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ABSTRACT

Obstacle-avoidance by echolocating long-eared bats (Plecotus townsendij) was tested

while the bats were flying in random noise. Previous experiments had indicated that
bats could achieve a surprising degree of success when dodging wires in a room
filled with random noise in the band 20 to 50 kc, which covers the fundamental fre-
quencies in the pulses of orientation sound used by Plecotus. The present experi-
ments show that at a given noise power per cycle, the effectiveness of masking was
far greater for a 10- to 90-kc noise than for ane that merely covered the fundamental
frequencies in the bat pulses, but that the bats can still echolocate when the noise
power, per cycle of bandwidth, exceeds the energy in the echo. Further broadening
of the noise spectrum, to an upper limit exceeding 120 k¢, had no discernible effect.

The effect of coherent noise, originating in a single random-noise generator con-
nected to all the loudspeakers, was compared with the effect of noncoherent noise,
which originated in four noise generators, each of which supplied one-quarter of the
loudspeakers. In the noncoherent noise field, a bat always received noise from at
least two independent noise generators. Though the bats seemed to fly with more
assurance in coherent than in noncoherent noise, obstacle avoidance in the coherent
noise was only slightly and inconsistently better.

The signal-to-noise ratio at the moment of detection of the wires was estimated as
follows. Detection was evidenced by a drop in time interval between pulses. From
motion-picture films carrying sound tracks, the distance of detection was determined
for the average of a few cases. The echo strength E', in ergs/cmz, was calculated
for this detection distance, using the scattering cross section of the wire and the
energy spectrum of the bat's sound pulse. The noise level Né, in ergs/cm2 (e, in
ergs/sec cm2 per cycle of bandwidth), was measured also. The ratio E'/Né at the
bat's ear at the moment of detection was about —5db, in noncoherent noise,

Operation at such a low signal-to-noise ratio is possible because the bat has several
ways of discriminating against the noise when it does not come from the samedirec-
tion as the echo.

By itself, the directionality of the external ear seems to be hardly enough to account
for the bat's success. However, neurophysiological studies have disclosed an inter-
action between the bat's two auditory chamnels, such as to enhance directional dis-
crimination. There is also an interaction such that at the level of the posterior col-
liculus — a midbrain auditory center especially well developed in bats — a favorable
signal-to-noise ratio at one ear (achieved by directional discrimination) resuits in
suppression of the effects of noise received at the other ear. By flying insuch a way
as to exploit these means of discrimination based on direction, Plecotus can enhance
the signal-to-noise contrast by 20db or more. The resistance of bats to jamming
has therefore been brought into consonance with the demands of the statistical signal~-
detection theory developed for electrical communications.
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THE RESISTANCE OF BATS TO JAMMING

I. INTRODUCTION

During the evolution of insectivorous bats, one of the critical factors in their survival has
been the ability to locate flying insects precisely and rapidly in darkness. Although detection is
sometimes based on sounds generated by the insect,i’z insects are commonly intercepted by

’

echolocation.3 Echoes from single small insects must be detected despite the presence of louder
echoes from other objects at about the same distance such as twigs, leaves, the ground, and
larger insects, and often in the presence of orientation sounds from other bats nearby. The
nervous systems of these animals are doubtless highly adapted for the extraction of pertinent
information from a complex and unpredictable background of other sounds. Bats thus face a
problem exactly parallel to a basic problem of communications engineering: the recognition of
meaningful change ("signal") in the presence of irrelevant change ("noise").

A preliminary experiment has shown that long-eared bats (Plecotus) can detect echoes from
small wires despite the presence of intense ultrasonic noise.5 That experiment was designed to
ascertain the ratio of S, the power level of the detected echo, to N, the power level of random
noise occupying — as nearly as was practicable — the same band of frequencies. In ordinary
observations with oscilloscopes it is usually necessary for S/N to be one or higher before a signal
can be detected reliably. It was therefore surprising to find that the more skillful bats consist-
ently detected echoes for which S/N appeared to be about —35db. When S/N is considerably less
than one, detection is no simple matter, and the resistance of these bats to jamming therefore
called for further study.

The problem of distinguishing signals from noise has evoked the concept of an "ideal detector";
this is, by definition, a device that processes optimally the complex of signal and noise that
reaches its inpu .6'7'8'9 For any detecting system to distinguish in difficult cases whether a
given waveform is partially ordered (e.g., a signal) or entirely random (e.g., "white" noise),
it is of advantage for T, the duration of the signal, to be long, so that the order may have time
to make itself manifest. The frequency bandwidth W is also of importance; stated in general
terms, the reason is that if W is larger the signal can have more characteristics by which it
may be recognized. To take account of these considerations, it is now customary to consider
the detectability of signals not in terms of S/N but of WTS/N or some equivalent ratio. A com-
monly used equivalent is E/N o’ where E is the signal energy, ST, and N ° is the noise power
per unit bandwidth, N/W. According to well developed theory, E/N o, must considerably exceed
unity if reliable detection is to be possible even under the most favorable circumstances, which
include advance knowledge of the exact character of the signal and of the precise time when it will
reach the ideal detector, if it arrives at all.



