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ABSTRACT

Five specimens ofthe neotropical false-vampire bat, Vampyrum
sEecfrum, were studied in an attempt to decide whether they were capable
of discriminating between targets of differing shapes and sizes using
echolocation alone. The study commenced with the demonstration that
the bats could capture live mice, items similar to their normal prey,
without recourse to visual or olfactory cues. The subsequent use of
dead mice in place of live ones indicated that target identification was
much more difficult for the bats when the mice were not moving, but

could still be effected by some of them.

Bats were then trained to discriminate between two inedible tar-
gets of differing shape or size, for which they received food as a reward.
Initial discrimination problems began with targets which were very dis-
parate, both in size and shape, and progressed to two targets which dif-
fered very little. Disparate targets, such as a 15 cm. diameter ball
and a 2.5 X 10.5 cm. wooden "sausage", were easily discriminated by
all the bats and clearly by echolocative cues alone. Discrimination
scores for more similar targets, such as a 6 cm. diameter sphere and
a2.5X 7.0 cm. sausage were not as high as the previous series, but

considerably greater than chance.

Since the bats could clearly discriminate between rather similar
targets using echolocation alone, an attempt was made to design targets
which, if discriminated, would allow for some interpretations regarding
the actual echo parameters used by the bats. In particular, the targets
and flight paths were adjusted so as to discourage the use of overall
intensity cues, but to encourage the use of the frequency dependent

properties of the echoes.

Of the five bats begun on this problem, two learned the dis-
crimination with an accuracy of 70% or better. Because the elimination

of overall intensity differences was contingent upon the point at which
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the bats selected a target and the angle at which they approached it,
actual discrimination flights of the two best performers were submitted
to extensive photographic analysis. This suggested that one of the bats
selected the targets and approached them along a path that was con-
sistent with the use of the frequency dependent properties of the tar-

get echoes, but not with the use of their overall intensities. The oppo-
site was true of the second animal. Further proof of this point came
from the discovery that the threads supporting the targets were con-
tributing to the frequency dependence of the echoes, the amplitude of
this frequency dependence being a direct function of the diamete-r of the -
thread. When threads of small diameter were used, (thereby reduciﬁg
the frequency dependence of the echoes), the first bat was unable to
discriminate above the chance level while the second animal's per-
formance was quite high. When larger diameter.threads were used,
both animals were able to discriminate. This was thus taken as additional
proof of the use of the frequency dependence of the echoes by the first
bat, and of the use of other cues, presumably overall intensities, by

.the other.

Since echolocation is effected by the use of emitted pulses of
sound, the structure of the pulses emitted during discrimination flights
was examined in detail. From this examination it was possible to show
that at different stages along each flight, differently structured pulses
were emitted. In addition, the two bats which apparently were using
different echo cues to discriminate produced pulses of different structure
at the points of target selection. No obvious explanations for the use of
any given type of pulse at any given point in a flight could be given, but

some relevant speculations were presented.

In summary: it was shown 1) that these bats could discriminate
between very similar targets using echolocation, 2) that at least one of
the animals was probably using.as a cue the frequency dependent properties
of received echoes, and 3) that there may be some correlations between the

kinds of pulses these bats emitted and the kinds of problems they encountered.
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INTRODUCTION

Of all the patterns of vertebrate locomotion, one of the most
striking is flight in darkness by bats. Flight, in any form, requires
rather extraordinary sensory equipment and ccordination, and the
rapid nocturnal flights of bats can only inspire a certain degree of
wonder and respect. The experience is in fact so foreign to diurnal
and ambulatory man, that for centuries bats have been the subjects of

elaborate tales and folklore.

However remarkable these animals seem at first glance, they
are only more so when examined in detail. The earliest investigators
who studied the orientation skills of flying bats did so in the face of
numerous existing myths. Yet, they reasoned that, as fellow mammals,
bats should be amenable to classical physiological study. They there-
fore set about a program of successive sensory impairments. The results
of these studies, notably by L. Spallanzani and C. Jurine, (Cf. Galambos,
1942), were the conclusions that bats did not need their eyes to navigate
in darkness, but that they did require the use of their ears. However,
neither investigator was able to identify the actual auditory cues used
by their animals. In the face of this difficulty and the contemporary

myths, their work was ignored for the following 140 years.

The solution to the problems of orientation by flying bats came with
the development of high frequency microphones. These were first used
by Pierce and Griffin (1938) to demonstrate that bats in flight emit "pulses" *
of high frequency sound which are inaudible to the human ear. This dis-
covery led to the pioneering studies of Griffin and Galambos in which the

present explanation of obstacle avoidance by bats was first advanced

3

The usage of the term "pulse" in this thesis will follow that of
Griffin (1958); that is, any relatively short acoustic signal,
regardless of frequency composition, rise times or modulations,
will be called a "pulse”.



(Griffin and Galambos, 1941; Galambos and Griffin, 1942). They
repeated the experiments of Spallanzani and Jurine on two species

of North American bats and confirmed the conclusions of the early
workers: vision was not necessary, but audition was. Then using
the recently developed microphones, they demonstrated that these
animals were continually emitting high frequency sound pulses while
in flight. When the mouths of the bats were covered, no pulses
could be detecfed and the abilities of the bats to avoid obstacles

were greatly reduced. They also noted that in normal flying bats,
the rate of emission of the pulses showed a marked increase as the
bats neared an obstacle. This clear-cut behavioral response con-
vinced them that the bats were ablé to detect obstacles while still
some distance from them. Griffin and Galambos reviewed all this data
and concluded that the bats were using the echoes from emitted cries
to indicate the presence of obstacles. Griffin (1944) subsequently

called this process "echolocation".

Since this origjnal work, a notable literature on bat echolocation
has accumulated. Most of this work can be divided into two methodological
camps: descriptive and analytical. The descriptive studies have re-
sulted in the examination of over 65 species of bats in 13 of the 16
microchiropteran families, and all have been shown to produce high
frequency pulses (Griffin and Novick, 1955; Novick, 1958, 1962, and
1963; Pye, 19674; Mohres, 1953 and 1967a). In each of these cases,
variations in pulse repetition rate seem to follow the degree of obstacle
proximity, and this is taken as evidence that the pulses are used in

echolocation.

The analytical studies have been prompted by the obvious versatility
of the echolocation system. Part of this versatility is evident in the
apparent use of echolocation by so many species in so many different
enviromental contexts. It is most notably evidenced, however, by the
fact that most bats use echolocation in the detection and capture of food

items, as well as in obstacle avoidance. This was first demonstated by



Griffin, (Cf. Griffin, 1953), in the genera Myotis and Eptesicus, and has
since been shown to be the case for other species as well. As with ob-
stacle avoidance, a hunting bat increases the rate of emission of sound
pulses when the target is approached and this is taken as evidence that
the echolocation system is being used in capture. The ways in which
echoes are being used can be inferred from the rather complicated
maneuvers which bats seem able to execute in capturing flying insects
in the dark. To intercept a flying insect, a bat must be able to
continually adjust its flight to changes in the flight of the prey. To

do thié, it must be able to ascertain the "azimuth and altitude" of

the insect at each point in time. Secondly, since many bats use a
series of special capture movements which must be begun prior to
contact with the prey item, (Webster and Griffin, 1962), the bat must
also_be able to judge the-distance to the prey, at least at close range.
In view of visual and olfactory controls performed in conjuncfion with
insect cai:ch'ing by bats, Griffin, Webster and Michael (1960) argued
that bats seemed able to determine both range and location of a target

using echolocation alone.

