minimum
ranging error (Ref, 1T74).

F Hearing sensitivity in the FM bats is broadly tuned to cover the

' range of frequency changes and in some instances is bimodal, showing

) increased sensitivity over the ranges of the first and second harmonics

of the transmissicn (Refs. 5,30,57.61,65,162). These bats continuously
18




reduce signal intensity during closure, presumably to minimize echo
clutter from extraneous targets. They also shorten signel duration,
to prevent pulse-echo overlap, and reduce FM bandwidth to about 15% of
its initial (search) value during the pursuit/capture or obstacle
avoidance maneuver (Refs. 45,51,5k4,145,146,168). Studies with two
species of PM bats, the big-brown bat, Eptesicus fuscus, and the neo-

tropical spear-nosed bat, Phyllostomus hastatus, have demonstrated

the apparent use of correlational processing for range determination
(Refs. 147,149). The test problem was seemingly unnatural for the
bats; they were required to ascertain the range difference between
fixed targets from a stationary perch. It is moot whether they rely

on correlational processing during pursuit. The change in signal
paremeter values would c-ntinuously degrade the processing gain and
resolution available, but this might be compensated for by the improve-
ment in signal-to-noise ratio which accrues during closure.

Theoretical speculations on biological sonar phenomena are
difficult to test; most are heuristic. The positive results obtained
in the previously mentioned studies with Eptesicus and Phyllostomus

are exceptional. More commonly, the applicability of a theory is
called to question by demonstration of failure of occurrence of a
requisite feature or event (Refs. 28,60,74,90,114,14L4,160) at the
level of measurement. Claims of "solutions" to biological sonar
problems (Refs. 7,8) are premature and pretentious; the problems have
not yet been defined (Refs. 47,82,110,121,164-166), and the signal
forms are not yet reliably known (Refs. 18,33,34). Such claims are
merely statements of the capabilities and limitations of the signal
form(s) examined, given the processing employed (Refs. 7,8,41); ihat

performed by the animal is unknown but may be inferred from results

like those obtained in the Egtesicus and Phyllostomus studies.
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The projected sound field of an FM bat will be frequency

structured, at least to the extent that frequency decreases with

azimuthal angle. Receiving directivity is frequency dependent in a

complex way (Refs. 6,61,64,65), and it has been shown that, by sampling .
an echo av three (or more) frequencies within the swept band, bats
could localize the source of an echo uniguely in the forward hemi-

sphere (Ref. 64). It is possible the CF bats utilize the terminal
FM portion of their signal similarly.

Attempts to derive possible target classification clues by

machine processing of bat and dolphin signals, or bat-like and dolphin-

like signal echoes from assorted test targets, have been disappoint-

ingly unrevealing (Refs. 12,14,31,32). Presentation of the same signals,

suitably translated in frequency to the audic range, to human listeners
exposes obviously perceptible signal differences which are not revealed

by the processing applied (Refs. lh,31,32). It is generally conceded '

that no extant machine or machine processing technique yields a
meaningful analog of ear-brain processing (Refs. 25,47,121,150).
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IV. MECHANISMS FOR SOUND GENERATION AND RECEPTION

Bats generate sounds in their larynx,* which is anatcmically
different from that of other mammals (Refs. 96,123), apparently
evolved for production of the short duration, high intensity, ultra-
sonic signals used in echolocation. Ultrasonic capability is achieved
by operating the vocal nambranes at relatively high tension (Ref. 123).
(See also, Ref. 173). Of significance in the present context is the
ability to produce the high intensity levels recorded (~110 to 130 dB
re 0.0002 dync/bmg, or 35 to 45 dB re 1 pbar at 10 cm**), given the
minuscule size of the geuerating organ{s). This is apparently accom-
plished by causing a large overpressure at the distal port of the
larynx; alir is then metered through the laryngeal orifice for the
duration and at a rate appropriate to the task (phase of the pursuit/
avoidance maneuver) (Ref. 123). The transmission pattern is cyclic and
correlates with respiration (Refs. 44,131,140,143,161).