For the case of a Plecotus dodging a 0.54-mm wire in a noise where S/N appeared to be —-35db,
it is possible to estimate E/ No' but the result is difficult to reconcile with the theory of signal
detection., For a single pulse of sound emitted by this species, T may be taken as 10'3 sec.
Although many pulses may be as long as 2 or 3 msec, the peak amplitude is maintained only for
a fraction of this time, and the estimates of S/N were based on maximum amplitudes of emitted
pulses and the assumption that this amplitude was maintained for one millisecond. The bandwidth
of the fundamental frequencies is about 1,5 X 104 cps (40 to 25 ke in a typical instance). These
figures lead to an estimate of —23 db for E/N0 in the echo from a single pulse. If more than oge
pulse is used to detect the wire, E/ No may increase by as much as the sum of the individual pulse
energies.10 But only a very few pulses are emitted when the bat is as close to the wire as 10 cm,
the distance for which S/N was estimated, so that a considerable discrepancy remains to be
explained.

The experiments described below were therefore designed to explore this question more
thoroughly, with particular reference to (1) the bandwidth W of the noise, and the uniformity of
noise level throughout the frequency spectrum used by the bats and the flight space where the
experiments were conducted; (2) the distance at which wires were actually detected (necessary
to estimate S); (3) the quantitative relationship between noise intensity and the bats' success at
dodging small wires.

Certain limitations of the earlier experiments required that improved facilities be employed.
The principal improvement was in the noise field, in respect to its spatial uniformity and espe-
cially its frequency coverage. Originally 70 "Isophon" electrostatic loudspeakers had been used
to generate jamming noise, and these were located in two arrays at the ends of a 4 X 4-m space
containing four rows of vertical wires. The acoustic output of these speakers declined over the
frequency range used by the bats, and despite the high-pass filter between noise generator and
power amplifier the noise energy at 40 to 50 kc was distinctly lower than at 20 to 30 ke, while
above 55kc it fell off sharply., Although the fundamental frequencies in the pulses of Plecotus
sweep over about an octave located between 50 and 20 kc, the presence of higher frequency com-
ponents is often indicated by subsidiary peaks on the graphic representation of the waveforms
when they are displayed on the cathode ray oscillograph. Furthermore, auditory evoked poten-
tials from the brains of anesthetized Plecotus commonly show minimum auditory thresholds at
55 to 65 kc;11 but between 65 and 100 kc the threshold rises by 60 to 80db, and above 100 kc it was
only rarely possible to obtain any evoked potentials at all, Thus it is plausible, on electro-
physiological grounds, to assume that these bats have considerable auditory sensitivity one
octave above the fundamental frequencies in their orientation sounds, although not much higher,
It was therefore important to determine whether components above 50 k¢ in the echoes had
escaped jamming in our earlier experiments with Plecotus. The new noise field permitted this

to be done.

II. METHODS
A. Experimental Animals and Obstacle-Avoidance Tests

The bats used in these experiments were Plecotus townsendii from caves in West Virginia;

these bats are called P. rafinesquii in our previous papers, but see Handley.“‘ They were allowed
to fly in the quiet or in noise almost every day. The success of bats at dodging small wires is
variable, and we have been interested primarily in the more expert individuals that consistently



avoid wires day after day with considerable skill. When jamming noise is added to the experi-
mental situation, the variability increases and a more stringent selection is necessary to obtain
consistently good performance. In these experiments, a preliminary screening selected those
bats that seemed adapted to life in captivity, in that they ate mealworms well, flew freely, and
avoided wires reasonably well in the quiet when first tested in the flight room. Of the total number
captured, about one fifth were chosen. About half of these were actually used in the experiments
presented below; the other half consisted of animals whose health or performance deteriorated
during the period of the experiments. The selected bats, roughly 10 percent of the total number
caught initially, usually improved in obstacle-avoidance scores during the first few days of testing,
and then remained at approximately their peak performance consistently for two or three weeks.
All data presented below were obtained during such a period of peak performance that was main-
tained for at least 7 to 40 days.

Only after each bat had demonstrated the ability to dodge wires well in the quiet was it
exposed to the noise. The first reaction to noise at high intensities was to land. In the high
noise levels, it was often necessary to release a bat repeatedly in various parts of the flight
space before an adequate number of flights through the rows of wires could be obtained. Flights
in the quiet or in less disturbing noise were included before and after all tests in the highest
noise levels, and tests in different kinds of noise were interspersed in a variety of sequences
to balance out possible changes in general level of performance. No significant trends were
observed during the periods over which these data were collected, and it was possible to include
almost all flights during the period of peak performance.