Analytical studies have also suggested that bats are able to extract some
information about the "nature" of a target by listening to received echoes.
Part of this evidence comes from suggestive field data, and part from
laboratory experiments. The field data is based on the obsefvation
that many bats hunt specialized food items in the presence of numerous
non-food items. For example, insectivorous species such as Plecotus
are known to pluck insects from branches, leaves, and even from flowers

(Poulton, 1929). Carnivorous forms such as Vampyrum spectrurﬂ (Goodwin

and Greenhall, 1961) and Megaderma lyra (Mohres, 1967b) often feed on

sleeping birds which they must capture amidst dense jungle foliage.

Trachops cirrhosus apparently captures geckoes under similar conditions

(Goodwin and Greenhall, 1961). Noctilio leporinus and Pizonyx vivesi

hunt over rivers and coastal waters and seem able to capture small fish

at the water's surface even in the presence of floating debris (Suthers, 1967).
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In each of these cases, food items return only a small fraction of
the total echo field received by the hunting bat. Without some means
of discriminating between food items and non-food items, these bats
would be expected to make frequent attacks on foliage or debris. Yet
this is rarely observed (Poulton, 1929; Suthers, 1965). It thus seems
likely that bats have evolved some means to discriminate between
different components of the total echo field. The immediate question
which arises is whether such discriminations can be made on the basis

of echolocation alone or whether some other sensory modality is necessary.

Several recent studies have attempted to investigate this latter
question. Since these studies were performed under laboratory
conditions, one must be careful in using them to interpret habits
in the wild. However, they do point out the potential use of skills

under natural conditions.

The most notable of these studies is that of Griffin, Friend, and
Webster (1965). Thesecwbrkers taught little brown bats, Myotis
lucifugus, to capture insect larvae, (meélworms), which were tossed
into the air by means of a catapult. When the bats had learned to
capture over‘éo% of the mealworms offered, small discs were ran-
domly substituted for the mealworms. At first, the bats captured
as many discs as mealworms, but in several days they were rejecting
80% of the discs, and still taking 90% of the mealworms. To check for
the use of visual cues, several bats were flown in darkness. To control
for possible olfactory cues, discs were smeared with mealworm juices,
and both kinds of targets were dusted with a vitamin powder. In all cases,
the bats were still able to discriminate between discs and mealworms.
It was thus clear that these bats could discriminate between two similar

targets solely on the basis of echolocative cues.

Webster (1967) has used a similar method to teach Myotis to capture
mealworms which were catapulted simultaneously with non-food items

or adjacent to large non-food objects. Among the former experiments



were those in which smalil spheres and mealworms were both projected
into the air, and Webster describes successful captures of mealworms
under these conditions. Examples of the second kind of interference
object included large static spheres or conifer branches. In these

cases, the mealworms were catapulted against or adjacent to these
backgrounds, and captures by the bats were found to be highly suc-
cessful. These latter experiments are similar to what might be en-
countered in natural conditions and are thus valuable in showing that

the inferences from field data can be verified in the laboratory. However,
they need not infer any skills beyond what has been already described

for target localization. This is a result of the fact that the target was
moving and the background static. Given that a bat can accurately

plot trajectories of different objects, it need only select the moving object
to obtain food. The experiments with simultaneously catapulted targets,
and thoseof Griffin, Friénd, and Webster' do infer an additional ability:
that of detecting from echoes something about the shape, size or texture

of targets.

Suthers (1965) taught fishing bats, Noctilio leporinus, to obtain a

small piece of submerged fish impaled on a fine wire which protruded
5 mm. above the surface of a shallow pool. When the bats had learned
this problem, he taught them to obtain this food at only one of two |
possible targets, one being the single wire as above, and the other
being of two finer wires placed close together. To eliminate visual
cues, Suthers blinded several of his bats, and to eliminate olfactory
cues, he smeared fish on both targets. The bats learned the dis-
crimination with 80% accuracy or better. It is thus clear that Noctilio
can also select between targets of different shape solely on the basis

of echoloéationn

The force of the preceeding discussion is that localization, selection,
and capture of food items requires much more of an echolocative system
than simple all-or-none detection. In short, it requires that the bat

° ° "N e ° o R
"visualize" its surroundings acoustically, perhaps even ascribing a shape



or size to each component of the echo field, and placing each one accurately

in space. How does the bat accomplish this?

The determination of target angle by echolocating bats has been studied

in detail in at least two insectivorous species, Myotis lucifugus and

Plecotué‘ townsendii. In these studies, (Grinnell, 1963c and, Grinnell

and Grinnell, 1965), a good case is presented for the determination

of target angle by means of binaural comparisons of echo intensity.
Using neurophysiological methods of monitoring evoked responses
from the posterior colliculus, these workers showed that the head and
external ear structures of bats confer a high degree of directionality
on the echo-receiving organs. Shifts of only a few degrees in target
position can produce detectable responses in the colliculi of these animals.
This accuracy is probably not accomplished by using the difference

in arrival times since a shift of one degree corresponds to a difference
in arrival time of only one psec, a value well below the known powers
of auditory resolution in bats. Detection of differences in the phase of
arriving echoes between the two ears is also unlikely due to the high
frequencies used by bats. However, bats can detect fine intensity
differences, and this fact coupled with the directionality of the ears,
suggests that by measuring the intensity of an echo at each ear for
several of the component frequencies, the target can be accurately

placed in space (Grinnell, 1963c).

The determination of target range is presently the subject of much
debate, probably as a result of the use of different methods by different
species. Some investigators (Pye, 1961; Kay, 1961) have suggested
that bats use long duration pulses so as to provide overlap between the
outgoing pulse and returning echo. If the pulse contains variations in
frequency, the greater the distance to the target, the more out of step
these variations will be in the region of overlap. This could provide
a measure of distance. However, only a few bats seem to use long

enough pulses to produce pulse-echo overlap. Many, such as vespertilionids,



seem to actively avoid overlap by shortening the duration of their
pulses as they near a target (Griffin, 1958; Cahlander, et.al, 1964).
In these species, it has been argued that the temporal delay between
the emission of the pulse and the return of an echo is used to estimate

the distance to the target (see below pp. 36-37).

The skill which seems to have received the least attention is the
ability to distinguish between targets which differ in size or geometry.
Part of this dearth of data stems from the complexity of most echoes.
Until the recent development of radar and sonar., there was little
theoretical interest in the relation between echoes and the shapes
of the targets that generate them. Now, such a theoretical background
does exist, but the treatment for any non-simple body is an immense
task. However, one can make some general qualitative statements about
echo-target interactions that can help in planning experiments and these

follow..

The potential information about an object that can be extracted
from an echo is quite large. In general, the more complicated the
echo, the more information which can be extracted from it. However,
echoes are rarely more complicated than the sounds which generate them;
in most cases, as will be shown below, the generation of an echo involves
some selective elimination of the components of the impinging sound,
rather than the production of new ones. The nature of this selective
elimination will be fixed by the shape, size, texture and composition
of the target. For this reason, any echolocative system which can
compare the received echo with the emitted signal should therefore
be able to deduce at least some of these target properties. It will be
even more effective if it can compensate for elimination of components
which is not target-related, such as atmospheric attenuation. It will
be most effective if it can vary the emitted sounds at will, and thereby
receive a string of different pulse-echo pairs, each of which supplies

a slightly different piece of information about the target.’



Since the differences between the emitted signal and the echo
providé the information fof the bat, it will be helpful to provide a
brief description of the kinds of pulses used by different species, and
then to describe the kinds of lnteractmns these pulses might have with
various targets. The kinds of changes wrought during echo formation
and transmission through the medium must then be ones which are
physiologically detectable by the bat. These topics will each be dis-

cussed below.