The mechanism(s) of sound generation by whales is moot (Ref. 170).
Three hypotheses prevail. First is that the sounds are generated in the
larynx and transmitted via the musculature in the nasopharynx to the
base of the skull, then along the maxillae (rostrum) into the water
(Ref. 129). This hvpothesis is not supported by anatomicel or physio-

logical evidence (Refs. 109,114). The other hypotheses are similar in vhe

The megachiropteran fruit bat, Rousettus, generates echolocation
sounds by "clicking" its tongue.

*%
Correcting for directivity yields source levels 6 to 12 dB lower
than the values stated.
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location of the generator, the nasal plugs in the bony nares,* but
differ in the mechanics of generation. In cne theory sounds

are generated by friction grating of the plugs against the opposing
tissue; this is under muscular control {Refs. 37,39). The effect is
either a staccato-like hammering of the skull, or cavitation as the
plug moves, or both. The other hypothesis ascribes generation to
flapping of tre plug(s) against its opposing surface as air is metered
past, much like a "bronx cheer" is generated with the lips /Refs. 108,
114%). The effect here is, again, a hammering of the skull. Sounds
are radiated via the fatty melon into the water, or along the maxillae
into the water, or both.

The maxillae are apparently acoustically separated by cartilaginous
tissue along most of their length (Ref. 37). Separation at the distal
margin is nominally one-~helf wavelength at the peak signal frequency,
implying & dipole source analogous to that described for the CF bats.
Calculated divectivity values for the bottlenose dolphin, Tursiops
truncatus (Ref. 11), agree with measured values (Refs. 41,112), in
support of the implied configuration of the radiator. Sound preasure
levels ~110 to 130 dB re 1 pbar at 1 m have been reported for several
species (Ref. 41). (However, see Ref. 170).

The amount of available information in an echo is dependent upon
the bandwidth of the signal interrogating the reflector. The lLandwldth
of a whale's signal (see Fig. 1) greatly exceeds that of synthetic
sonars and, hence, ylelds potentially more information about the nature
of a target. Recent effortr to exploit this knowledge by mechanically
simulaéing a whale-like signal for high resolution target classifi-
cation (Raf. 14) , while successful, have also illuminated the gross
ineffeciencies of mechanical (eiectroacoustic) generation in comparizon

%This location has been confirmed by acoustical measurements performed
on the animal [Ref. 33).
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with its bdiological counterpart. It is difficult to achieve the
desired bandwidth and intensity and directivity simultaneously.

Accordingly, the mechanism(s) of sound generation and radiation
by the odontocete whales would seem to be a promising area for
bionics research, providing inputs to the fields of acousticc and
sonar engineering. Support in this area .s recommended. The bats'
phenomenal sound producing capabilities, while intriguing to both the
biologist and acousticlan, do not present any basis for exploitation
by sonar technology at this time.

Behavioral and electrophysiological evidence reveal that the auditory
sensitivities of the bats and whales are not exceptional (Refs. 9,30,
57, 61, 63, 68, 72, T3, T5, 76,86,126,162,1T1). The external meatus (ear canal)
of the whales appears to bu vestigial and the tympanic membrane (ear
drun) nonfunctional (Refs. 19,88). The path of sound reception in
the dolphin, T. truncatus, is via the posterolateral portion of the
mandible (lower jaw) to the auditory bulla (Refs. 23,41,88,108,109).
Stimulation is effected by differential vibration of the bulla and
enclosed otic capsule (Refs. 88,109,134). fThe directional properties
of the delphinid receiver are poorly known* (Refs. 23,88,111). There is
some evidence these animals may be able to process separately the signals
received on each side (Ref. 19,23,88). Other than its obvious utility
for localization,the advantages of this apparent capebility are moot.