The ability to avoid wire obstacles was measured by means of the scoring methods described
elsewhere.5 The wires were vertical, spaced about 45 cm apart, in rows that formed obstacle
planes, and the chance score for bats approaching such wires in a direction normal to the plane
of the wires vas about 40 percent misses. The scoring unit was a "trial," defined as a flight
through a plane of wires.

B. The Flight Chamber and Obstacles

Ideally, bats should have ample room to maneuver when they are tested for ability to avoid
small obstacles, but it was necessary in the present experiments to fill the flight space with
high~frequency noise, and since the available loudspeakers were highly directional, many were
necessary to generate a reasonably uniform noise field even in a small flight space. The com-
promise necessitated by these two conflicting requirements was the 5 X 2-m flight space shown
in Fig, 1, The height was 2.4 m and the ceiling and floor were of hard material — plywood and
linoleum respectively — which reflected sound almost totally. The walls were made of nylon
mosquito netting, which allowed observation as well as affording almost total transmission of
sounds. Beyond the netting were hard cinder block walls of the laboratory room; these were,
respectively, one and three meters from the sides of the flight space, and one and four meters
from its ends.

The vertical wires serving as test obstacles were attached, by stretched rubber bands at
both ends, to the sliders of standard traverse rods designed for holding window drapes. The
wires were arranged in rows one meter apart across the flight space, and for each row the
sliders were connected to a cord that passed over pulleys so arranged that a single movement
of the cord shifted all wires horizontally without altering appreciably the 45-cm spacing between
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Fig. 1. Plan of the flight space. The enclosure represents a wall of gauze hung from floor to
ceiling, so that it was 2.4 m high. The broken lines mark the normal positions of the obsta~
cle planes. The drawing is to scale, and the separation of these planes is 1 m. The letters
mark places at which the noise was measured; some of the measured values appear in Table |,
Light solid lines delineate the field of view of the camera. The microphone was connected
to an amplifier and rectifier, and thence to the sound track of the camera.

them. The ends of the wires and their attachments were covered by boards placed on edge so
that all supporting fixtures were screened.

In all experiments reported below, the wires were shifted frequently and irregularly in
position within each of the four wire planes shown in Fig. 1. It was thus impossible for the bats
to learn the positions of the open spaces between the wires; each flight required careful dodging
maneuvers if collisions with the wires were to be avoided. When a bat passed through the plane
of the wires by flying within about 15 cm of the boards framing each row of wires the flight was
not counted, because of possible variations in the noise field close to the boards.

C. The Noise-Generating Apparatus

The loudspeakers were arranged in two rectangular arrays about two meters square and 50 cm
from the ends of the flight chamber, as shown in Fig, 1. There were 26 speakers in each array
and all were directed towards the flight space and parallel to its long axis. The loudspeakers
were built on the principle described by Kuhl, Schodder, and Schrader.is The design resembles
that of an ordinary condenser microphone, except that the diaphragm is a metal film on a Mylar
(polyethylene terephthalate) foil that is stretched in contact with a grooved rear electrode. The
electrodes are much more closely spaced than they are in a microphone for use at audio frequen-
cies, and the Mylar film prevents them from coming into electrical contact.

In the experiments designated here as Series II, III, and IV, some of the speakers had domed
backplates and others had plane ones, but for Series V and VI, all the speakers had domed back-
plates such that the diaphragm formed a 20°-wide portion of a sphere. The doming gave each
speaker a broader radiation pattern than that from a plane diaphragm with the same area and
therefore the same power-handling ability.

The jamming noise originated in one or four random-noise generators, General Radio Type
1390-A, Each generator was followed by a step attenuator and a bandpass filter. The speakers
were powered by a battery of 16 special amplifiers, each of which was capable of supplying



300 volts peak-to-peak to acapacitive load of 6000 uuf. The frequencyrange of the amplifiers was
13,14
20 to 300 ke, ™°
distribution, After the bandpass filtering, however, the noise was approximately Gaussian; the
power amplifiers, operated in a region of good linearity, did not appreciably distért the ampli-

The raw output of the noise generator was far from Gaussian in its amplitude

tude distribution.

The noise field designated below as "coherent" was generated by connecting one random-noise
generator to all 16 amplifier inputs, and thence to all 52 loudspeakers. A "noncoherent” field
wag generated in most of the later experiments by connecting four of the amplifier inputs to each
of four random-noise generators, so that there were four sets of loudspeakers in each array, each
set being driven by a statistically independent waveform. The sets were interspersed so that
each point in the noise field was irradiated significantly by speakers from at least two different
sets.

The characteristics of the noise field were determined with the help of the microphones
described below and an ultrasonic analyzer (Model SB-7bZ, Panoramic Radio Products, Inc.,
with an additional integrating capacitor in the vertical deflection circuit). The waveform at the
speaker inputs had a power spectrum that was uniform within 4 db from 20 to 200 kc. Variations
in the spectrum of the noncoherent sound field arose primarily from the frequency response of
the loudspeakers, and secondarily from absorption by the air.

