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FOREWORD

On September 11, 1978, Dr. James Barger of Bolt Beranek and
Newman, Inc. (BBN) presented to the House Select Committee on
Assassinations the results of a BBN analysis of a Dallas Police De-
partment (DPD) recording thathad been made on November 22,1963.
One of the reported findings was that, with a probability of 50 percent,
the recording contains sounds of a gunshot, or at least sounds as loud
as a gunshot, fired from the so-called grassy knoll area of Dealey
Plaza in Dallas ; they were received by a microphone on aDPD motor-
cycle that was moving on Elm Street at a speed of about 11 mph in
the same direction as the Presidential motorcade . On October 24, 1978,
the committee authorized the authors of this report to conduct an
independent examination of that portion of the recording to determine
with more certainty whether the sounds in question were of such a
shot . The analysis was completed by the middle of December 1978 and
described in a public presentation to the committee on December 29,
1978. This report describes the method and results of that analysis .
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1.0 INTRODUCTION AND SUMMARY

On November 22, 1963, in Dallas, Tex., at the time that shots were
being fired in the assassination of President John F. Kennedy, a radio
on a Dallas Police Department (DPD) motorcycle that apparently had
a stuck microphone was transmitting sounds over channel 1 of the
DPD radio network that were being recorded at DPD headquarters . In
an analysis of this recording, authorized by the House Select Com-
mittee on Assassinations, Dr. James Barger and his colleague's at Bolt
Beranek and Newman, Inc. (BBN) isolated four groups of sound im-
pulses and identified them as probable sounds of gunshots, and not
merely random noise. They calculated that the statistical probabilities
that these identifications were correct were, in order of increasing time
of occurrence of the sounds, 88 percent, 88 percent, 50 percent, and 75
percent . BBN found that the probable cause of the first, second, and
fourth of these groups of impulses were noises as loud as gunshots
originating in the vicinity of the sixth floor southeast corner window of
the Texas School Book Depository (TSBD) in Dealey Plaza. The
probable cause of the third group of impulses was a similarly loud
sound from the vicinity of the so-called grassy knoll area of Dealey
Plaza. BBN also found that all of the groups of sounds were picked
up by a microphone on a DPD motorcycle and that at the time of the
third probable gunshot, the motorcycle was on Elm Street in Dealey
Plaza, moving at a speed of about 11 miles per hour in the same direc-
tion as the motorcade . On October 24, 1978, the committee authorized
the authors of this report to perform an independent examination of
the sounds on the DPD recording to determine with a higher level of
certainty if the third group of impulses was caused by the sounds of a
gunshot from the grassy knoll.
1.°2

	

Materials provided for the examination
At the time we began our analyses, we were provided with the follow-

ing materials :
1 . A high-fidelity tape-recorded copy of the original DPD

recording.
2. A high-fidelity tape-recorded copy of the DPD tape recording

that had been examined by BBN.
3. A high-fidelity tape-recorded copy of the sounds of gunshots

that were recorded by BBN during an acoustical reconstruction ex-
periment conducted in Dealey Plaza on August 20, 1978 .
4. A topographical survey map of Dealey Plaza, plotted at a scale

of 1 inch equal to 10 feet.
5. A map of Dealey Plaza, plotted at a scale of 1 inch equal to 40

feet, on which the locations of microphones used in the reconstruc-
tion experiment were indicated .
6. Aerial and ground level photographs of Dealey Plaza and

relevant surrounding structures.
In addition, the committee staff provided to us various necessary

items of informations, such as the heights of buildings in Dealey Plaza,
the distance to objects not shown on the maps, the location of the DPD
shooter during the BBN reconstruction experiment and the air tem-
perature in Dealey Plaza at the time of the assassination and during
the reconstruction experiment .
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1.3

	

Preliminary review of the characteristics and sources of the
recorded sounds

During 1963, communications that were transmitted on channel 1
of the DPD radio dispatching system were recorded continuously on
aDictabelt recorder . On November 22,1963, a microphone on a mobile
transmitter that was set to channel 1 apparently became stuck in the
` 4011" position at about 12 :28 p.m . andfor about 5 minutes continuously
transmitted sounds that it picked up . When we first listened to this
interval on the DPD recording, we found that it contained a nearly
continuous noise, with occasional speech, whistles, and clicks. Also
recorded on the Dictabelt in this interval were the sounds that BBN
identified as probable gunshots . To the ear, these sounds resembled
static much more than they did a gunshot. However, as Dr. Barger
testified in September, and as we independently verified, the equip-
ment that was used in the DPD radio dispatching system was not
designed to handle sounds as intense as a gunshot, and it was therefore
likely to have recorded such sounds with very poor fidelity . Conse-
quently, we recognized that these static-like sounds could be distorted
gunshot sounds . On the other hand, such static-like sounds, theoreti-
cally could have been generated by a number of other sources, some
acoustic, some related to electrical or mechanical disturbances in the
DPD radio transmission, reception or recording equipment. Some test
more discerning than the human ear was required to determine the
probable cause of the soundimpulses .
1. .4

	