Tke external ears of the bats are highly variable in relative
size and form (Refs. 70,120,122,131,132). Their shape is often
correlated with other behavioral or acoustic features. For example,
many small-eared species are fast fliers and emit intense, high

* Measurements performed to date have all employed tone burst signals.
Analogous data obtained using an echolocation-like click will
probably differ somewhat from these.
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frequency sounds. Other species that hunt resting or terrestial prey
emit faint sounds and have relatively large pinnae. An external
appendage, the tragus, located along the anterior margin of the

external meatus, is prominent in many species (Refs. 70,131,132).
Evidence indicates the function(s) of the pinna and tragus is to

effect directional sensitivity; the pinna behaves as an attenuator

to signals from undesired directions (rather than as an amplifier to
sounds from the desired direction), and the tragus increases directional
sensitivity in the vertical plane iun some unknown fashion (Ref. 64).

Some species move their pinnae during echolocation, some
synchronously with pulse emission, and others asynchronously. The purpose
of this movement is unknown (see previous section on signal processing) .
Other species show no apparent ear movements. Directional sensitivity
is a complex function of frequency and is dependent upon the shape and
orientation of the pimmae. Bilateral symmetry apparently prevails.

It seems likely the FM bats exploit the interaction between signal
bandwidth and directional sensitivity to localize a target in three-
dimensional space (Ref. 64). The CF bats could exploit the ™M tail

of their signals similarly. It is concluded that frequency/intensity
differences between the ears are probably the determinants of sound
localization (Refs. 59,97,132). At high signal frequencies directivity
is of the order of 0.75 dB/° (Ref. 59). Intensity differences of

0.5 to 0.75 dB are discernible (Ref. 57). Thus, it appears that bats
should be able to localize objects to within 1° (or less), at least
within the conus of radiation.

Ow.ls are characterized by asymmetry in the location of their
external avditory meatuses on the head (Ref. 79,107,125); a line
connecting their "acoustic centers" mekes an angle of 10° to 15°
with the horizontal. Directional sensitivity is a complex function

2k




. of frequency* (Refs. 79,107,125). The asymmetry and directional
sensitivity interact to permit accurate (and apparently unique)

. localization of a radiating source in the frontal hemisphere (Refs. 79,
107,125). Upon first detecting a sound in darkness, the owl turns
its head toward the source. Once it faces the source, it must hear
one additional sound before striking (Ref. 125). Thus, the owl must
apparently face the source "directly" to accurately localize it.
Whether the owl determines target range before attacking or senies its
approach toward the ground along a path of target interception is not
known; extant data nelther support nor reject either hypothesis
(Refs. 79,125).

Synthetic sonars are probably capable of achieving localization
accuracles as good as, aad perhaps better than, the bats'. However,
the relative time required to do so may significantly exceed that

P e e 3 g MM FIFET VIR S S e S RPN DY T RS RN e sy

s required by these animals. Accordingly, further work in this area
would appear to be potentially rewarding for sonar technology. The i i
o, owl's apparent ability to ascertain target range passively is truly ‘
1 exciting, and support of further (and expanded) study of this animel ‘
is urged.

*here are minimal data available (Ref. 126) and the validity of some
of these data has been questioned (Ref. 79). Also, measurements to
date have employed pure tone stimuli. Natural stimuli for owls are
probably broadband rustling, crunching, or chewing noises. Measure-
ments performed with these kinds of stimuli would exhibit differences
from the pure tone results.
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V. PASSIVE/ACTIVE SONAR UTILIZATION

Some species of bats apparently exploit target radiated noise
for early detection and localization of prey (Ref. ¢2). This is not
a species' specific capability, but seems related only to 'bat/prey
size. Absolute hesring sensitivity appears the same for all bats (ana,
indeed, is equivalent to other mammals). Accordingly, passive sonar
capabilities of different species should be comparable in this regard.
Large insect prey do radiate sound at intensities adequate to be
exploited passively. On the other hand, small insect prey, e.g.,
fruit flies and mosquitoes, radiate sound at levels too low to be
useful at any seemingly reasonable range to effect pursuit action
(Ref. 51). The larger species of bats pursue and capture larger
insect prey, while the smaller species pursue small insect prey.
Therefore, it is likely the larger species rely on target radiated
sounds for sarly detection and localization (there is some experimental
evidence supporting this conjecture (Ref. 82)), while it is moot to
know to what extent the smaller species do, if they do at all.