When the field was coherent, interference produced sharp spectral variations in the sound
level at any one point in the field. Since the maxima and minima caused by interference were
presumably narrow compared with the voltage-response curve of our analyzer, which at the
time in question had an equivalent rectangular bandwidth of 2300 cps, we cannot estimate the
magnitude of these fluctuations; on the spectrograms, the dips and rises attributed to interfer-
ence depart from a smoothed curve by amounts as large as 10db. A noncoherent field is far
easier to measure and to draw conclusions from because there is no permanent pattern of inter-
ference, The coherent field was used originally because only one random-noise generator was
available; after the procurement of more generators, the coherent field was used in certain ex-
periments in order to observe whetler the bats could exploit the coherence.

To calculate the noise power per cycle from the noise level indicated by the sonic analyzer,
one must know the noise bandwidth of the analyzer. This was found by photographing the
resonance-like curve displayedby the analyzer when the inputto the analyzerwas a sine wave from
an oscillator, squaring the ordinates to convert from voltage to power, and replotting. This
power -response curve has the same area as a rectangle whose height is that of the curve's maxi-
mum, and whose width is 1.1 ke, The measurement to determine this figure was made at several
frequencies, and the result is independent of frequency, because the filter circuit and detector do
not change as the analyzer scrutinizes successive parts of the spectrum. The noise power indi-
cated by the analyzer is higher by a factor 1100, which is 30.5 db, than the indication that the
analyzer would give if its passband were a rectangle with a bandwidth of 1 cycle.

When the loudspeakers were excited noncoherently, the noise at a typical spot in the flight
room had a power spectrum that was smooth and slowly rising in the interval from 20 to 120 kc,
unless the frequencies at the upper end of this spectrum were suppressed by filtering at the am-
plifier inputs; it appears that from 120 to 150 kc, the intensity certainly did not fall off very rap-
idly, and may even have been rising, but lack of any microphone calibration prevents us from
making a quantitative statement, When the filters were set for passing the band 10 to 200 kc, the



sound level rose about 6 db between 20 and 30 ke, and another 6 db between 30 and 100kc. Limiting
the band by low-pass filtering caused no change in the level of the low-frequency part of the spec-
trum. Spatially, the sound field varied little except near the walls of the flight space, where the
intensity diminished because the width of the speaker array was less than that of the flight space.
The sound level at 30kc, for some of the places marked in Fig. 1, is listed in Table I. The prob-
able error in these measurements is estimated as 2db. The levels at the other places marked in
Fig. 1 were closely similar to those in the table,

Table | Noise power per cycle per square ¢ theter in the neighborhood
of 30kec, in db re (0. 0002 mlcrobar) per cycle, for locations
marked by the same capital letters in Fig. 1. For dependence of
noise level on frequency, see p.5. These levels apply to what
is designated as the maximum available noise. They were meas-
ured with a Western Electric 640-AA microphone facing the
nearer array of speakers, with the axis of the microphone along
a normal to the array. The heights are measured from the floor.

Height (cm) C E F G L M N
170 26 26 29 29 24 29 28

140 23 23 24 24 25 24 26

100 22 21 22 22 24 21 21

70 20 28

Though the ceiling, floor, and room walls were acoustically hard, absorption in the air
limited reverberation., At the center of the room, the sound flux was chiefly longitudinal, and
near either end of the room, the sound came predominantly from the nearer array of speakers.
(In the experiments designated as Series II below, auxiliary loudspeakers were employed, and
this statement does not apply.)

The sound levels in Table I were determined by means of a Western Electric 640-AA micro-
phone that had been calibrated throughout the range 4 to 100 kc at the Acoustics Laboratory of
the Pennsylvania State University. All the tape recording employed a plastic-diaphragm micro-
phone15 in order not todiscriminate against harmonics in the bat's orientation sounds. The plastic
microphone was calibrated through comparison with the Western Electric microphone, by tape
recording their outputs when first one and then the other was at a fixed spot in the noise field,
and then displaying the responses as functions of frequency by means of the Panoramic analyzer.
The plastic microphone was nearly uniform in its response from 30kc to at least 120 kc; it was
more sensitive than the 640-AA for frequencies above 35kc.

The steadiness of the noise field over a period of months gives evidence that the plastic trans-
ducers have good stability. However, the tape records for calibrating the plastic microphone were
made during the trials in Series VI, so that it is not necessary to assume temporal stability of the
calibration for the plastic microphone. Moreover, the noise measurements in Series VI and all
but one of the bat-pulse measurements were made with the same microphone, and in the calcu-
lation of E/N o’ @ny error in the calibration of the microphone will cancel out.

In what follows the noise levels will be stated by reference to the field charted in Table I,
which will be designated as "0db."