The Structural Properties of the Emitted Pulses

A bat pulse can be considered as a delimited packet of sound
energy. It has a finite duration in time and occupies a given amount
of space along its axis of travel. The net energy in the pulse may be
distributed over several component frequencies and the relative dis-
tribution may vary in time. The distribution may also vary in space:
the distributions along the axis of travel will usually follow the dis-
tributions with time; the distributions to either side of the axis of
travel will depend on the fréquencies present and the nature of the bat's
emitting organs. In comparing the pulses from different bats, or in
comparing an echo with its generating pulse, it is helpful to divide these
parameters into those which describe the overall energy of the pulse
and those which define the internal distributions, or "fine structure"
of the pulse (Griffin, 1967). The fine structure parameters can in
turn be divided into those which describe the temporal distributions
of energy and those which describe the spatial distributions. These
are not exclusive categories and a change in one will usually change
others. However, they allow an orderly comparison between pulse
and echo which is illuminating when the mechanisms of sound scattering

are considered.

The Overall Energy of the Pulse The total energy of a pulse is

the product of the average intensity of the pulse and the pulse duration.



Both parameters are known to be different for different species,

(Griffin and Novick, 1955; Novick, 1958; Pye, 1967; Mghres, 1967a),

and different for the same individual at different times, (Griffin, 1958;
Suthers, 1965; Schnitzler, 1967). In spite of these variations, one can
usually determine for each species an "average intensity" and an "average
duration", which have predictive value. When these values are compared
for different.species, it is seen that they may differ by as much as three

orders of magnitude in intensity and two orders of magnitude in duration.

These wide variations are usually attributed to differences in the
food habits of the different species. For reasons discussed above,
bats which may use pulse-echo delay to determine target distance will.
tend to use short pulses; those which may use pulse-echo overlap tend
to use longer pulses (Schnitzler, 1967; Suthers, 1967). The variations
in intensity seem to correlate with the hunting environment of the animals.
Griffin (1958) has pointed out that bats which feed on fruit or sleeping
prey tend to use very faint pulses; bats which hunt in open spaces, such
as most vespertilionids tend to use loud pulses. Consider also the fact
that if a bat attempts to discriminate between the echoes from different
objects, as the jungle species must, using soft pulsés would have the
advantage that only adjacent objects would return detectable echoes.
.Using loud intensities would return many echoes from various directions
and analysis might be difficult. An insectivorous species, on the other
hand, which must detect small insects in open air will do best to shout.
Then any echo will probably imply food and pursuit maneuvers can be

initiated earlier.

The Distribution of the Pulse Energy Over Time Every pulse consists

of waves of sound, and waves are by definition time-variant functions. In
those cases where the pulses of bats are relatively constant in amplitude

and frequency, description of temporal parameters is fairly straightforward.
However, most bats produce pulses which are not constant in amplitude or

frequency, or which contain harmonics whose relative amplitudes may vary.
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In these cases, the description of temporal parameters becomes more

complicated.

Any purely sinusocidal signal which has infinite duration, (not
switched "on" or "off"), can be completely described by specifying
its amplitude, its frequency, and its phase relative to some temporal
or spatial reference point. Whenever the signal waveform is non-sinusoidal,
or whenever the signal has a finite duration, complete description of the
signal will require other parameters to describe the shape of the waveform.
It is possible however, to treat almost all signals as a linear sum of
pure sinusoidal waves, each component being completely described by
specifying a frequency, an.,amplitude, and a relative phase. This
system has the great a'dvantage that one can compare equivalent
portiéns of complex signals in a rigorous way; if one had to describe
different waves by including some textual comments on their shapes,
it might be very difficult to compare the different changes wrought in

different signals by a similar force.

Aé with any analytical tool, however, the breakdown of complex
signals into a precise list of components has its limitations. These
arise out of an acoustic counterpart of the Heisenberg "uncertainty
principle” ,b which was first demonstrated by Stewart (1931), In short,
Stewart showed that the sinusoidal breakdown of any signal, (which is
known as Fourier analysis), cannot simultaneously give the time of
occurrence and the frequency of a given component exactly. In mathe-
matical terms, the uncertainties in frequency determination, Af, and

the uncertainty in locating a given component in time, At, are related by
~
Af - At =1 (Stewart, 1931)

When a pure sinusoid has an infinite duration, At is infinite, since
there is no way to distinguish between successive cycles, and thus to
determine when any one occurred. Since At is infinite, Af goes to

zero. This means that the single component frequency is known exactly
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and the corresponding frequency spectrum, (a plot of amplitude vs.
frequency), will consist of a single, infinitely thin line (Cf. Licklider,

1951).

Whenever an infinitely long signal has a periodic waveform, it can
be broken down into a set of sinusoidal components whose frequencies
are known exactly. This exactness of frequency analysis is possible
because At is infinite. Although the signal may consist of an infinite
number of components, these are not spaced randomly along the
frequency scale. To produce a periodic signal, all components must
be commensurable: that is, the ratio of any pair of component fre-
quencies must be a rational number (Cf. Courant, 1962). For many
periodic signals, the ratio of any component with the component of
lowest frequency is an integer. When this occurs, the lowest component
is called the "fundamental", and the others are "harmonics". The
frequency spectrum for such a signal will show a set of infinitely
thin lines spaced at equal intervals along the frequency axis (Cf. Licklider,

1951).

The Fourier analysis of an inflinitely long periodic signal gives not
only the frequency of each component, but also the amplitude and relative
phase of each. Clearly, changing the relative amplitudes of the different
components will change the waveform of their sum. The importance of
phase is more subtle. This is because the relative phases of two different
frequencies will shift with successive cycles. However, if the two are
commensurable, the shifts in phase will be restricted to a certain re-
peating set. It is this repetitive recycling of a fixed set of phase relations
which results in the periodicity of the resultant waveform (Cf. Courant,
1962). When a signal contains two non-commensurable frequencies, one
must wait an infinite number of cycles before any one set of phase re-
lations recurs. Non-periodic signals therefore must contain frequencies

which are non-commensurable.

A single finite signal, (such as a bat's pulse), is effectively an aperiodic
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signal. For that reason, it must contain frequency components which
are non-commensurable. Where would these components lie in the
frequency spectrum of such a pulse? We can consider the pulse as

the result of turning on and off an infinitely long pure sinusoid. This
signal now differs from the non-switched sinusoid in that there are two
points, the turning on, and the turning off, which are unique events.
One can thus reduce the uncertainties in determining the temporal
occurrence of any given wave of the sinusoid to the set of points between
the turning on and the turning off of the pulse. In other words, At is
no longer infinite, but is finite and equal to the duration of the pulse.
By Stewart's relation, Af must therefore be greater than zero. This
increase in the value of Af corresponds to a spread of energy to
frequencies on either side of the major component. Many of the new
components are non-commensurable; in fact, the spread of energy

is continuous over all adjacent frequencies, whether commensurable
or incommensurable. This results in the formation of a "band" of fre-
quencies centered'about the ma jor component, f, which is the only

component in the unswitched sinusoid, (Cf. Barton, 1964).

As the pulse is increased in duration, the frequency spectrum of
the signal should approach that of an infinitely long sinusoid; i.e., the
width of the band should decrease and approach the infinitely thin line
spectrum of the unswitched wave. This in fact follows from Stewart's

equation:
Af Z 1 /At

where here, Af equals the bandwidth on either side of f, and At equals
the pulse duration. The total bandwidth about f is equal to 2Af, or
2 /At.