Basic principles and methods of analysis
To answer the basic question, "Was the third group of recorded

sounds generated by a gunshot from the grassy , knoll ?" with a high
level of certainty, these sounds needed to be examined for some charac-
teristic that they would have had if they had been generated by such a
gunshot, and would not be likely to have had if they had not been. Of
the several characteristics that can be used, the most effective and most
reliable one is the sequence of delay times of the muzzle-blast echoes .
The firing of a gun generates a very loud, very brief explosive blast

at the muzzle of the gun. This sound, which typically lasts about five
one-thousandths of a second (0.005 seconds, or 5 milliseconds),
spreads out in all directions from the gun. If the muzzle blast strikes
a wall of a structure, it will be reflected from the surface and will move
away from it in a new direction . If the muzzle blast strikes the corner
of a structure, it will be diffracted, that is, it will spread out from the
corner in many directions . These reflected and diffracted sounds are
the echoes of the muzzle blast. Like the muzzle blast, which they closely
,resemble, the individual echoes are very short in duration. The
i.strengths of the echoes tend to diminish with time, the earliest ones
being very loud and the later ones growing progressively weaker as
they arrive from increasingly distant locations.
The time taken for the muzzle blast to be heard at some location

depends solely on how fast the sound travels and how far the listener
}s from the gun. Forexample, at 65°F the speed of sound is 1123 ft/sec .
A listener 112.3 feet away from a gun would hear its muzzle blast 0.1
second after the gun was fired. The time taken for the muzzle blast
echoes to be heard also depends on the speed of sound and on the total
distance each echo must travel, which is the total of the distance from
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thegunto the echo-producing object and then to the listener. Since the
distance traveled by the muzzle blast to a listener must be less than the
distance traveled by one of its echoes, the bang of the muzzle blast is
always heard first . Then the echoes that are produced by the muzzle
blast bouncing off the corners and surfaces of structures are heard.

If we now assume that the sound source (the gun) and the listener
are located in a typical urban environment, with a number of randomly
spaced echo-producing structures, it is possible to see that the pattern
of sounds a listener will hear will be complex and unique for any
given pair of gun and listener locations . For example, assuming a fixed
location of a listener, the echoes that he hears andthe times at whichhe
hears them will be related uniquely to the location of the gun, since
for each different location of the gun, even though the distances from
the listener to the various echo-producing objects are the same, the
distances from these objects to each gun location are different. Conse-
quently, the times at which the echoes are heard will be different for
each location of the gun. Similarly, assuming a fixed location of the
gun, any change in the location of the listener will change the distances
between him and the echo-producing structures, and thus the timing
of the pattern of sounds he hears. If the listener is in motion as the
muzzle blast andthe various echo sounds reach him, the times at which
he hears the muzzle blast and its echoes will be related uniquely to
his location when he hears each sound.
A listener cannot tell, from the sounds of a gunshot, when the gun

was fired. He can determine only the times that elapse between the
muzzle blast and each of its echoes. These elapsed times are called the
echo-delay times. Because the echo travel times are uniquely related
to the locations of the gun and the listener, the echo-delay times are
unique to any given pair of those locations . Hence, if we know the tem-
perature (and thus, the speed of sound) and the location of the echo-
producing structures, echo-delay times can be used to characterize the
sounds of a gunshot for any pair of shooter and listener locations.
The "listener" that we have discussed, of course, could be either a

human ear or a microphone. If a microphone receives the sounds and
they are subsequently recorded, the recording becomes a picture of the
event, not unlike a "fingerprint," that permanently characterizes the
original gun and microphone locations.

Echo-delay times in such recordings can be measured easily and
precisely by producing a graph of their waveforms on an oscillogram,
or oscillograph. Such a graph is shown in figure 1. The narrow peaks
represent individual sounds of brief duration (that is, impulse-sounds) .
The heights of the peaks correspond to the loudness of the impulse-
sounds ; the spacing between peaks corresponds to the time that elapses
between them. The largest of the impulse peaks is the muzzle blast .
The peaks that follow it are its individual echoes . Thedistance between
the peak that is identified as the muzzle blast and each peak that repre-



sents an echo is a measure of the delay time of the echo . To convert
this distance to a time measurement, it is multiplied by the time-scale
of the graph. For example, the muzzle blast impulse in figure 1 and
the sixth peak identified as an echo are 47 millimeters apart. Since the
time-scale is 1 millisecond per millimeter (1 msec/mm), the measured
echo-delay time is 47 milliseconds.
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It is easy to see how such a graph may be used for identification pur-
poses. It provides a picture of the complex, random spacings of the
echo-delay times. When the temperature of the air and the locations of
the echo-producing objects are known, the graph is uniquely related
to a particular pair of gun and microphone locations . This complex
picture can be compared to other such graphs. If the random pattern
of echo-delay times (the spacings between peaks) matches in any two
such graphs, it may be concluded that the sounds and listener locations
that produced both graphs were the same.
Of course, it may be that no second graph can be found that matches

the first. Using the fingerprint identification process as an analogy, if
a latent fingerprint taken from a knife found protruding from a
murder victim's body is given to the FBI for identification, it may be
that no matching "known" print is on file at FBI headquarters and
that the murderer cannot be immediately identified . Furthermore, the
police may proceed to take fingerprint samples from all of the suspects
in the case and find that none match the one found on the murder
weapon. In the end, the latent fingerprint may not be identified.
Applying the analogy to the graphs of sounds, our problem was to

see if any of a number of assumed pairs of shooter and microphone
locations would produce a pattern of sounds whose graph would match
the graph of the sounds in question on the DPD tape. Before begin-
ning the search, we knew that, just as in fingerprint identification
cases, in the end we might find no match. If that occurred, of course,
either of two conclusions would be required : (1) The real shooter and
microphone locations could not be identified, or (2) the sounds on the
tape were not produced by a gunshot in Dealey Plaza. On the other
hand, if we found a shooter and microphone location that in combina-
tion would cause the same unique, random pattern of echo-delay times
that were contained on the DPD tape recording, those sounds could
be identified as probably being caused by such a gunshot.
For the sounds on the DPD recording, we knew what two of the