III. EXPERIMENTS
A. Kinds of Experiments

Several levels and frequency bands of jamming noise were tested for their effects on the
ability of Plecotus to dodge small wires. Over 10,000 trials registered by the 17 most skillful
bats (selected as explained above) were grouped into six series, numbered chronologically. In
Series I, reported previously,5 only Isophon loudspeakers were available, but in all subsequent
series we used the Kuhl-type loudspeakers described above. Series II (September 1959) and III
(February 1960) were designed primarily to study the effects of different frequency bands of co-
herent noise. Series IV (February 1960) and V (April 14960) compared coherent and noncoherent
noise at a range of intensity levels, and Series VI was a detailed analysis of the distances at
which one particularly skillful and cooperative Plecotus from Series V detected wires in the
widest band of noncoherent noise.

B. Bandwidth of the Noise

In preliminary experiments designated Series II, performed immediately after the array
of Kuhl-type loudspeakers was available, noise was radiated not only from these loudspeakers,
located as shown in Fig, 1 at the ends of the 2 X 5-m flight chamber, but also from the same 70
Isophon loudspeakers that had been used in Series I, now relocated at the sides of the flight space
just outside the netting walls in an attempt to discourage flights back and forth across the flight
chamber. This arrangement produced a noise field that was difficult to measure, and since the
Isophon speakers did not appreciably discourage oblique approachto the wires, they were not used
in Series III-VI. Series II comprised all trials of the three most skillful Plecotus available at
the time, throughout their 20-dayperiod of peak performance. In the quietthey averaged 96 per-
cent misses of both 4.07~ and 0.65-mm wires. In 20- to 60-kc noise at the highest intensity
available (Table I) the average score for 841 flights with 1,07-mm wires was 67 percent misses.
When the bandwidth of the noise was increased to 20 to 120 kc the average of 842 trials was only
54 percent misses., With 0.65-mm wires, 254 trials in 20- to 60-kc noige averaged 49 percent
misses, whereas in the 20- to 120-kc noise the same bats refused to fly through the wires often
enough to provide any meaningful scores at all. The results of Series II thus indicated that fre-
quencies above 60 ke {and hence above the 45- to 25-kc fundamentals of the orientation sounds) can
indeed contribute to the detection of wiresin a noise that is jamming onlythe lower frequencies.

To explore more thoroughly the importance of various parts of the noise spectrum, Series III
tested the effects of three bands of noise, 10 to 50kec, 410 to 90 ke, and 10 to 120ke, A close
scrutiny of many records of Plecotus pulses has not revealed fundamentals above 45 or occasion-
ally 50 ke, and at 45 ke the amplitude has not yet risen to anywhere near its peak value even when
the pulse begins at 50 kc. It therefore is safe to assume that the 10~ to 50-kc band covered the
fundamental frequencies of echoes from the wires, and that the 10- to 90-kc band effectively
covered both fundamentals and second harmonics.

The results of Series III are shown in Table II, where each of the five most skillful bats is
listed separately, since they differed in the maximum noise level at which they would fly repeat-
edly in the wide-band noise. For example, No. 23 would not fly at all in the maximum intensity,
although Nos. 26 and 30 flew willingly and performed distinctly better than chance in this noise.
All tests included in Table II represent conditions under which the wide-band noise severely taxed
the individual bat concerned. Hence the averages of all tests in Series III (last line of Table II)



Table 11 Results of Series |l jomming experiments with Plecotus in coherent noise.
N stands for number of trials, R\e for percent misses; noise levels are
specified for the wide band, and the reference level is that of Table 1.
For the wide band, the noise extends well above 120 ke, though at
diminishing intensity. All tests of these individual bats at high noise
levels are included throughout the period of their peak performance.

Avoidance Scores Using
Various Bondwidths of Noise

Wire Over-all Noise | 10to 50 ke | 10to 0 ke | 10 to 120 ke
M

Bat No. Diameter Level N M N M N
26 1.07 mm 0db 58 81% 51 55% 46 59%
30 1.07 mm 0db 50 86% 51 67% 31 45%
26 0.54 mm -10db 4 82% 3B 7% 41  49%
30 0.54 mm -10db 29 86% 48 46% 43  42%
23 1.07 mm -20db 21 72% 21 7% 37 65%
28 1.07 mm -10db 33 73% 21 81% 41 81%
24 0.54 mm -10db 22 N% 20 30% 20 30%

Average of all bats

in all tests of
Series Ill - - 257 0% | 245 51% 259 53%

are significant measures of the relative effectiveness of the three bands of noise. It is clear
from Table II that increasing the upper frequency limit of the noise from 50 to 90 kc caused a
marked drop in obstacle-avoidance scores. On the other hand the added effect of the band from
90 to 120 kc was insignificant in comparison to the marked drop from 80 to 54 percent misses
when the noise band was widened from 10 to 50 to 10 to 90 ke.