Confounding meas.rement on bats is the phenomenon of spatial
or proprioceptive learning observed in the laboratory, but probably
ocsurring to some degree in the wild. Given time to examine wnd learn
their environment acoustically, bats reduce their echolocation
(orientation) activity to a minimum and rely heavily upon apparent
apperception of their own movements through it (Refs. 1,2,80,93,
104,105). It appears that they may not even attend to the few signals
emitted during this activity (Refs. 3,44,80). They may be relying
upon passive detection of envirormental noises, e.g., the rustling
of leaves, or, in the laboratory, detection of reflections of flight
generated sounds or of noise generated by scraping or tapping their claws

27
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" in bats (Ref. 161).).

when crawling along a surface. That is, the bats may be exploiting )

a passive sonar capability for orientation (navigation) in familiar
surroundings.

The owl's reliance upon and ability to use target radiated
sounds has been discussed in preceding sections.

It is probsble that whales rely (perhaps heavily) on passive
detection and localization of prey or other sound radiating objects
(e.g., ships), although this hypothesis is a difficult one to test.
Available evidence is mostly anecdotal in nature. The killer whale,
Orcinus orca, has not been detected echolocating in the wild and must 5
be taught to use its capability in captivity (Ref. 37). The botile-
nose dolphin, T. truncatus, has been observed tracking live fish in
its tank passively, and echolocated only when the ambient noise level
was raised (the water filtration system was activated) (Refs. 10,37). ‘
Accordingly, it can be argued that many animals swimming together in a
large herd would generate so much self-noise as to render passive :
target detection unlikely.

However, observation of a large group of dolphins feeding on a
school of fish in relatively turbid water (1limit of visibility ~50 cm) ?
led to the conclusion that the dolphins were using only visual and
passive acoustic clues to detect and capture individual prey (Ref. 25).

Finally, it has been observed that the dolphin in familiar
surrougdings performing a routine echolocation task becomes acousti-
cally lazy, emitting apparently only a minimal number of signals
requisite for the task, and these at very low intensities (Ref. 10).

(A similar phenomenon of habituation to the task has also been observed
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VI. CONCLUSIONS

The preceding overview of biological sonar phenomena is an attempt
to place the knowledge of, and potential for, research in this area into
perspective from the viewpoint of synthetic sonar technology. The
gulding philosophy for this survey was to ascertain and illuminate
those areas or activities of bilologlcal sonar research which might
immediately or eventually influence, alter, or improve synthetic
sonar development or design philosophy. This report is brief and,
hopefully, to the point. The List of References is comprehensive, but
represents only a portion of the litcrature surveyed. Much of the
literature surveyed contributed to an understanding and appreciation
of the problems, results, and direction(s) of research on biological
sonar systems but was intrinsically of no significance with regard to
bionics exploitation.

There 18 a message evident 1n blonics research on animal sonars.
That is, the ear-brain is, without question, the best avallable
adaptive processor for analyzing acoustic signals. Sonar technology
has, for many valid reasons, sought to remove the ear-brain
(the listener/operator) from the decision functions (detection/
classification) of sonar operation. A baseline of sonar performance
utilizing a motivated operator as an acoustic analyzer has never been
established. A survey of blological sonars thus begs the recommenda-
tion that the utility of the sonar operator be reevaluated and that
baseline sonar performance be established using the ear-brain processor.

Five areas of animal sonar research were recommended for
continued or additional support because of their apparent potential
to provide bionically useful information. Perhaps of most immediate
consequence is study of the ability of the owl to localize and
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apparently range passively. Investigation of this phenomenon is
prozeeding with but minimal funding.* Accordingly, it is recommended
that this work receive expanded support.

The second area has been a topic of investigation for many years
with varying degrees of activity and with little or no success,
primarily due to procedural reasons but often due to instrumentational
shortcomings. This 1s the area of signal design for target classifi-
cation: how are the interrogating signals modified to apparently
optimize some target-specific characteristic of the echo? A
methodological chauge was recommended. Given this change, research
on both whales and bats appears ready to provide the required data,
the work on whales through direct acoustic meesurements, that on bats
through electrophysiological techniques. Knowledge of the target
acoustics is, of course, implicit.