four conditions that determine echo-delay time were at the time of the
assassination. We knew what the speed of sound was and we knew
where the major echo-producing objects were (and still are) . We did
not know exactly where to locate the gun, nor did we know through
which sequence of locations on Elm Street to move the microphone .
Therefore, we had to determine numerous hypothetical sequences of
echo-delay times for gunshots that may have been fired from a variety
of locations on the grassy knoll and picked up by microphones that
moved through a variety of locations on Elm Street. This was accom-
plished in the only practical way possible-by predicting (i.e., mathe-
matically calculating) the echo-delay time sequences that would be
obtained for the various locations of a gun and a microphone.
After numerous comparisons between the echo-delay times for the

sounds on the DPD recording and various predicted patterns for
assumed motorcycle and shooter locations that did not match, a
combination of motorcycle and shooter locations was found which
mathematically produced a predicted pattern that showed strong
similarities to the pattern of impulses on the DPD tape . However, to
determine with ahigh level of certainty if these two sequences of echo-
delay times, which were derived from different data, represented the
same source, it was not enough to show that the sequences looked alike .
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They hadto be shown to be alike in an objective sense, that is, by use of a
method of comparison that disregarded potentially misleading ap-
pearances. Such a method was provided by a computation of the
binary correlation coefficient of the two sequences . The binary corre-
lation coefficient of two sequences is a number that is exactly 1.0 if
the sequences are identical and that rapidly approaches zero as they
grow more dissimilar . As used in this analysis, the binary correlation
coefficient takes into account the number of echo-delay times in each
of the sequences and the number of echoes that coincide. Echoes in
the two sequences are said to coincide if their delay times differ by a
small amount. The smaller this amount, or "coincidence window," can
be made while maintaining a high binary correlation coefficient, the
greater will be the probability that the DPD sequence represents a
gunshot from the grassy knoll .
1.5

	

Results ofthe analysis
Two different comparisons were made between the sequence of echo-

delay times on the DPD tape and the most similar sequence of pre-
dicted echo-delay times. One of the comparisons was between those
recorded sounds that were significantly louder than the average back-
ground noise and those predicted echoes that would have been recorded
with comparable loudness . In the other comparison, the delay times of
all of the recorded sounds and of all of the predicted echoes, up to a
total delay of 50 milliseconds from the muzzle blast, were compared.
The computed binary correlation coefficient was found to be 0.79 for
the first comparison and 0.75 for the second.

In both of the comparisons described above, the coincidencewindow
was set at ±1 millisecond. That is . a measured echo-delay time and
a predicted one were said to coincide only if they were no more than 1
millisecond apart. For sequences that correlated at levels greater than
0.7 with a coincidence window of ±1 millisecond, the statistical prob-
ability was 95 percent or more that the sequences represented the same
source-a sound as loud as a gunshot from the grassy knoll . Put.
alternatively, the probability that the sounds on the DPD recording
were generated by sources other than a sound as loud as a gunshot
originating from the grassy knoll is 5 percent or less .
1.6 Findings
The results of our analysis of sounds on the DPD recording permit

the following findings
1. The recording very probably contains the sound of agunshot that
was fired from the grassy knoll. The probability of this event is
computed to be at least 95 percent .

2. The microphone that picked up the sounds of the probable gun-
shot was on Elm Street and was moving at a speed of about 11
miles per hour in the same direction as the motorcade . At the
time the probable gunshot was fired, the microphone was at a
point about 97 feet south of the TSBD and about 27 feet east
of the southwest corner of the building. (For both distances,
the uncertainty is about ±1 foot .)

3. The probable gunshot was fired from a point along the east-west
line of the wooden stockade fence on the grassy knoll, about 8
feet (±5 feet) west of the corner of the fence.



1.7

	

Outline of the Report
The method and results of this analysis are described in detail in the

sections of the report that follow . The sounds on the DPD recording
are described in section 2. Following in section 3, is a discussion of the
nature of the problems in this analysis and of the considerations that
underlie themethod of solution . Section 4 discusses the steps that were
taken to implement the procedure for predicting echo-delay times and
describes the method and results of a test of this procedure. Section 5
discusses the methods that were used to determine and to compare
echo-delay times for the recorded and predicted sequences.

2.0

	

DESCRIPTION OF THE RECORDED SOUNDS

TheDPD recording contains a wide range of sounds-speech, clicks,
whistles, motor noises, sirens and even the sound of a carillon bell .
Mostly, the recording contains sounds generated during normal com-
munications on channel 1 of the DPD radio dispatching system. The
speech transmissions usually were preceded and followed by sharp
clicks . These were keying transients, probably .generated by the switch
on the transmitter microphones when they were turned on or off.
Occasionally, a transmission was attempted while another one was in
progress. When this occurred, the interference between the two trans-
mitters usually generated a brief whistle, known as a heterodyne tone,
that immediately followed the keying click of the oncoming micro-
phone. At a time that the BBN analysis estimates to have been about
12 :28 p.m., a microphone on a mobile unit apparently became stuck
in the "on" position and began to transmit a continuous noise that is
believed to be the sound of a motorcycle engine. Forthe first 2 minutes
of the stuck-microphone transmission, the sound level of this noise
is fairly constant. Occasionally, clicks and whistles can be heard
through the noise, indicating attempts by other transmitters to use
the channel. At several points, voices can be heard, but, being obscured
by the noise, they cannot be understood. At 133 seconds after the start
of the stuck-microphone transmission, the level of the noise drops by
about 6 decibels (that is, to about one-fourth of its previous level) . At
almost the same moment a voice can be heard, communicating a brief
but unintelligible message. This is followed about 3 seconds later
by a series of randomly spaced, loud clicks and pops that lasts for at
least 10 seconds. Some of the clicks occur singly, some in groups. Only
oneof them is accompanied by a heterodyne whistle and by an audible
but unintelligible voice.