A furtherreason for believing that the 10- to 90-kc band included all frequencies used effec-
tively by Plecotus when taxed by severe noise is the fact that sensitivity of hearing, as indicated
by auditory evoked potentials from the brain, is much reduced at 90 ke. The threshold there is
about 60 db higher than it is at 60 ke.1! Typically, the threshold there is 80 to 100db above
0.0002 d/ cmz, or 2 to 20 microbars (ubar). Measurements and calculations like those discussed
later show that even if all the energy of the pulse were concentrated at 90 kc — which is very far
from being true — then the echo amplitude would be less than the 2 pbar threshold even when the
bat was only 4cm from the wire. On the assumption that the threshold for the evoked potential
is the threshold of hearing, we may therefore conclude that Plecotus is too insensitive to 90-kc
signals for them to be useful infinding the wires, In addition, itis most unlikely that the auditory
system of a bat's brain is capable of its best discrimination between two classes of signals
(echoes and noise) at the extreme spectral limits of its range of sensitivity.

Within a few days of the experiments of Serieslll, three of the samebats were tested briefly
in 60- to 120-, 10- to 120-, and 10- to 50-kc noise., The other conditions were constant for all
tests with each bat, but varied among the three animals in such a way that all were taxed about as
severely as in Series III. Their scores averaged 76 percent missesat 10 to 50 kc, 66 percent at
10 to 120 kc and 79 percent in 60- to 120-kc noise. Since there were only 115, 150 and 82 trials,
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respectively, in the three bands of noise, the differences in scores are of questionable signifi-
cance, but the 60- to 120-kc noise reduced the scores appreciably below the level of performance
in the quiet (96 percent misses for the bats of Series II), Clearly both fundamental and second
harmonic frequencies are important to Plecotus when detecting wires in these noise fields.

C. Effects of Intensity and Coherence of the Noise Field

The effects of varying the noise intensity were examined in Series IV and V. The former
employed Nos. 26 and 30, the two most skillful bats of Series III; the twelve animals used for
Series V included four that were approximately as skillful as 26 and 30, together with eight others
that were distinctly less proficient, though these were vigorous fliers, seemingly in good health.
Tables III and IV show the obstacle-avoidance scores of these bats when dodging two sizes of wires
over a 30-db range of noise intensities. The lowest intensity employed had only a slight jamming
effect with the 0.54-mm wires, and with the 1.07-mm wires some of the bats performed almost
as well as in the quiet, But the maximum intensity caused severe jamming of all bats tested,
and the less skillful could not be induced to fly through the wires at all. The improved noise
field thus caused considerably greater jamming than the noise used in Series I.5 Since adequate
facilities for measuring the noise field were not available during Series I, it is not practicable
to make quantitative comparisons between Series I and Series II to VI.

Coherent and noncoherent noise, as defined in Sec.II, were also compared in Series IV and
V. In Series IV, which included a larger number of trials and employed the smaller size of
wires, the obstacle-avoidance scores were slightly lower in the noncoherent noise (Table III).

In Series V, half of the bats were tested for several days in each type of noise, and then the
conditions were reversed; some bats performed more poorly in the changed type of noise, but
others improved, and it made no discernible difference whether the change was from coherent to
noncoherent or vice versa, The two groups had been matched in general proficiency before the
comparison began, and there was no significant difference between the average scores in the two
types of noise. Therefore, in Table IV the results obtained in Series V with coherent and nonco-
herent noise have been combined.

The chance avoidance score for a bat flying without attempting to avoid the wires was con-
gidered in Series I to be 40 percent misses, and on this basis, one might conclude that even the
most skillful Plecotus in Series IV and V were completely unable to detect the wires in noncoherent
noise of the maximum intensity, However, the estimate of 40 percent as the chance score was
based on the assumption that the bat was flying perpendicularly to the plane of the wires, as was
usually the case in the quiet, in Series I, or in the low noise levels in the improved noise field
of Series II-V, But in the higher noise intensities in Series II-V, the bats.often flew back and
forth parallel to the planes of the wires, and when they did fly through the planes, they did so at
such oblique angles that the chance score must have been almost zero, a conclusion supported by
the fact that when severely taxed the bats would indeed strike the wires in almost 100 percent of
the few trials that it was possible to obtain, It is therefore likely that wires were detected at
least some of the time in the maximum noise in Series II-V, even though the avoidance scores
were as low as 40 percent.

We often had the impression when watching these bats that some attempt had been made to
dodge a wire even when the bat touched the obstacle with its wing and the trial was therefore
scored as a hit. Detection may have been too late, or directional localization not sufficiently



Table 111 Results of Series IV, the effects of noise intensity
coherence on the obstacle-avoidance scores of
two skillful Plecotus (Nos. 26 and 30). The noise
frequency band was 10 to 120 ke, wire diameter
0.54 mm; abbreviations as in Table II.