Note that a finite signal can be divided into two parts: the two ends
during which any small piece of the signal will not recur again in the wave,

and the middle section, which may approach a pure sinusoid in waveform.
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Because the ends are unique and distinct parts of the signal, one can
talk about two durations: At, the duration of the whole pulse, and At',
the duration of the switching on or off. Again, using the version of
Stewart's equation, above, one can calculate two bandwidths, 2Af, the
bandwidth during the middle of the pulse, and 2Af', the bandwidth at
either end. The parameter At' is known as the "rise-time" or "fall-off
time" of the pulse and must of necessity be shorter than or equal to the
duration of the pulse. For this reason, the bandwidth, 2Af' at the
ends is usually larger than the bandwidth during the middle, 2Af.
However, in most cases, 2Af' does not form a continuous band, but

is itself composed of a set of bands: a large single band around f

with a total bandwidth of 2Af (=2/At), and a set of smaller bands,
each with a bandwidth Af (=1/At). The number of smaller bands will
depend on how many can be fitted into the interval between the major
band and the limits of one-half the total bandwidth, Af' (=1/At")

(Cf. Barton, 1964).

As an example, consider a puise with temporal dimensions similar
to those of many bats, say a duration, (At), of 1 msec., a rise-time,
(At'), of 0.1 msec., and a frequency (f) of 100 kHz (Cf. Griffin, 1958).
During the middle section of the pulse, the bandwidth (2Af), around the
major component will be 2 kHz, i.e., all detectable components will
lie between 99 and 101 kHz. During the ends of the pulse, there will
again be a major band between 99 and 101 kHz, but there will also be
9 additional bands, each with a 1 kHz bandwidth, (Af), between 101 and
110 kHz, and another 9 between 99 and 90 kHz. It is helpful to recognize
that during the middle section of this pulse, which accounts for 80% of
the total pulse duration, all detectable components are within a few
percent of the fundamental frequency f. In other words, to a first
approximation, one can treat the middle section as if it were a pure
sinusoid of infinite duration. This does not mean, however, that the
ends are not important to bats. On the contrary, the large spectral

range of the ends increases the amount of potential information that
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might be carried in evoked echoes.

As with infinite signals, the complete Fourier analysis of finite
signals results in specification of the amplitudes and phases of each
component. The importance of amplitudes is again obvious. A case
for the importance of phase when commensurable frequencies are
present has already been presented. What about the phase relations
between incommensurable components? If any two incommensurable
frequencies are observed initially with one set of phase relations,
successive cycles will never reproduce that set in a finite amount
of time. Since, in general, the waveform resulting from the sum
of these two frequencies will shift with the shifts in their phases, the
initial waveform and each successive waveform will be unique. It
therefore follows that to produce a given waveform from a set of
incommensurable frequencies, only one set of initial phase relations
can be used. The phases must therefore be specified in the analysis
of any finite signal, whether there are periodic parts of the signal

or not.

The previous discussion assumed that a bat's pulse could be
considered as a pure sinusoid of infinite duration that was switched
on and off, and that variations in amplitude, phase or frequency
composition were due to the switching. Most bat pulses, however,
contain frequency and amplitude modulations which are not due to
switching, but are variations introduced by the bat in addition to
turning the pulse on and off. The simplest of these is amplitude
modulation. Consider first an infinitely long pure sinusoid of frequency
f which is sinusoidally amplitude modulated with a frequency w. The
Fourier breakdown of the resulting waveform will consist of three com-
ponents having frequencies respeétively of f-w, f, and f+w, (Cf. Littler,
1965). The greater the amplitude of the modulation, the greater the
amplitudes of the side frequencies, f-w and ftw, relative to the funda-

mental component f. The frequency spectrum for such a signal thus



15

consists of three infinitely thin lines, spaced apart by the interval w,
and with relative heights which depend on the degree of modulation. Since
the signal wavef6¥m is periodic, the phases of all components will be

defined by the analysis.

When the amplitude modulation is non-sinusoidal, it can usually
: 1" Wy etc., and each of
these will generate side frequencies to give f'_i‘_wl, fj'_wz;" etc. If the

signal is finite in duration, as bat pulses are, there will be a spread

be broken down into sinusoidal components, w

of energy around each component, and the bandwidth of each band will
depend on the duration of the pulse for the middle section, and on both

the rise times and pulse duration for the ends (Cf. Barton, 1964).

Modulation of the frequency of an infinitely long sinusoid follows
similar rules as for amplitude modulation. If the modulation is
sinusoidal with a frequency w, side frequencies will occur at
ftw, f+2w, ft3w, etc. The greater the variation in frequency relative
to the fundamental f, the greater the amplitudes of the side frequencies
(Cf. Littler, 1965). When the modulation is non-sinusoidal but periodic,
thé side frequencies increase in number and amplitude depending upon
the decomposition of the modulating waveform. When the signal is
finite in duration, the component frequencies will be found in bands
rather than lines, and the bandwidths will depend on the duration and
rise-times of the pulse. As with amplitude modulation, the phase
relations of the separate components are defined by the analysis and no
other set of phase relations can be used to give the same resultant -

waveform.

A third form of modulation is that of the phases of the components
of complex signals. In general, this follows the same rules as the
analysis for frequency modulation, producing side frequencies or bands

at integral multiples of the modulation frequency (Hund, 1942).

Bat pulses very frequently contain modulations. The pulses of bats
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like Rhynchiscus and Chilonycteris, for example, are characterized

by having long durations 6f canstant frequency, but with modulations
of pulse amplitude (Griffin and Novick, 1955; Novick and Vaisnys,
1964). Such modulations certainly result in a spread of energy to
adjacent frequencies. The pulses of both these species are further
complicated by the presence of several harmonics in addition to the
fundamental component. Amplitude modulations can be expected to

generate side bands around each of the harmonics also.

Other bats such as Myotis, many of the phyllostomids, and
megadermatids, produce pulses in which the frequency is swept
from a higher to a lower value during the course of the pulse (Griffin,
1958; Pye, 1967). The rate of frequencyv modulation in bats is very
high. The usual measure for modulation rate is the modulation index;
this is correctly used only for sinusoidally modulated signals of
infinite duration and equals the frequency range produced by the modulation
divided by the modulation frequency w. One can calculate an approximate
thodulation index for a bat like Myotis by dividing the frequency range,
(ab.out 40rkHz),)bythesreciprocal of twice the pulse duration, (about
3 msec. ) This gives an index of several hundred. The highest indices
for which spectral composition is usually provided are several orders
of magnitude smaller (Cf. Wever, 1949 or Littler, 1965). If one extrdpolates
from those values, the higher the index, the greater the spread fo other
frequencies. Thus at the rates of sweep used by bats, the spread of

energy to side bands should be quite large.

To summarize the time dependent properties: each bat pulse will
consist of a complex waveform which can be considered as a sum of many
pure sinusoidal componants. Since it is a finite signal, these components
will be found in bands, the width of which is a function of the pulse duration
and rise times. In some cases, pulse may contain frequency components
which are harmonically related. This will result in periodicity é6f the

waveform, at least during the middle part of the pulse. In other species,
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the amplitude or frequency of the pulse may be modulated resulting
in an increase in the frequency composition of the pulse. All parts
of the pulse, onset, offset, and middle sections with their harmonics
or modulations, will be the result of precise sets of phase relations;
any change 1n these phase relations will result in a change in the
waveform‘of the pulse. Similarly, any change in the relative ampli-

tudes of the components will also alter the wé.veform of the pulse.

‘The Distribution of Pulse Energy in Space The spatial properties

of the pulse will depend greatly on several of the previous properties.
In the first place, the temporal duration of the pulse will determine
its linear dimensions along the axis of travel. For example, in air,
the beginning and énding of a 1 msec. pulse will be separated by about

34 cm. Longer duration pulses will of course have greater lengths.

Secondl‘yg the distributions of pulse enervgy away from the axis
of travel will depend paftly on the frequency composition of the pulse
and partly on the nature of the bat's emitting ofgans. When the
component frequencies are high, most of the energy will be concentrated
within a small solid angle (Griffin, 1958; Pye, 1967); when they are
lower, the energy will tend to spréad out over a greater solid angle.
In those cases where the frequency is modulated, a spread of energy

to greater solid angles will occur as the frequency is swept down.