3.0 THE NATURE OF THE PROBLEM AND THE METHOD OF SOLUTION

3.1

	

Distortion of the. relative intensities ofthe echoes
The sounds on the DPD recording that are thought to be those of

gunshots begin about5seconds after the decrease in the level of the con-
tinuous noise and last for about 8 seconds. To the ear, these sounds
resemble static, not gunshots. However, the equipment that was used
in theDPD radio dispatching system in 1963 wouldhave distorted the
sounds of gunfire. The effect would have been to compress the peak
amplitudeof the sounds of the muzzle blast and of its strongest echoes,
making them only slightly louder than those of some of the weaker
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echoes . Furthermore, if the microphone was on a DPD motorcycle inthe motorcade, most of themany very weak echoes of the muzzle blastwould have been obscured by the noise of the motorcycle engine (whichis possibly the source of the continuous noise on the DPD recording) .
Consequently, the sounds of a gunshot would have been recorded as a
sequence of very brief impulse-sounds (the muzzle blast and its loudest
echoes), only a few of which would have been larger than the accom-panying engine noise, and none of which would have sounded to the
ear like gunshots after being distorted by the limiting circuitry of
the DPDradio and recording equipment.
3.2

	

Waveforms of thesounds on the DPDrecording
The waveforms of sounds in the DPD recording are shown in fig-

ure 2. The waveforms in the bracketed region include the group of
impulse-sounds that the BBN analysis identified as a probable gunshot
from the grassy knoll. This segment of the recording begins 144.9
seconds after the start of the stuck-microphone transmission and lasts
for 0.36 seconds. The noise thresholds shown in the figure indicate the
average peak levels of noise (mostly motorcycle noise) that can be
heard immediately before and after this segment.



segment containing impulse sounds

FIGURE 2

	

WAVEFORMSOF SOUNDS IN THEDPD RECORDING
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Figure 3 shows the bracketed region in greater detail. The narrow
peaks that exceed the thresholds, as well as many of those that do not,
are the waveforms of the impulse-sounds that may be the sounds of a
gunshot. Impulse peaks that are less than 1 millisecond apart are con-
sidered to be part of the same impulse. Altogether, 15 impulses
exceed the thresholds . Five of them occur in the first 85 milliseconds
following the one that is labeled as the muzzle blast . The remaining
nine impulses occur in the 100-millisecond wide interval that begins
about 280 milliseconds after the assumed muzzle blast .
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3.3

	

Possible sources of the impulse sounds
While it was possible that the louder impulse noises were the dis-

torted sounds of a gunshot, it also is possible that they could have been
generated in otherways . Forexample, they could have been the sounds
of misfiring of the motorcycle engine. They could have been static-like
impulse noises generated by the motorcycle's ignition system and
picked up by the transmitter. The microphone that was stuck in the
"on" position could itself have been the cause of impulses if from time-
to-time it became unstuck and turned off briefly and then immediately
turned on again. Impulse noises in the recording could also have
resulted from scratches in the dictabelt on which the recording was
made. Other components of the communication system could have
been malfunctioning, producing electrical or mechanical disturbances
that wouldhave been recorded as clicks.
3.4.

	

Method ofthe analysis
The essential questions to be answered were : "What is the source

of the impulse-sounds in the DPD recording? Are they derived from
the sounds of a gunshot that was fired from the grassy knoll and
picked up by a microphone that was moving on Elm Street, or are
they derived from one or more of the many other possible sources?"
These questions could be answered with a high degree of certainty if
the impulses couldbe shownto exhibit a characteristic that they would
be expected to exhibit if they had been generated by a gunshot, and
would not be likely to exhibit if they had not been . As explained in
S°ction 1, such a characteristic is found in the unique pattern of time
delays of echoes that buildings and other structures in Dealey Plaza
would generate for a gunshot fired from the grassy knoll. If the im-
pulse noises are the distorted sounds of a gunshot, their spacing should
closely match that predicted for a shot fired from some location on the
grassy knoll and "heard" by a microphone traveling along some path
on Elm Street at 11 miles per hour. The closer the match between the
actual and the predicted sequences, the greater the probability that the
impulses are the sounds of a gunshot. If no shooter and microphone
location can be found that can produce a sequence of echoes that closely
matches the sequence of impulses on the tape recording, then it would
have to be concluded that the impulses were not generated by sounds
received by a microphone moving on Elm Street from a gun fired on
the grassy knoll.
The procedure for determining the probable cause of the specified

group of impulses on theDPD recordingthus consisted of three steps.
First was to calculate the pattern of echo delays that would be pro-
duced by a gunshot from a variety of locations on the grassy knoll
and recorded by a microphone moving along a variety of paths on
Elm Street . Then, select the sequence of predicted echoes that most
closely matched the actual recorded sequence of impulses. Finally, com-
pute the probability that impulse sounds generated by sources other
than the predicted gunshot could occur by chance in a sequence that
would match the selected echo sequence as closely as did the actual
DPD recording.
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4 .0 IMPLE31ENTATION OF THE ANALYSIS

4.1 Preliminary considerations
The implementation of the three-step procedure of the analysis

required the consideration of a number of questions. Each of these
affected either the results of the analysis or the method by which the
required echo-delay time sequences were obtained .
4 .1 .1 Source of the gunshot sounds