Electrophysiologlcal measurements are a direct approach in
attempting to comprehend ear-brain functioning in the analysis of
acoustic signals. The potential contribution of work in this area
is great, but admittedly long-range. Support in this area, to the
extent of maintaining an awareness of activities and results, was
recommended, Understanding the animals' ability to locallze a target
in three-dimensional space is corollary to this work, More is known
about bats in this area. Directivity of the external ear structures
1s a complex function of frequency, apparently permitting unique
localization of a target in space with each echo. Knowledge of how
bats achieve this localization might be exploited to facilitate
analogbus measurements by synthetic sonars. Therefore, it was
recommended that work in this erea be supported, at least to the
extent of maintaining an awareness of activities and results.

*The only known research being conducted in this country at this time
is by Professor Mark Konishi, Department of Biology, Princeton
University, under an NSF grant,
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Finally, evolutionary evidence implies the delphinid sonar is
optimal for underwater short range, high resolution applications.
A bio-analog (electromechanical) simulation has been developed and
is being used to examine the potential and limitations of the delphinid
signal form (see Fig. 1). However, mechanical generation is inefficient
and severely limits versatility. Accordingly, it was recommended that
study of the dolphin's signal generator be supported, principally to
guide development of possible new means of generating the high
intensity, broadband signals required for exploitation of this sonar
form, but also as the generator determines the limits of the animal's
signal design capabilities,

Appendix II is a tabulation of available sonar and performance
data for bats, One hundred three (103) genera and/or species are listed;
Table A includes the 01d World (Eastern hemisphere) bats; Table B, the
New World (Western hemisphere) bats. Entries are alphabetical within
each table, There are no obvious consistencies (or inconsistencies,
for that matter) or trends evideut in these data. What is obvious is
that there is a multiplicity of signal forms used to solve many
similar and diverse problems, all obviously successfully. What is
also apparent is that in many areas there i1s a dearth of data extant.

Appendix III is a tabulation of available sonar and performance
data for whales, dolphins, and porpoises. Nineteen (19) species
are listed. Entries are alphabetical; there is no further breakdown.
It is immediately apparent from this tabulation that there are
appreciably fewer data available for these animals than for bats.
The éeneral trend apparent in these data is an inverse rorrelation
between signel frequency (or absolute bandwidth) and physical size »f
the animal. All species seem to utilize a transient or very short
pulse for echolocation.
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Bibliographies of the accumulated literature for bats, whales,
and other animals are included as Appendices IV, V, and VI,
respectively. Entries are alphabetical by (senior) author, and
chronological within an author's listing(s). Each entry has been
coded using a 6-digit number. The coding key is shown at the
beginning of each bibliography.

An annotated bibliography of selected papers, plus a compendium
of selected translations of the foreign language literature, will be
issued at a later date,.
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APPENDIX I

Biosonar Membership Contacted

Professor K. S. Norris, The University of California at Los Angeles.

Professor Norris is presently attempting to establish a facllity
for Cetacean research, including echolocation, at
The University of California Santa Cruz campus.

Professor A, D. Grinnell, The University of California at

Los Angeles. Professor Grinnell has been active in electro-
physiological investigations of neural correlates of echolocation
bhenomena,in bats. One of his students, Miss Pat Brown, is

examining the acoustic- signals employed by bats for communication.

Professcr A. Novick, Dr. O'D. W. Henson, Dr. George Pollak,

Yale University. Professor Novick is completing a chapter on
echolocation by bate to appear in Vol. 3 of The Biology ct Bats,
W, A, Wimsatt (ed.). Drs. Henson and Pollak are using chronic
implants of electrodes to measure electrophysiological correlates
of echolocation in free-flying bats.

Professor M. Konishi, Princeton University, Professor Konishi is

measuring the ability of owls to localize and range upon target
radiated noises, under various experimental conditions. He is
the only person in the United States known to be studying target
iocalizaxion by owls. From the viewpoint of sonar technology,
his results to date appear especially significant.
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Dr. James G. McCormick, Bowman-Gray School of Medicine,

Wake-Foreet University. Dx»., McComick is a pioneer in
electrophysiological measurements of hearing phenomena in
dolpkins. He is presently examining the effects of hyper-
barism on hearing in mammals.