The organs used for emitting pulses vary with the species. In
some bats, such as most vespertilionids, the pulses are emitted through
the mouth resulting in a fairly broad spread of the sound energy (Griffin,

1946; Griffin, 1958). In other genera, such as Rhinolophus, or Megaderma,

the pulses are emitted through specialized nasal appendages which serve

to "beam" the sound energy in a forward direction (Mghres, 1953, 1967b).
In addition to the basic principle of carved reflectors, some bats seem

to have utilized the fact that two nares set up interference patterns in space.

In Rhinolophus, the nares are set apart by 1/2 the wavelength of the
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principal frequency in their pulses, an arrangement which produces

a highly directional beam of sound (Mohres, 1953).

This completes the discussion of the properties of bat pulses.
Clearly, one limit on the amount of kinds of information which bats
can obtain from echoes is set by the nature of the pulses they emit.
To assess the importance of different properties of pulses in conveying
target information, the processes of echo formation must be discussed.
This will point out a second kind of limit: that set by the number of over-
lapping effects during echo formation and transmission through the medium.
In many cases, different effecté_,will“_alter the same property of the

incident pulse, and this results ih ambiguities in interpretation.

The Structural Properties of Echoes

In discussing the mechanisms of echo forxﬁation, it is helpful to
follow the same procedire used for describing the emitted pulses;
that is, to distinguish between the overall properties of the pulse and
the fine structure properties, and within the latter category, to treat

separately the temporal and spatial properties.

The Overall Energy of the Echo As before, the total energy content

of the signal will depend on the average intensity and the duration. The
average intens ity of_aﬁ' echo will depend on many factorsb. First, the
intensity of the echc;—forming pulse will be of primary importance; all
other properties being constant, the louder the emitted signal, the louder

the echo.

Secondly, the greater the distance between bat and target, the fainter
the echo. This attenuation of acoustic signal with distance is the result
of two contributing effects. One is simply the loss of energy due to at-
mospheric viscosity and absorption which occurs during the passage of any

perturbation through any physical medium. The second form of attenuation
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is the result of geometrical expansion of the sound waves into space as
they travel away from their source. The rate at which this expansion
occurs will depend on the actual shape and distribution of the sound
field, and this will be determined by properties of the source. A
spherical source will produce sound waves with a spherical geometry
and these will radiate unbounded into all dimensions. A cylindrical
source, on the other hand, produces cylindrical waves, (at least over
most of its surface), and these waves, being bounded in one dimension
at the source's surface, radiate only into two dimensions. Since the
cylindrical waves must spread into otie less dimension than spherical
waves, the attenuation losses due to geometrical expansion are lower
in rate for a cylindrical source than for a spherical one. A source
which produces waves which are bounded in two dimensions at the source
can expand in only one dimension and thus do not attenuate geometrically

at all. These are plahe waves.

In general, these two sources of attenuation are combined into a
single exponential equation relating an initial signal pressure to the
pressure at a distance r. For plane waves, which are attenuated only
by the atmospheric losses,

P = Poe-r/a (Beranek, 1949)

where P0 is the initial signal pressure, r is the distance between the
point where Po is measured and the point where P is measured, and
@ is an attenuation space constant with dimensions of distance. This
constant combines the effects of molecular dispersion and absorption
with those of heat and viscous losses. Its value will be a function of
temperature, humidity, atmospheric composition, and the frequencies
of the sound present in the signals The proportiohé.l rate of attenuation

of a plane wave (in pressure terms) with distance is

AP/P = -1/a* Ar
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For waves which are cylindrical in distribution, the peak pressure

at a distance r from the source is
-r/a
P = Poe (Morse and Feshback, 1953)
RVT
and the proportional rate of attenuation will be

AP/P = -(1 Ja + 1/21)- Ar

For waves which are spherical in distribution, the peak pressure at a

distance r from the source is

(¢]
mr

p-p e/ (Morse and Feshback, 1953)

and the proportional rate of attenuation will be
AP/P = -(1/a + 1/r)" Ar

These equations demonstrate the fact that the rate of attenuation
of acoustic signals is greatest for spherical, .next largest for cylindrical
and least for planar waves (1/a+ 1/r>1/a +1/2r>1/e). This means
that the signals received at a distance r from cylindrical and spherical
sources of comparable sizes will differ by a factor of ‘\/? in their pressures,

the cylindrical source producing the touder signal.

In the previous discussion, the sources of these different waves were
treated as if they were radiators of sound. The more realistic case from
the bat's point of view is to consider them as scatterers of incident sound.
In this case, there will be three attenuative steps between the emission of
a signal and thereception of an echo. The first step will occur during the
passage of signal from source to scatterer and the rate of attenuation
will follow both the rules for atmospheric losses and those dictated by the

geometries of the emitting source. For bats, the waves may be considered
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as approximately spherical, although some of the more highly directional
beams may attenuate geometrically at lower rates than predicted for
spherical waves (Cf. Mohres, 1953). Secondly, at the surface of the
scatterer, an ec’hd will be generated, its pressure being a function of
target size, a,,and a éomplex function of target shape and incident
frequency, F. The resulting echo signal will then be attenuated once
again during its passage back to the source, both atmospheric and geo-
metric losses contributing. Assuming the bat is producing spherical
waves which are scattered by a spherical target, the peak pressure re-
turned to the bat will follow the equation
PO- a*F- e-Zr/a
2
pr
The corresponding equation for a cylindrical target is

PO']/;- F. e-Zr/oz

r3/2

Pecho =

Pecho =

%

Consider now two targets, one cylindrical in shape and the other
spherical, and of such a size that in the vicinity of their surfaces,
they produce equal intensity echoes. All a bat need do, (knowing
beforehand that the echoes were equal in initial intensity), is to
evaluate thé intensity of the echoes produced at some point away
from the surfaces of the targets and equidistant from the two of them.
The larger intensity echo will correspond to the cylinder and the other
to a sphere. To make such a judgement, the bat would require some
prior knowledge of the relative sizes of the targets, and the abilities
to make accurate range and intensity evaluations. Since the ratio
between the echoes of the two targets will become more and more
different from 1 as the target distance increases, the greater the bat's

range, the easier the discrimination should be.

An alternative method for discriminating between two such targets

would be to measure the rates of increase in echo intensity resulting from
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a constant decrease in target range. At a given distance, the greater

rate of increase would indicate a sphere echo, and the lesser a cylinder
echo. This method would not require any prior knowledge é,bout'ta‘rget
sizes, but would still include two measurements made at eqlialwdi.stances.
One possible complication to this method would seem to arise from the fact
that at large values of f, the attenuation rates of both kinds of ethoes
converge to th.é. rate for plane waves: -2/a. One can calculate for a

given value of a, at what distances the two rates are within any given
degree of convergence to the plane wave rate of attenuation. For example,
at a distance of 50 space constants, th;a rate of attenuation for a spherical
wave will differ from the plané wave case by only 1%. At a distance of

one space constant, the difference is on the order of 50%. As an example
of a bat-like signal, a 100 kHz tone emitted under atmospheric conditions
of 25° C. and 50% relative humidity will have a space constant of about

2.2 meters (Kneser, 1965.), A hundred such space constants would be
ab.out 220 meters. Since discrimination studies have suggested that the
apparent distances of target evaluation for bats are somewhat less than

a meter, the use of attenuatibn rates by these animals could easily be

within their capabilities (Cf. Griffin, Friend and Webster, 1965).

The third factor affecting echo intensity, (and one that has alr-eady »
been mentioned), is the ap'parent size of the target. This apparent size,
usually called the "cross-section" of the target, is a complex function
of the size and shape of the target, the orientation of the target relative
to the incident sound field, and the wavelengths of the impinging sounds.
Since this factor depends so highly on the temporal and spatial properties
of the incident pulse, it will be discussed in the following sections on

those properties.