If a gun was fired from the grassy knoll during the assassination,
the would-be assassin reasonably could have used either a rifle or a
pistol, since the target would have been less than 150 feet away. Since
rifles typically fire bullets that travel faster than the speed of sound,
the firing of a rifle generates two intermixed echo sequences composed
of the echoes of the muzzle blast and the echoes of the continuously
generated shock wave that is created by a bullet in supersonic flight .
On the other hand, most pistol bullets do not fly at supersonic speeds .
A pistol that fires a subsonic bullet generates only the set of echoes of
the muzzle blast . Since we did not know what type of gun, if any,
had actually been used on November 22, 1963, we sought only to com-
pare the DPD tape with predicted sequences of echoes of muzzle
blasts which would have been present regardless of the type of weapon
fired.*
4.1.2 Placement of the gun on the grassy knoll
The BBN analysis indicated that the gun was in the vicinity of the

grassy knoll . During the acoustic reconstruction experiment that was
conducted by BBN in Dealey Plaza on August 20, 1978, shots were
fired from behind the wooden stockade fence on the grassy knoll.
This location was consistent with available eyewitness and earwit-
ness testimony . It was a reasonable one since it afforded good visibility
of Elm Street while providing good cover for the shooter of a gun.
At any other location on the grassy knoll either the visibility or the
cover would have been substantially poorer. However, it is uncertain
exactly where a shooter would have stood behind the fence, since
equally good locations can be found up to 25 feet along the fence
either north or west of its corner .
4.1.3 Placement of the microphone on ElmStreet
The BBN analysis placed the stuck microphone on Elm Street in the

vicinity of the fourth microphone in the third array of microphones
that were set up in Dealey Plaza during the acoustic reconstruction
experiment . As illustrated in figure 4, the microphones were located in
the center of the street at points 18 feet apart along the route of the
Presidential motorcade, from the intersection of Houston and Main
Streets to the location of the Presidential limousine on Elm Street
in Zapruder frame 312. The sounds of a gunshot from the grassy knoll
received by each of these microphones were recorded during the ex-
periment . Later, BBN determined the degree of match between the
'The DPD recording does contain a series of impulses that precede the large im-

pulse ultimately determined to be the muzzle blast. The probability that these
earlier impulses were the sounds of supersonic shock wave was discussed by Dr .
Barger in his testimony before the committee on Dec . 29, 1978. See Vol. V of the
hearings before the select committee . 94th Cong ., 2d session (Washington, D.C .
U.S. Government Printing Office, 1979) .
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recordings from each of these microphones and the impulse noises
on the DPD recording by calculating their binary correlation co-
efficients . A coincidence window of ±6 milliseconds was used for these
comparisons . Only one of the 36 comparisons yielded a correlation
coefficient greater than 0.5 when compared with the segment of the
DPD tape that is here at issue . That one-for the sounds received by
microphone 4 in array 3-was at a level of 0.8, indicating a strong
similarity between the echo sequence that was heard at that test loca-

FIGURE 4

	

MICROPHONE LOCATIONS AT DEALEY PLAZA

tion in Dealey Plaza and the impulse sequence on the DPD recording.
The low values of the binary correlation coefficients that were calcu-
lated for all of the other microphones indicate that there is no other
microphone location either on Elm Street or on Houston Street at
which a sequence of echoes caused by ashot from the grassy boll could
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be heard that was even moderately similar to the sequence of impulses
on the DPD recording. It was therefore clear that for the purpose of
analysis the microphone location in Dealey Plaza for which echo
sequences had to be obtained was in the vicinity of microphone 4 of
array 3. This region extends along Elm Street from halfway between
microphones 3 and 4 to halfway between microphones 4 and 5, and
from curb to curb (since the presumed motorcycle with the stuck
microphone could be anywhere to the right or left of the center of the
street) .
4.1.4

	

Selection of the coincidence window
To compare sequences of impulses and echoes by use of the binary

correlation coefficient, it was necessary first to determine how many
echoes coincided with impulses. Ideally, if the microphones that were
used in the acoustic reconstruction experiment could have been spaced
very closely along the route of the motorcade . say, 1 foot apart, and
spread from curb to curb, impulses and echoes that were within 1 milli-
second of one another could have been considered coincident. For
practical reasons, the microphones were located in the middle of the
street and spaced 18 feet apart. Also, only one of many possible shooter
locations was used. To take into account these practicalities, the coin-
cidence window for BBN's analysis was made -!-6 milliseconds. If a
window of ±1 millisecond had been used, there would have been few
points of coincidence in any comparison, and all of the calculated bi-
nary correlation coefficients would have been small, since the chances
would have been small that a microphone and a shooter would have
been arbitrarily located in precisely the correct positions to receive a
sequence of echoes that coincided with the sequence of impulses to
within 1 millisecond. By increasing the coincidence window to -+_-6
milliseconds, t1ie number of coincident impulses and echoes was in-
creased. However, so was the possibility that an impulse generated by
a source other than a gunshot would appear to coincide with an echo .
The major consequence of this was the value of 50 percent computed
as the statistical probability that the impulses under examination were
caused by the sounds of a gunshot.
To increase the certainty in our findings above a 50-percent level,

we had to be able to reduce the coincidence window to as low a value
as possible, preferably to ±1 millisecond or less . Theoretically, this
could be accomplished by placing microphones 1 foot apart in the
region of interest and conducting additional test firings in Dealey
Plaza from various locations on the grassy knoll. With respect, to the
microphone location problem alone, the relevant area on the street
would be 720 square feet. Therefore, if, as in the BBN acoustic recon-
struction experiment, microphones were placed in arrays of 12 each,
a total of 60 arrays would be required for each position of a gun fired
on the grassy knoll. Clearly, this approach wasimpractical.
4.1.5 Prediction of echo sequences
The only practical way to obtain the needed who sequence was to

predict them analytically . Using fundamental principles of acoustics,
it was possible to compute the time it would take for the sound of a
muzzle blast to travel from a gun at any assumed point on the grassy
knoll to a microphone at any assumed point on Elm Street . Knowing
where the echo-producing objects were in Dealey Plaza, it was also
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possible to compute the time it would take for echoes of the muzzle
blast to travel from the gun to the microphone. Subtracting the muz-
zle-blast travel time from the who travel times yielded the required
sequence of echo-delay times.
The principles of acoustics that underlie this approach are described

in detail in BBN Report . No . 3497 that was submitted to the commit-
tee in January 1979.* The essential principles can be summarized as
follows

1. Most sounds spread out in all directions from the source of the
sound.

2. If the medium (in this case, air) through which sound travels is
uniform, sound will travel in straight lines from the source and
at the same constant velocity in all directions of travel.