Professor J. A, Simmons, Washington University. Professor Simmons is

using artificial echoes to measure abilities of bats to resolve
target range differences and to compensate for Doppler shifts
caused by target and/or platform motion. He is attempting to
instrument a fast response computer system to replay artificial
echoes to echolocating bats at a programmed S/N value to
examine the bat's ability to overcome jamming and the signal
and/or nolse parameters most affecting it. He is presently
studying the ability of bats to resolve target aspect, A
post-doctoral student, Dr. Glenis Long, working in Griffin's
laboratory at The Rockefeller University, but primarily under
Simmons' guidance, is measuring the ability of bats to resolve
spectral differences in artificial echoes.

Professor N. Suga, Washington University. Professor Suga has been

and continues tc be active in electrophysiological measurements
of both sound projecting and receiving phenomena in bats. He
has recently demonstrated the existence of neural attenuation
in the auditory brain during sound transmission, analogous to
blanking in synthetic sonars, and has been able to electrically
stimulate the bat brain to cause sound generation, a
pﬂenomenon being exploited to examine Doppler compensation by
the CF bats.
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Professor D. R. Griffin, The Rockefsller University. Professor Griffin

is not presently actively involved in echolocation research. Ha
is providing guidance for two post-doctoral students workiag in
his laboratory: Dr, Glenis Long, mentioned above with Simmons,
and Dr. Peter Hollander, who is attempting to measure the space-
frequency characteristics of the bat's sound field, A third
post-doctoral student, Dr. E. R. Buckler, from the University of
Montana, will be in Professor Griffin's laboratory during the
1972-1973 academic year to study insect catching behavior of bats.

Dr. R. G. Busnel, Director, Laboratory of Fhysiological Acoustics,

Jouy-en-Josas, France, and American Museum of Natural History.
The French laboratory does research on all aspects of animal
sound generation, reception, and correlated behavior, only a
small part of which i1s related to classical echolocation. They
vaere quite active at one time in recording and analysls of
dolphin echolocation signals and behavior, but their efforts have
been severely curtailed recently by lack of funds. The team
they have applied to the problem consists of: Dr, J. C. Levy,
Mathematician, currently developing a model for eckolocation;
Dr. A. Dziedzic, Engineer, responsible for the development and
implementation of instrumentation; Dr. B. Escudie, Engineer, a
student of Mermoz, and an enthusiastic advocate of correlational
processing; and Dr, Busnel, Biologist. The team appears
vell-rounded and quite capable, but for reasons stated, has
drifted out of the mainstream of echolocation research on
dolphins. Dr. Levy is at the Jouy laboratory. Drs, Escudie
and Dziedzic are at the Institute de Chemie et Physique
Industrielle, Lyon. Dr. Escudie is presently working closely
with Professor Simmons in analyses of bat signals.
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Professor R. A, Suthers, Indiana University. Professor Suthers'
interests have, ln recent years, turned to problems of determining
visual capabilities and usage in bate, He has begun investigation
of the interaction between vision and echolocation as manifested
by electrophysiological measurements performed in the inferior
colliculus of the brain. Professor Suthers has one graduste
student (name and academic level unknown) measuring the minimum
audible angle (MAA) discrimination ability of bats.

; Professor Suthers, with Professor Suga, is writing a review of
bat echolocation to appear in book form (Aca.demic Press) late
this year or early next year.

e

Dr. Donna J. Bowell, Auditcry Research Laboratories, Princeton
University. Dr. Howell is beginning a post-doctoral fellowship
at ARL (Princeton) , continuing Simmons' work on target ranging
by bats.

Miss Donnas McDcnald, University of Hawaii. Miss McDonald 1is
attempting to measure MAA discriminability of the bottlenose
dolphin., Her work is being performed at the NUC/Hawaii
facility under supervision of Dr. W. W, L. Au,
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Dr. E, C. Evans, III, Dr. W. W. L. Au, Mr. B, A, Povell,
Mr. R. H. Penner, Mr. E. A, Murchison, NUC/Hawaii Laboratory.