The fourth factor which affects overall echo intensity is the location
of the target relative to the bat. This is due to the fact that both the

emitting organs and the receiving organs of the bat are directional
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(Grinnell, 1963c; Grinnell and Grinnell, 1965). Whenever an echo
arises from a point other than those within the directional optima

of the bat's ears, it will be perceived as of lower intensity (Grinnell,
1963c). As with most of the other parameters, the degree of apparent

attenuation will be frequency dependent.

The use of echo duration in target discrimination is only possible
under a certain set of conditions. Since these depend on certain
temporal and spatial properties, this will also be deferred until a

later section.

The Distribution of Echo Energy Over Time The alterations in

the temporal patterning bean incident pulse during the formation of
an echo are by far the most complicated aspects of echo formation.
Real targets will in general alter the incident pulse in sever?l ways
simultaneously.' To separate out these different effects, it is easier

to consider a series of ideal and extreme cases.

The first case ié_ﬁhat:ofa totally rigid body. In acoustics, this
means a body which absorbs only a trivial amount of the incident
sound energy. Targets will be rigid bodies when their acoustical
"impedance" differs; greatly from the acoustical impedance of the
medium in which they are immersed (Morse, 1948). Outside of the
region immediately adjacent ta a boundary, (where interactions between
target and medium produce a complicated impedance pattern), the
acoustical impedance of any material is approximately the product
of its density and the velocity of sound in the material (Beranek,
1949). Thus a rigid body for a bat is one which has an acoustical
impedance which is significantly different from that of air. For most
liquids and s0lids, both the density and velocity of sound are much
greater than for air, and, as a consequence, little sound energy is

absorbed by these materials. However, hollow shells filled with air,
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or some synthetic or living materials may have a better impedance
match with air and may thus absorb non-trivial amounts of sound

energy (Hickling, 1967). These will be donsidered later.

Given a rigid body in air, the nature of a reflected echo will
depénd first on the relative sizes of the object and the wavelengths
of the impinging sounds. These are usually combined in the dimen-
sionless parameter ka, where k is the wave number, (in waves per
unit distance), and a is some appropriate dimension of the target,
e.g., the radius for a sphere or cylinder, 1/2 the interfocal distance
for a prolate spheroid, etce It is helpful to think of ka as 2w times

the ratioof the target dimension, a, to the wavelength of the sound.

Acoustic theoriés predict that for rigid bodies, where ka =1
or less, the echo intensity will follow the well-known laws of Rayleigh
scattering (Morse, 1948). This means that the echo intensity for a
sphere will be a function of the fourth power of the frequency of the in-
cident sounds; or less familiarly, a function of the sixth power of a
(Morse and Feshbach, 1953). When ka is equal to 1, the wavelength
of fhe impinging sound is about 6 times the value of a; for a freq.uency

of 100 kHz, the value of a for ka =1 is about 0. 6 mm.

For values of ka greater thanl, but less than about 35, the echo

properties are more complicated. This is due to the fact that part

of the incident sound energy is reflected fromithe nearest surface,
while the rest forms a "creeping waxf}e" which circulates around the
target and interacts with the reflected waves (Hickling, 1958; Uberall,
1966); This diffelrsf; from Rayleigh conditions where due to the large
size of the‘wave‘s, rel.atfive to the target, most of sound energy flows
around the target, and whatever energy is scattered is distributed in

all directions.

The interactions between reflected and creeping waves, (usually

called "diffraction effects"), are frequency dependent and generate an
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echo "spectrum" that is characteristic of the shape and size of the
target (Spence and Granger, 1951; Hickling, 1958; Uberall, 1966).

For simple geometries such as spherical or elliptical solids, the frequency
spectra are also simple, and in fact, closely resemble a single damped
sinusoid (Hickling, 1958). The damping of the variations with increasing
frequency (or ka) is a result of the fact that as a creeping wave cir-
culates about an object, its amplitude is decreased by a continual
tangential loss of energy (Uberall, 1966). Since it is.only thattenergy
which is radiated parallel to the reflected waves which contributes

to the interactions, the degree of interaction will depend on the amount
'of energy remaining aftér each circuit of the target. The rate of energy
loss will depend upon ;:he nﬁrhber of cycles the sound waves go through
per circuit. This will depend on the frequency, or k, and the circum- '
ference of the target, a fungti'on of a. The larger either k or a, the
less energy which is.available in the creeping waves for interactions.
Frequency spectra for diffraction effects are thus usually plotted with
ka as the independent variable and echo intensity as the dependent
variable. The spectrum for a sphere shows that for a ka =10, small
changes in ka can produce up to 10% variations in echo intensity.

At higher ka, these variations damp out for the reaéons stated above,
and the echo intensity becomes effectively frequency independent. The
upper limit for diffraction is usualljr set around ka = 35, which for an
incident frequency of 10 kHz, corresponds to a target dimension of

about 21 mm.

The differences in frequency spectra for different target shapes
arises out of the fact that the interactions between creeping and re-
flected waves consist of interference effects between two waves of the
same frequency. Since the distance each travels to the point of con-
vergence will determine their:relative phases, the nature of the inter-
ference, destructive or constructive, will depend in large measure on

the circumference and shape of the targets. If a target is symmetrical
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in all directions, i.e., a sphere, there will be only one set of such
dimensions and thus a single frequency spectrum. For other targets,
which have more than one but less than an infinite number of axes of
symmetry, the angle of incidence of the sounds will affect the distances
creeping waves must travel, and thus each incident angle will generate

a different echo spectrum (Spence and Granger, 1951).

A rigid body with a ka greater than 35 produces echoes which
mimic optical shadow effects and this region is thus called the "optical
region" (Morse, 1948). When this occurs, about half of the incident
energy is reflected from the near side of the target, and the rest is
deflected behind the target where it interferes wifh the-unchanged
sound field to produce a "shadow". For simple rigid targets with no
abrupt discontinuities of curvature, the echo intensity is not'd function
of frequency in the optical region. However, if there are‘discontinuities,
each acts as a separate reflector of sound, producing a set of sub-
echoes (Freedman, 1962a; 1962b; 1963; 1964). Unless these dis-
continuities are all equidistant from the source of the sounds, the
sub-echoes will be out of phase and can thus interfere. Again, the
distances between reflectors and wavelengths of the impinging sounds
will determine whether this interference will be constructive or destructive.
Slight shifts in frequency will clearly produce echoes of different amplitude.
An additional complication when many discontinuities are present is
the possibility of successive scattering; that is, waves may be reflected
sequentially from several points before being scattered back as an echo.
The phase relations and frequency dependence of this effect willbe very

complicated.

In each case discussed above, it was assumed that the target was an
absolutely rigid body. 1If, on the other hand, the target absorbs some
of the incident energy, this energy can be reradiated after a time delay

to produce interference effects with the directly reflected component
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(Faran, 1951; Hickling, 1962, 1967; Hickling and Wang, 1966; Doolittle
and Uberall, 1966; Diercks and Hickling, 1967). In general, the absorbed
energy sets up vibrations within the target, and the nature of the inter-

e

action between these vibrations and the reflected waves will depend on

ka, the environment of the target, and the target's' composition.