N,:i sfe‘l;:r: I Coherent Noise Noncoherent Noise

Listed in Table | N M N M
—-30db 381 83% 288 76%
-20db 873 68% 646 63%
—-10db 401 55% 316 50%
0db 328 4% 249 40%

Table IV Results of Series V, the effects of intensity of 10~ to 120~kc noise on two
groups of Plecotus differing in general level of ability. Results with co-
herent and noncoherent noise are combined, since in geries V there was no
significont difference between the two; abbreviations as in Table II. The
wires were 1.07 mm in diometer. Obstacle~avoidance scores are averaged,
followed in parentheses by minimum and maximum scores of individual bats.
No. 43 employed in Series VI was a typical member of the more proficient

group.
N:f‘fgt:r:' Fourﬁ:g”—il;lllful Eight Mm Skillful
Listed in Table | N Avoidance Scores N Avoidance Scores
Quiet 391 89% (81 to 95) 613 92% (84 to 95)
-31db 175 86% (79 to 89) 214 84% (73 to 91)
-21db 370 77% (71 to 81) 696 67 % (50 to 85)
-1db 310 71% (57 to 81) 178 61% (0 to 82)
~1db 97 40% (37 1o 46) - -
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accurate, or motivation too low, to form the basis for a completely successful dodging maneuver.
Objective evidence to this effect appeared in Series VI, described below; hits occurred evenwhen
a prior vocal reaction showed that the wires had been detected. This effect offsets, to some
degree, the chance migses. At the highest levels of noise intensity in Series II-V, where misses
by chance must have been almost nonexistent owing to oblique approaches to the wires, the per-
centage of detections was almost certainly higher than the percentage of misses.

D. Distance of Detection of Wires

Adequate estimates of signal-to-noise ratio or of E/No necessarily involve the distance at
which the wires were detected, since the echo intensity varies inversely as the cube of this dis-
tance. A conservative approach would be to assume that detection occurred only when a dodging
maneuver could be observed, and this was often at roughly 10 to 15cm, Yet in the quiet bats
detect wires, as shown most clearly by an increase in pulse repetition rate, at much greater dis-
tances than one would realize if only flight behavior was sxt’udied.5 In Series VI, applying the same
method used previously for bats flying in the quiet, we estimated the distance at which Plecotus
first reacted vocally to 0.54- and 1,07-mm wires in our noise field. An Auricon 16~-mm sound
camera photographed the bat from one side of the flight chamber, and the bat's acoustic pulses
were registered on the sound track of the same film, Since the sound track could record only
audio frequencies, the bat signals picked up by the microphone were rectified, and thereby turned
into click-like impulses, before being fed to the camera.

In our maximum noise intensity, Plecotus pulses were very difficult to detect unequivocally
when the bat was at a sufficient distance from the microphone. In order to discriminate against
noise, we used a microphone sharply tuned to 32 kc, approximately the frequency at which the
Plecotus echolocation pulses have maximum amplitude. The microphone, made by the Massa
Division, Cohu Corporation, has a peak sensitivity of —~60db re 4 volt/ubar, and a noise bandwidth
of 190 cycles; the sensitive element is a disc of ferroelectric ceramic. A further measure of
relief from masking by the noise was obtained by using in Series VI a noise level 20 db below the
maximum intensity available. The benefit obtained by lowering the noise level was less than
might have been expected, because when the noise was moderated, the bat's cries were less
intense. However, the modest intensity of the noise had the additional advantage of increasing
the distance of detection, so that inaccuracy of measurements of the bat's position from the film
amounted to a smaller fraction of the distance of detection.

Series VI employed only one row of wires, about one meter from the end of the flight space.
The camera was located just outside the netting, in the position shown in Fig.1. For each frame
of film that showed the bat approaching the wires, the bat's position was determined from its
apparent location against the opposite wall of the flight chamber, together with parallax correc-
tions based on notes of its direction of flight and its distance from the camera. The accuracy of
each position so determined was about *5cm, and errors would be expected to vary randomly
in direction and magnitude, so that the average of many experimental flights is the best available
measure of the distance from the wires at which the bat typically increased its pulse repetition
rate.

The bat was always released at the opposite end of the flight space headed towards the single
row of wires. Between flights, it ordinarily remained at a favorite landing place in one corner
of the flight space between the wires and the loudspeakers until it was picked up and carried,
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ingide a net or the closed hand, back to the starting point. It was given no opportunity to observe
the positions of the wires when they were first put in place after control flights or after they had
been shifted in position. Only one of the Plecotus used in Series V (No. 43) was still in its period
of peak performance at the date of Series VI, and it was photographed during 102 flights — almost
all the flights that it made in the noise during the three days devoted to this series. Thirty-eight
control flights without wires were irregularly interspersed among 33 with 0,54-mm and 31 with
4.07-mm wires. To prevent the bat from learning the positions of the wires, these were shifted
at least once in every four trials — usually across the flight chamber but occasionally 20 or 40 cm
along its long axis.