@ e

Dr. C, S, Johnson, Mr. W. E, Evans, NUC/San Diego, California.
Foreign Membership Contacted:

Professor J. D. Pye, Kings College, University of London.
Professor Pye for the past few years has been endeavoring to
record and catalog the echolocation sounds of as many different
species of bats as possible in the wild., To date, he has
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catalogued some 100 species. Br *.8 a doctoral student,

L. H. Roberts, investigating the mechanics of signal
generation and control by bats.

Dr. H. U. Schnitzler and Professor G. Neuwelle iversity of

Tubingen, Germany (at University of Fran.® , beginning

1 January 1973). The efforts of this group are directed toward
a behavioral and electrophysiological understanding of echo-
location by the bat Rninolophus ferrum-equinum. Immediately,
an attempt will be made to explain the neurophysiological
mechanism of Doppler compensation by this species of bat.

Two students of Dr. Schnitzler's, E. Flieger and G. Schuller,
are examining the echolocation abilities of this species of

bat, and its apparent use of selected portions of its signal
for location and ranging.

Professor S. Andersen, Odense University, Demmark. Professor Andersen

has made both behavioral and acoustic measurements of echolocation
by the harbor porpoise, Phocoena phocoena. He maintains one of
the few members of this specles in captivity. He has no plans

to carry out any behavioral measurements of echolocation in the
immediate future, but has done and will continue doing recording
and analysis of the sounds emitted by this animal.

Professor “ndersen has two graduate students from Sweden who
intend to examine the signals used by this species for cammunica-

tion., The latter work is contingent upon obtalning a second
member of the species.
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TABULATION OF BIOLOGICAL SONAR DATA FOR BATS

mgggu page blank

55

LR PR LA T Bt AN *e R

e ot o




. TABLE A
TABULATIONS OF BIOLOGICAL SONAR DATA FOR OLD WORLD BATS
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APPENDIX III

TABULATIONS OF BIOLOGICAL SONAR DATA FOR
WHALES, DOLPHINS, AND PORPOISES
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APPENDIX 1v

BIBLIOGRAPHY OF ACCUMULATED LITERATURE FOR BATS
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LISTING FORMAT

6-DIGIT CODE

LANGUASE

ORIGINAL

TRANSLATION

AUTHOR(S) YEAR OF ISSUE

TITLE OR DESCRIPTION

SOURCE

Praceding page Mank

125
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KEY TO 6-DIGIT NUMBER CODE

DIGITS
112131415(6

DIGIT(S)
1

2-3

4-5

FUNCTION(S)

ORDER

1 CETACEA

2  CHIROPTERA
4 OTHER

ECHOLOCATION

1 DETECTION

2 DISCRIMINATION
10 PERFORMANCE
20  SIGNALS ; FORMAT
40 BEHAVIOR

BIOLOGY

1 MORPHOLOGY ; ANATOMY

2  AUDIOMETRY

4 SIGNAL PROCESSING, CONDITIONING
10  SOUND GENERATION
20  SOUND RECEPTION

ECOLOGY
1 HABITAT

2  PREY

126




Examples:

231210

572101

oo 2N W TR B AN s+

A report about bats (2). Includss measurements, description,
or commentary about echolocation signals (e.g., characteristics,
repetition rate) (20), and the bats' performance (l10) on target
or obstacle detaction or avoidance (1) (20+10+1=31), plus
measurements, description or commentary on the bats' ability ;
or capability to datect and/or localize sounds (echoes) (20),
and the morphology and/or anatomy of the hearing organ (1)
(20+1=21) . Does not include information about the bats' normal
hunting habitat ( » food prey (0).