If the target is free to move, e. g., is not a‘;ctached to some im-
movable substrate, impinging sounds with a ka of 5 or less will set
up whole body vibrations of the target (Hickling and Wang, 1966).
These interfere with the scattered waves to produce a frequency
dependence which is different from the diffraction effects. If the composition
of the target is of a relatively rigid, incompressible material, these
whole body vibrations disappear above a ka of 5 and the only frequency
dependence will be g:}ué to diffraction or multiple scattering. If on the
other hand, the material composing the target is relatively pliant, increasing
ka only changes the nature of the vibrations set up within the target.
The vibrations then become internal "shear waves" which can interfere
also with the scattered components to produce frequency dependent.echoes.
Hickling (1962) has shown that for solid metallic spheres in water, the
location of interference maxima and minima along the ka scale is highly
dependent on the material composition of the target. While the degree
of frequency dependence for fhe whole body vibrations, (low ka's), seems
to follow the ratio of target density to medium density, the elastic
vibrations, (high ka's), seem to be a function of the velocity of induced
shear waves in the target. In general, the higher this velocity, the more
widely spaced are the interference peaks along the ka axis. Diercks
and Hickling (1967) examined the frequency dependence of echoes from
hollow metallic spheres in water and found that decreasing the thickness
of the wall increased the number of interference maxima in the ka range

studied.

It should be clear that if a target falls in any of several categories,

(a ka less than 35, a surface with discontinuities, or a composition which
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results in absorption of incident sound energy), it will produce frequency
dependent echoes. When the incident pulse of sound contains many fre-
quencies, as we showed to be the case for most bat pulses, the dis-
tribution of energy among the component frequencies”in the echo will
differ from that in the emittéd pulse. This will thus provide potential
information to the bat about the target, since most of these effects

are characteristic of the shape, surface texture, or cbomposition of

the target.

Information is also potentially present in another form when the
incident pulse contains many frequencies. All of the interference
mechanisms, (diffraction, multiple scattering, and viberational
interactions), produce phase shifts which are dependent on ka (Morse,
1948; Hickling, 1958; Hickling, 1962; Freedman, 1962a, 1962b). This
means that in addition to altering the relative amplitudes of each fre-
quency component, these mechanisms also alter the relative phases.

Since the wavefé6rm of the echo will be the Fourier sum of these various
components, any shifts in the relative phases of the components can drastically
alter the echo waveform. If a bat coulcl.’ utilize either phase or echo en-

velope data, these effects could provide additional information about target

parameters.

Finally, the duration of the echo is also potentially alterable by the
various interference mechanisms. In the case of diffraction, each cir-
cuit of the creeping wave results in the release of sound energy parallel
to the direction of travel of the reflected combonents., If an incident
sound pulse has a spatial dimension equavl to or smaller than the size of the
target, the reflected component and the creeping wave components will be
perceived as separate echoes (Uberall, 1966). As the incident pulse duration
is increased, the time lag between reception of the separate components
decreases, and eventually they begin to summate. Initially, overlap of
the components produces a pulse with longer duration and amplitude

modulations, the first amplitude peak being the "reflected" echo, and
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subsequent peaks being creeping wave "echoes". When the duration

is increased still more, part of the reflected wave component will
overlap significantly with the creeping wave components and inter-
ference as described above will occur. The resulting echo will begin
with pure reflected components, will have a middle section which is the
result of interference effects, and will have a terminal section of pure
creeping wave components. For such an echo, the increase in duration
corresponds primarily to the time delay between the reflection of any
part of the incident wave by the face ©f the:target and the later radiation
of creeping wave energy. Since for a given ka, this time is fixed,

the percent increase in echo duration will diminish as the pulse duration

is increased beyond the region of initial overlap.

Exactly the same effects on echo duration occur when the target
has multiple scatterers due to surface irregularities (Freedman, 1962a;
1962b), or when the target absorbs energy and produces vibrational
interé,ctions (Hickling, 1962), For these targets also, the ffactional
change in echo duration decreases once the spatial dimensions of the
pulse are larger than the target. For a bat producing a 1 msec. pulse,
this critical size would be on the order of 1 foot. For bats using
frequencies in the range of 20-100 kHz; this corresponds to a ka of
between 120 and 600. This is far beyond the region where creeping
wave components would make detectable contributions to the echo.

For this reason, duration alterations due to diffraction are unlikely
in bats. However, the effects of muitiple scattering and vibrational
interactions could still produce either amplitude modulated, longer
echoes when the pulses were very short, or simply longer ones when

pulses were longer.

To summarize the effects of echo formation on the temporal properties
of echoes: most real targets will prodtice echoes which are to some de-
gree frequency dependent. Many of these will also produce phase shifts,

and some may produce echoes of longer duration than the initial pulses.
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These changes will change the relative amplitudes of the various fre-
quency components and produce an echo with a different waveform than the
pulse which produced it. The greater the,number of frequency components,
the greater the amount of information wlfich is potentially available.
Temporal fine structure properties are the refore of potential value in

determining target size, shape and composition.

An ambiguity which can arise in the evaluation of frequency dependent
echoes follows from the frequency defaendence of atmospheric losses.
In a previous section, it was noted that the atmospheric attenuation space
constant, @, is a function of the temperature, humidity, density, and
viscosity of the medium, and also of the frequency of the sound. As a
rule, the higher the frequency, the greater the attenuation. Unfortunately,
this relationship is rarely a simple function and must be computed for
each set of parameters. In any case, it is clear that some frequencies
will be attenuated more rapidly than others during the passage of the
pulse and echo through the air. Since the relative amplitudes of the
component frequencies in the echo will thus be changed, so will the
echo waveform. A bat could learn to compensate for these effects if
he had an independent measure for target range. As mentioned above,
this may be achieved by the use of the delay between pulse emission
and target reception. Such compensations would of course not be simple;
a bat which flies from a cool dry environment into a warm and humid cave

would have to make different compensations in the two conditions.

The Distribution of Echo Energy in Space The spatial distributions

of scattered sound energy depend in large measure on the mechanisms
of echo formation. When no sound energy is absérbed, and Rayleigh
conditions apply, the distribution of sound energy scaftered from the
target is about equal in all "backward" directiqp-n‘sf;(;[vlorée, 1948).
When ka is larger and diffraction effects occur, the distributions of

backscattered energy are more complicated. The same interference
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patterns which produce the frequency dependence of the diffracted

echo also produce an unequal distribution of back-scattered energy.
These distributions are usually depicted as polar plots about the target,
where a single contour line connects all points which share some
arbitrary level of sound intensity. In the diffraction region, polar
plots for simple targets show a series of "lobes" whose position in
space is characteristic of ka, the target's shape, and its orientation
(Morse, 1948; Spence and Granger, 1951). As a rule, increasing

ka results in an increase in the number of lobes. Similar lobing
occurs with vibrational interference effects (Diercks and Hickling,

1967) and presumably also with multiple scattering.

Since these polar distributions are characteristic of target para-
meters such as shape, they are potentially sources of information to
the bat. However, for a bat to utilize this information, certain
conditions will have to apply. The polar patterns around any target,
and particularly, the number and location of lobes, will depend on the
orientation of the target relative to the direction of travel of the incident
sounds. Since a sphere has the same shape when viewed from any angle,
the distribution of lobes around spheres is symmetrical about the axis
of travel of the incident waves, (Morse, 1948). For an elliptical solid,
each angular position of the target relative to the incident sound waves
will produce a different pattern of lobing (Spence and Granger, 1951).
There are two ways a bat might use this information to make target
discriminiations, one requiring a qualitative judgement, the other

requiringa quantitative plotting of the polar pattern.

For the first case, suppose the bat knows that he must choose
between two targets, and that one target will produce lobing that is
symmetrical about the axis of incidence, while the other will produce
an assymmetrical pattern. An example of the former would be a sphere,
and of the latter, a prolate spheroid, lying on its side and with one end

tipped towards the bat. The sphere will produce a symmetrical pattern of
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lobing at any angle of approach, and as a conseqlience the echo levels
perceived by the bat's two ears will be the same. However, at many
angles of approach, the prolate spheroid will produce assymmetrical
lobing, and the two ears will receive echoes of different intensities.
By simply varying the angle of approach, and measuring binaurally the
intensity of the perceived echoes, the bat could fairly easily choose

between these two targets.