3. The time taken for sound to travel from one point to another can
be computed by dividing the distance between the points by the
speed of sound. For example, at a speed of 1,100 feet per second,
it will take 0.5 second for sound to travel a distance of 550 feet .
Conversely, the distance traveled by a sound can be computed by
multiplying the travel time by the speed of sound.

4. Sound traveling through air will reflect from the surfaces and
diffract from the corners of structures such as buildings, walls and
columns.

4.2 Information needed to predict echo-delay sequences
Before the echo travel times could be calculated, it was necessary

to determine three things : (1) Which objects in Dealey Plaza would
produce echoes in the region of interest on Elm Street for a gun fired
from the vicinity of the grassy knoll ; (2) how far these objects were
from the locations of the gun and of the microphone ; and (3) what
was the speed of sound under the conditions for which the echo travel
times were to be predicted. When the required information had been
obtained, it was used first to determine the accuracy of the echo pro-
cedure . Then it was used to predict echoes for comparison with the
impulses in the DPD recording.
4.2.1

	

Identification of echo-producing objects
The objects in Dealey Plaza that would generate relevant echoes

were identified with the aid of a topographical survey map of the
plaza that was drawn to a scale of 1 inch equal to 10 feet . Most of
these objects were corners of buildings or of walls that, as illustrated
in figure 5, produced muzzle blast echoes in the selected region on
Elm Street by diffracting the incident sound of a muzzle blast that
was generated in the vicinity of the grassy knoll. Two of the objects,
the wall of the DCRB and the curved wall at the reflecting pool,
produced echoes by reflecting such a sound. In all, we were able to
identify 22 objects that would generate echoes of sufficient strength
that they would have been recorded on the Dictabelt recording .
(See table 1.)
4.2.2

	

Measurement of distances in Dealey Plaza
The distances of the echo-producing objects from positions of a

gun and a microphone were determined by direct measurement on the
*This report follows the present report .
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survey map. By comparing the known widths of buildings in DealeyPlaza with measurements made on the map, we found the distances
measured on the map to be accurate to about 0.5 foot . We measured
distances on the map in millimeters, to the nearest -half-millimeter .This simplified the making of measurements by providing a decimal

FIGURE 5

	

PATHSOF THREE MUZZLE BLAST ECHOES

scale . To simplify the calculation of the travel time of the echoes,
we converted the speed of sound to an equivalent value for map dis-
tances that were measured in millimeters. For example, a speed of
sound of 1,123 feet per second was converted to 2,852 millimeters per
second for map measurements made in millimeters.



4.2.3

	

The speed of sound
The speed of sound in air is primarily a function of the temperature

of the air. At a temperature of 65° Fahrenheit, it is 1,123 feet per
second, and at 90° Fahrenheit it is 1,150 feet per second . To a first
order approximation, in this temperature range the speed of sound
increases at a rate of 1 foot per second per degree Fahrenheit . By
comparison, humidity has a negligible effect on the speed of sound
in air. Similarly, small variations in the temperature at different
locations in Dealey Plaza would have a negligible effect on the aver-
age speed of sound over the path lengths of the echoes .
According to records of the weather bureau in Dallas, as obtained

by the committee staff,* the temperature in Dallas at 12 :30 p.m. on
November 22, 1963 was 65° Fahrenheit . This was substantially con-
firmed by a photograph that was taken in Dealey Plaza at about that

. time . In it, a sign on top of the TSBD can be seen on which the time
is indicated as 12 :40 and the temperature in Dealey Plaza as 68°
Fahrenheit . Even if the temperature that was supplied by the weather
bureau varied from the temperature in Dealey Plaza by 3° Fahrenheit,
the resulting error of 3 feet per second is less than 0.27 percent of
tha speed of sound at 65° Fahrenheit. For most of the echoes, the
resulting error in the computed echo-delay time would be less than
0.25 millisecond. Even for the echoes that travel the longest echo
paths, the error would be less than 1 millisecond. In either case, the
error is within the accuracy required for the echo prediction pro-
cedure. As is explained later in this report, temperature differences
up to ±10° Fahrenheit would have had negligible effect on the final
results and would not substantially have changed the final conclu-
sion nor the degree of confidence (the final statistical probability)
that can be appropriately assigned to it .
Wind also will affect the speed of sound, increasing or decreasing

it by an amount that depends on the speed of the wind and on the angle
between the direction of the wind and the direction the sound travels .
However, the delay time of an echo, which is determined by subtracting
the muzzle blast travel time from the echo travel time, will be affected
by wind only to the extent that the wind affects the echo and muzzle
blast travel times differently . This in turn depends on the difference
between the direction of the echo path and the direction of the direct
muzzle blast path . For a, gunshot fired from the grassy knoll and heard
on Elm Street, the travel of most echoes is in approximately the same
direction as the directly received muzzle blast . Consequently, the effect
of wind on the delay times of these echoes is comparatively small,
becoming significant only for windspeeds greater than 40 miles per
hour. The weather bureau recorded winds in Dallas on November 22,
1963, as ranging only between 13 knots and 17 knots, which is roughly
equal to 15 to 20 miles per hour.**
4.3