A report about whales, dolphina, or porpoises (1), including
measurements and/or commentary on other animal forms (4) (4+1=5).
Includes measurements, description, or commentary about the
animals’' echolocation signals (20), and their performance(s) (19)
in discriminating between targets (2), plus commentary on the
animals' behavior while echolocating (e.g., scanning motions,
swimming speed) (40) (40+20+10+2=72). Includes commentary on
the mechanics of sound generation (e.g., beaming, energy
requirements) (10), plus description of the animals' normal
hunting habitat(s) (1).
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APPENDIX V

BIBLIOGRAPHY OF ACCUMULATED LITERATURE FOR
WHALES, DOLPHINS, AND PORPOISES

Preceding page blank
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LISTING FORMAT

LANGUAGE
6-DIGIT CODE ORIGINAL TRANSLATION

AUTHOR(S) YEAR OF ISSUE

TITLE OR DESCRIPTION §

f SOURCE
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T T TR e R SRR

KEY TO 6-DIGIT NUMBER CODE

DIGITS
1121314]|5]6

DIGIT(S)

1
2
4

FUNCTION(S)

1 ORDER

CETACEA
CHIROPTERA
OTHER

2-3 ECHOLOCATION

1

2
10
20
40

DETECTION
DISCRIMINATION
PERFORMANCE
SIGNALS ; FORMAT
BEHAVIOR

4-5 BIOLOGY

1

2

4
10
20

MORPHOLOGY ; ANATOMY

AUDIOMETRY

SIGNAL PROCESSING, CONDITIONING
SOUND GENERATION

SOUND RECEPTION

6 ECOLOGY

1

2

T T A

HABITAT
PREY
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Examples:

231210

572101

A report about bats (2). Includes measurements, description,
or commentary about echolocation signals (e.g., characteristics,
repetition rate) (20), and the bats' performance (10) on target
or obstacle detection or avoidance (1) (20+10+1=31), plus
measurements, description or commentary on the bats' ability

or capability to detect and/or localize sounds (echoes) (20),
and the morphology and/or anatomy of the hearing organ (1)
(20+1=21). Does not include information about the bats' normal
hunting habitat or food prey (0).

A report about whales, dolphins, or porpoises (1), including
measurements and/or commentary on other animal forms (4) (4+1=5).
Includes measurements, description, or commentary about the
animals' echolocation signals (20), and their performance(s) (10)
in discriminating between targets (2), plus commentary on the
animals' behavior while echolocating (e.g., scanning motions,
svimming speed) (40) (40+20+10+2=72). Includes commentary on
the mechanics of sound generation (e.g., beaming, energy
requirements) (10), plus description of the animals' normal
hunting habitat(s) (1).
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KEY TO 6-DIGIT NUMBER CODE

DIGITS

11213({4]5)6

DIGIT(S)
1

2-3

4-5

FUNCTION(S)

ORDER

1 CETACEA

2 CHIROPTERA
4 OTHER

ECHOLCCATION

1  DETECTION

2 DISCRIMINATION
10  PERFORMANCE
20  SIGNALS ; FORMAT
40 BEHAVIOR

8I0LOGY

1 MORPHOLOGY ; ANATOMY

2 AUDIOMETRY

4 SIGNAL PROCESSING, CONDITIONING
10 SOUND GENERATION
20  SOUND RECEPTION

ECOLOGY
1 HABITAT

2  PREY
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Examples:

231210

572102

A report about bats (2). Includes measurements, description,
or commentary about echolocation signals (e.g., characteristics,
repetition rate) (20), and the bats' performance (10) on target
or obstacle detection or avoidance (1) (20+10+1=31), plus
measurements, description or commentary on the bats' ability

or capability to detect and/or localize sounds (echoes) (20),
and the morphology and/or anatomy of the hearing organ (1)
(20+1=21). Does not include information about the bats' normal
hunting habitat or food prey (0).

A report sbout whales, dolphins, or porpoises (1), including
measurements and/or commentary on other animal forms (4) (4+1=85).
Includes measuye..>nts, description, or commentary about the
animals' echolocation signals (20), and their performance(s) (10)
in discriminating between targets (2), plus commentary on the
animals' behavior while echolocating (e.g., scanning motions,
swimming speed) (4r) (40+20+10+2=72). Includes commentary on
the mechanics of sound generation (e.g., beaming, energy
requirements) (10), plus description of the animals' normal
hunting nabitat(s) (1).
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