However, few targets will consistently give the same degree of
pattern symmetry for all angles of approach. Most in factwill-give
one pattern at one angle, and another pattern at another angle. Unless
the bat has some independent measure of the target orientations,
qualitative judgements of pattern symmetry will not suffice for dis-
criminations. To use polar information, the bat must attempt to
reconstruct at 1eas‘t part of the polar patterns for each target. How

might this be done?

One usually generates a polar plot by specifying the distance, r,
which gives some standard level of intensity for each angle, 6, relative
to the axis of the incident sound waves. A bat however cannot specify
what intensity he wishes to receive, and consequently must use the
alternative method of specifying the intensity for a given value of r for
each value of 6. If the ears of bats were located on the axis of travel
of the emitted pulses, it would be very difficult for the bat to measure the
polar field for any other angle than 06 =0. Inffact, however, the ears are usually
displaced off of the axis by a distance d. This results in a sampling
angle, 0, which is equal to arctan d/r. To reconstruct a polar plot,
the bat must attempt to sample the field for several values of 8. To

do this, he can either vary d, or vary r.

The anatomical component of d is relatively fixed. However, the
bat could get around this limitation by emitting a pulse and then dodging

- quickly to one side a distance d' during the interval it takes for the pulse



33

to travel to the target and for the echo to return. The value of 0 is
now equal to arctan (d+d'Yr. By dodging different amounts and in
different directions, the bat might be able to plot a reasonable amount
of the polar field. It is unlikely however that in those cases where
discriminations have been studied, this mechanism can account for the
demonstrated skills of bats. In the study by Griffin et al., (1956),
noted earlier, the bats were discriminating the targets at distances

of 50-60 cm. Even if the bats were able to translate their full for-
ward velocity, (measured at about 1.2 m/sec. ), into a lateral dodge,
the intervals between pulses would only allow for increases in 6 of

about 10.

Alternatively, the bats might attempt to vary r. This they do as
a matter of course during the approach to a target. Under these con-
ditions, decreasing values of r result in increasing values of ©. Since
each echo represents a different value of >G, it also represents a new
part of the echo field. This means that as the bat approaches a target
which has a lobate polar field, the intensity of the perceived echoes
shotuld vary up and down as the ear passes successively through lobes and
interlobes. These variations will be superimposed on the gradual rise
in echo intensity which results from decreasing geometrical and atmospheric
losses. The resulting pattern of echo intensity as a function of the distance
r will clearly be a function of targét shape, ka, and target orientation.
If the latter two parameters are held constant, the bat should be able’to

discriminate targets of different shape.

There are several limitations on the use of this method. To obtain
a characteristic pattern, the bat must be at such a distance that it passes
through detectable changes. If for example, the distance were very great,
or the polar pattern had few lobes per unit angle, changes in r would not
produce very matrked differences in intensity. For a given pattern, there

will thus be an optimal distance at which the bat will pass through regions
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of great enough variation to characterize the field. In the discriminations
described by Griffin et al. (1965), it is questionable whether the bats were
making their choices in such an optimal region. In these experiments,

the appropriate values of d and r were l cm. and 50 cm. respectively.
This corresponds to a value of 0 of about 1-2°. Unless the polar
patterns were very finely lobate, it would seem that the bats would

have had difficulty in characterizing the ehco fields. While the targets
used should give highly lobate patterns with constant frequencies, the

FM pulses used by these bats tend to smear and simplify the polar patterns,
an effect predicted by Morse (1948) on theoretical grounds and verified
by Griffin et al. (1965)inthe course ofcalibrating their targets. This fact
further reduces the probability that polar patterns were used by these
bats. A final 1i'mitat'ion arises from the fact that the targets in these ex-
periments were tumbling in space. As a consequence, succes,.sive echoes
would not necessarily provide new points in any given polar plot, but
different points of different plots corresponding to the different angles

of target orientation. The resulting ambiguities would seem to ﬁake

the method of little use under these conditions.

A rather different method of target discrimination might be achieved
by using the spatial properties of the emitted beam of sound. .Since the
emitting organs of most bats produce frequency dependent beams of
sound (Griffin, 1958), a pulse whi'ch sweeps downwards in frequency
will also produce a beam of increasing soliéi angle. When a target is
either large enough Of close enough to c.omprbletevly fill that beam, the
width of which is determined by the frequency, the .bat will receive
a maximum echo. At lower frequencies, and greater beamwidths, not
all of the emitted energy will be reflected and a softer echo will be re-
turned. For a given distance, the frequency at which the echo intens ity
begins to decrease will be a function of the effective cross section of the
target. For example, if the beam itself has a circular cross section,

and intercepts a circular target, the drop-off in intensity when the beam
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is wider than the target will be fairly sharp. However, an elliptical
target with the same cross-sectional area will show a decrease in echo
intensity at a higher frequency than the corresponding sphere, but

will drop off less sharply. Such a mechanism would work much like
simple optics at large ka, but would become more complicated with

diffraction or vibrational interactions.

To summarize the spatial properties of echoes: most targets
will produce unequal distributions of backscattered energy. Under
certain conditions, (such as when there are differences in the
symmetry of the patterns, when the orientations of the targets
relative to the bat are constant, or when it is possible to make the
discriminations at close distances), the Ba.ts may be able to measure
and utiiize these echo fields. In addition, the use of narrow beams
and FM pulses could supply some information about the sizes and shapes

of targets if the beam widths and targets are of comparable size.

Physiological Limits on the Use of Echo Propertiésn

The previous discussion has suggested several ways by which
a bat might extract information about a target from echoes. "It is
now timely to ask which of these methods are within the known
physiological capacities of the animals. Fortunately, just enough
is known about the workings of bat audition to comment on these

limitations.

The "potential" ability of bats to distinguish between sounds of
different intensity has been established by several workers. Grinnell

(1963a), recording in the posterior colliculus of Mlotis' Hcifu‘gus’, obtained

neurophysiological responses to changes in overall intensity of 0.1 to
0.2 dB. This corresponds to a change in sound pressure of 1-2°/5,
which is quite small. For a simple target like a sphere and for a

ka in the optical region, the amplitude of the echo at any given distance

is proportional to the radius of the sphere (Morse, 1948). 1If the behavioral
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limits of resolution are the same as the observed neurophysiological
ones, (which they are not necessarily), a Myotis should be able to
distinguish between two spheres which differcin diameter by only a

few percent.

There are several reasons however for believing that theibehavioral
limits of resolution are not the same as the neurophysiological ones.
In the first place, most bats hunt on the wing, and the distances between
them and successiver targets will rarely be the same. Thus, as the
bat moves slightly, a change in echo intensity could mean either a
differently sized target, or a change in the distance between bat and
target. To sort out these two effects, the bat must have some in-
dependent means of measuring one of them. The most likely solution
is that the bat can ascertain distance by using the time interval between

pulse emission and echo reception.

In most mammals, the ability to distinguish separately two suc-
cessive pulses of sound is 1iﬁ1'1ted by their separation in time and by
their relative intensities. The tonger the interval, the greater the
amount of recovery which the auditory system can complete following
the first pulse, and thus the greater its response to the second. The
fainter the first pulse relative to the second, the less the recovery

that is needed to resensitize the system (Cf. Wever, 1949).

In bats, the recovery times of some medullary neurons are very
high, (on the order of a few msec. ), and this allows for rather fine temporal
resolution (Grinnell, 1963b). The recovery times are further reduced
by contractions of the middle earmuscles during pulse emission, thereby
decreasing the perceived intensity of the first sound (Henson, 1967).
Finally, there seem to be special cells in some bat colliculi which are
actually sensitized by the first of two sounds, thus <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>