Plecotus No. 43 performed approximately as well in the —20-db noise of Series VI as the
skillful bats of Tables III and IV, registering 55 percent misses with 0,54-mm and 77 percent
with 1.07-mm wires. Trials immediately after shifting the wires yielded scores that were not
significantly different from those with unshifted wires (7 misses out of 415 trials with 0.54-mm and
10 misses out of 12 trials with 1,07-mm wires), A graph was prepared for each photographed
flight, showing the interval i between pulses as a function of the distance d from the wires. A
distinct drop of i on approach to the wires was present in 87 percent of the trials with 1,07-mm,
and in 64 percent with 0.54-mm wires. In the control flights without wires there was a similar —
though usually smaller — drop in this interval in 24 percent of the trials, but this occurred only
very close to the plane of the wires and probably represented reaction to the loudspeakers, the
end wall of the flight chamber, or the tripod holding the microphone.

The behavior of Plecotus No. 43 can best be judged from Fig. 2, which shows i as a function
of d for 44 successive flights of a typical sequence on the third day of Series VI. Here the row
of wires was one meter from the end of the flight space; "shifting” moved the wires within that
plane. On the first flight with wires in place, i dropped at about 50 cm, whereas in the preceding
flight without wires there had been a smaller drop at a smaller distance from the obstacle plane.
Much the same pattern continued through several flights with 0.54- and 1,07-mm wires, but when
the wires were removed there was an immediate return to the type of curve characteristic of the
control flights without wires. Had the bat been lowering the interval between pulses because of
a simple expectation that the wires would confront it, there was every reason to have done so
when the wires were absent. In the only other case where the change was made directly from no
wires to 1.07-mm wires and yice versa, there was an equally clear and immediate change in the
curves relating i and d. Most of the changes between wires and no wires in Series VI were made
with 0,54-mm wires, and scrutiny of the several individual curves shows that only in about half
the cases could a clear distinction be made between successive flights with and without 0.54-mm
wires,

In Figs.3 and 4 the average values of i are plotted against d for the whole of Series VI.
Since there was no appreciable day-to-day variation in the data for flights without wires, the
whole set of these control flights in Series VI is included in both Figs.3 and 4. While the average
curves fail to reflect the typical increase in fluctuation of i visible in Fig. 2 as the wires are

. approached, graphs of minimum interval (not shown here) diverge from control curves at approx-

imately the same distances as in Fig, 2, A much more clear-cut indication of the distance at
which i first falls consistently below control flights with no wires in place can be obtained from
Figs. 3 and 4 than from the individual curves. As would be expected, the larger wires were
detected at greater distances. It is clear from Figs. 3 and 4 that under both conditions there was
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a clear drop in i by 0.6 to 0,7 meter with 1.07-mm and by 0,4 meter with the 0,54-mm wires.
These values thus appear to be conservative estimates of the distance of detection.

E. Estimation of E/N o

The minimum detectable signal energy E was estimated by measuring the amplitude of the
power spectrum of the bat's emitted signal in the forward direction at a known distance from the
bat, finding a distance at which detection of a wire had occurred, and calculating the strength of
the echo from the wire,

The bat's emitted level was measured in two ways. The first was the straightforward one
of holding a bat in the noise field, at a measured distance from a calibrated microphone, How-
ever, an analysis of tape recordings from hand-held bats showed that very often more than half
the energy in the pulse was carried by the harmonics. Recordings made while the bat was flying
in noise showed that under these conditions the energy was predominantly carried by the funda-
mental. This difference makes us unwilling to assume that the pulses from the hand-held bat
are emitted at the same acoustic level as those used when in flight. Nevertheless, the observa-
tions on hand-held bats were of use, because they confirmed our impression that the acoustic
level of the bat's voice — at least when the bat is held — changes with the noise level.

Measurements on the pulses emitted by flying bats were limited by the fact that the bat was
usually not on the axis of the microphone; the response of the microphone at other angles was
determinable, but any practicable measurement of the angle between the axis and the line to the
bat would have been subject to such uncertainty that we did not attempt it on any large scale.
Instead, we have used two occasions when motion pictures showed that the bat was flying very
close to the axis of the microphone, and headed toward it. In one such sequence, the noise level
was "0db" (i.e., maximum available) and the peak pressure of the bat's signal was 9.2 pbar at
a Kuhl-type microphone 60 cm from its mouth. On another occasion, pulses were recorded when
the bat was within 10° of the axis of the tuned microphone, in "—20db" noise. The calibration for
the response of the tuned microphone to a frequency-swept pulse was worked out by means of a
frequency-modulated pulser (built by Lincoln Laboratory for electrophysiological experiments)
that could simulate with accuracy the pulses emitted by the bat. The small correction of 1db
for the fact that the bat was not on the axis of the microphone was applied. The resulting pres-
sure measurement was 0.28 pbar at 150 cm from the bat's mouth; this figure is a lower bound,
because it is not certain that the bat was facing in the direction of its flight. Transposing these
pressures to a standard distance of 1.00m (using the inverse-square law for the power), we find
values of 5,5 pbar for "0db" noise and 0.42 pbar for "—-20db" noise. The first of these is the
better measur