	

Accuracy of the echo prediction procedure
Before proceeding to predict sequences of echoes for comparison

with the sequence of impulses on the DPD recording, the accuracy of

* See addendum A to the acoustics reports.
**The actual recordings made at Dallas Love Field were 13 knots at 11 :55 a.m .,

13 knots at 12 :30 p.m ., and 17 knots at 1 :00 p.m. See addendum B to the acoustics
report .
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the echo prediction procedure was tested . Given the estimated ac-
curacy of the map, we expected to be able. to predict echo-delay times
to within ±1 millisecond for specified locations of a gun and a micro-
phone. However, it was essential to verify that this accuracy would
be achieved in practice and that the identified echo-producing objects
would generate significant echoes in the region of interest on Elm
Street.
To test the procedure, we predicted the delay times of the echoes

that wouldbe received by a, microphone at the location of microphone 4
of array 3, as shown in figure 5, for a shot fired from the grassy knoll
by the DPD shooter during the acoustic reconstruction experiment.
We then compared the predicted echo-delay times to echo-delay times
actually recorded on the BBN tape recording of the shot that was fired
by the DPD shooter. At the time that the test shot was fired, the
temperature in Dealey Plaza was approximately 90° Fahrenheit . Ac-
cordingly, the value used for the speed of sound was 1,150 feet per
second . As discussed in section 4.1 .5, the echo-delay time is computed
by subtracting the muzzle blast travel time (185.2 msec.) from the
echo travel time . The muzzle blast travel time is obtained by dividing
the distance between the gun and the microphone in Dealey Plaza
(213 feet) by the speed of sound.
For echoes produced at the corners of structures, the measurement

procedure was simple and direct. For example, the path of echo 2 in
figure 5 consisted of two segments . As measured on the map: the seg-
ment from the shooter to the diffraction point was 499 millimeters
and from that point to the microphone was 92 millimeters. The total
path length, 591 millimeters, when divided by the sound-speed con-
stant (2921 mm/sec) yielded an echo travel time of 0.2024 second
(202.4 msec) . Subtracting the muzzle blast travel time from the echo
travel time yielded an echo-delay time of 17.2 milliseconds .
For an echo produced by a specular reflection, it was necessary first

to locate the point at which the reflection would occur. Such reflec-
tions occur at that point on an echo-producing surface at which the
total length of the echo path to that surface is a minimum. At that
point, the reflecting surface will be tangent to an ellipse for which the
locations of the gun and the microphone are the locii and the total
length of the echo path is equal to the sum of the radii. The required
ellipse was easily generated by the following procedure. First, a non-
extensible string was cut to a length greater than the probable length
of the echo path on the topographical map. One end of the string was
tied to a pin at the location of the gun and a portion of the string near
its other end was wrapped tightly around a pin at the location of the
microphone. . The string was then pulled toward the reflecting surface
by the point of a pencil . With the string drawn taut, the pencil was
moved so that its point drew an are on the map in the region of the
line that represented the reflecting surface. The length of the string
was then adjusted until the are was just tangent to the line . The point
at which the are touched the line was the desired point of reflection .
Thepath from the gunto the point of reflection andthen to the micro-
phone (the echo,path) was then measured. The total distance of the
echo path divided by the speed of sound was the echo travel time . Sub-
tracting from it the muzzle blast travel time yielded the echo-delay
time .



TABLE 1.- List of structures in Dealey Plaza that would have produced
of sufficient strength to have been recorded on the DPD tape

Path No. :
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1 ________________________________________________________________
2 ________________________________________________________________
3 ________________________________________________________________
4 ________________________________________________________________
5 ________________________________________________________________
6 ________-_______________________________________________________
7 ________________________________________________________________
8 ________________________________________________________________
9 ________________________________________________________________
10 ________________________________________________________________
11 ________________________________________________________________
12 ________________________________________________________________
13 ________________________________________________________________
14 ________________________________________________________________
15 ________________________________________________________________
16 ________________________________________________________________
17 ________________________________________________________________
18 ________________________________________________________________
19 ________________________________________________________________
20 _________________-______________________________________________
21 ________________________________________________________________
22 ________________________________________________________________
23 ________________________________________________________________
24 ___________________________________________________ ________
25 ______________________________________________________-_________
26-__________________________________ __________________________

echoes

'Wall "A" is a concrete wall on the north side of Elm St. that runs in an east-
west direction . Corners 1 and 2 are at the east end of the wall . The direction of
the wall changes from east to northeast at corner 1, and from northeast to
north at corner 2 .
'Column "A" is a concrete column on the north side of Elm St. near the in-

tersection with Houston St.
'Wall "B" is a concrete wall on the south side of Elm St . near the reflecting

pool . It runs in a generally north-south direction . Corners 1 and 2 are at the
northern end of the wall. The direction of the wall changes from north to north-
east at corner 1 and from northeast to east at corner 2.

Column "B" is a concrete column on the south side of Elm St ., at the northern
end of Wall "B."

TABLE 2.-List of echo paths used in the predictions of echo-delays times
Echo producing objects

(Identification numbers)
1
2
9

2,8
10
5
4
6
7
12
13
14

3,13
3,14
3,15

16
8,13
19
18
21
22

4,19
6,19
20
17
23

Object
1
No. :
----------

Identification
South shelter : South door, east post.

2 ---------- South shelter : East door, south post .
3 ---------- South shelter : East door, north post .
4 ---------- North shelter : South door, westpost.
5 ---------- North shelter : South door, east post .
6 ---------- North shelter : East door, south post .
7 ---------- North shelter : East door, north post .
8 ---------- Wall "A." 1
9 ---------- Wall "A" : Corner 1 .
10 ---------- Wall "A" : Corner 2.
11 ---------- Column "A"' : Southwest corner.
12 ---------- Wall "B"' : Corner 1 .
13 ---------- Wall "B" : Corner 2 .
14 ---------- Column "B"' : West corner .
15 ---------- Wall at the north end of the reflecting pool .
16 ---------- DCRB : Southwest corner .
17 ---------- DCRB : Northwest corner .
18 ---------- DCRB : West wall (front of building) .
19 ---------- DCRB : Roof edge on west wall .
20 ---------- DCRB : Southwest corner.
21 ---------- New DCCCB : Northwest corner.
22 ---------- DCRB-New DCCCB : Alley wall between buildings.
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TABLE 3.-MEASURED AND PREDICTED DELAY TIMES OF ECHOES FOR A GUNSHOT FIRED ON AUG. 20,1978 

[In millisecondsl 

Echo path 
Echo 

travel time 

Echo-delay time 1 

Predicted Measured Deviation 

l____---____ _ __-_-_-__---_----------------- 
2. _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ - - - _ _ - _ _ _ - - - _ _ _ - - - - - _ - _ - x 

us: 6 
$8 13 “2 

3. _ _ _ _ _ - _ - _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - - - - _ - - - _ - - - 13:1 .3 
4. _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - _ - _ - - 201.7 
5 ____________________----------- _ -~~~~~~~-- 

E-i 

$ ; 

;;; 
tz :: 

6.. _ _ _ _ _. _ - _ _ _ _ _ _ - _ _ _ _ _ - - _ - - - - - - - - - - - - - - - - - 
7 _ _ _ _ _ _ _ _ _ _ - - - - _ _ _ _ _ _ _ _ _ _ _ _ - - _ - - - - - - - _ - _ - - - 213:0 

30: 1 

I;; 

8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - 
9. _ _ _ _ - - _ - - _ - _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - Et: 

f$ : ::i 

$; 
2;i 

10 ________________________________________- 
ll______-_ _ ____________-_------------------ 

232: 5 
44: 7 

it: 6” l.! 

12 ________________________________________- 5i9 3 
13 ________________________________________- 

E: 

;;; 

14 ____ __ _- _- _- _--- __- _ _ _ _ _ __ __ _- ---_ - - - -- -- 
15 _______ _ _-________ _ _____________--------- ;:$ ; 

;i; Es 
1.8 

81: 9 
;;: ; 22 

16 ____ _ __ _ _ __ _____ _- _- -- -_ __ _ _ _ __ -- --- -- --- 
17 ________________________________________- 82.2 83: 1 
18 ________________________________________- 

x:: ; 
266.7 

19 ____________________--------------------- g: ; 
Ei 

EE 

;I 

20 ___-_---_______-___- _ ______---_---------- 
a;: ; ;s: z 

g: : : !  
21____________________--------------------- 
22... _ _- _- _ _ _ _ _ __ _ _ _ - _ -_ _- -- -- -- -- - -- --- --- 
23 __________ _ ______________________________ 
2.L.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ - _ _ - - - - - - - - - - 

:I$: ; y$ f 
p;: ; ‘2 

303: 2 1:: 
25 ________ _ __________________ _ _____________ 4%: 8 
26_--...........-..------------------------ 541.3 

p$; 313.0 
2 . 354.0 2:: 

1 For the calculated locations of the gun and the microphone, the muzzle biast travel time is computed to be 185.2 ms. 

using the methods described above, 26 echo paths were defined for 
22 ecllu-prouuclllg O,,JUXS.- #'or some ot tnese patns, the muzzle olast 
sound bounced oti more than one echo-producing object. The echo- 
producing objects and echo paths are listed in tables 1 and 2. The travel 
times and the delay times for the predicted echoes are listed in table 3. 
Also listed are the echo-delay times determined by analysis of the 
time waveforms of the sounds received at microphone 4 of array 3 for 
the shot fired by the DPD shooter from the grassy knoll. These wave- 
forms, which are shown in figure 6, were obtained by playing back the 
recording of the sounds that were picked up by the microphone, modi- 
fying the reproduced signal so as to approximate the effect that a 
microphone of the type used by the DPD in 1963 would have had on 
the signal, and then graphing the resulting signal. A 60-Hz tone that 
was recorded in one segment of the recording made during the testing 
m August 1978 made it possible to calibrate the time scale of the graph 
at 1 millisecond per millimeter. The first waveform appearing in the 
graph, the large peak at the left-hand side, corresponds to the super- 
sonic shockwave of the rifle bullet. The second large peak is the 
waveform of the muzzle blast. Following it, with generally diminish- 
ing heights, are the waveforms of the echoes of the muzzle blast. The 
delay time of each echo was determined by direct measurement of the 
distance from the leading edge of the muzzle blast waveform to that 
of the echo. The numbered peaks shown in this figure correspond to 
the predicted echoes identified in table 3. 

The deviations between the predicted and measured echo-delay times 
listed in table 3 were in part due to small errors in the locations of the 

*At the time of the prencntntion of nnr f?nAfnw on no-. 79 1!?7n 32 enho paths 
had he defined. After that date, four additional paths were defined. 



gun and the microphone . The microphone location was determined
from a map of Dealey Plaza that showed where microphones were to
be placed during the reconstruction experiment . However, the scale of
the map, 1 inch equal to 40 feet, limited the measurement accuracy to
about plus or minus 2 feet . Therefore, the actual location of the micro-
phone may have deviated from the indicated one by a foot or two.
Similarly, there were no measurements taken of the exact location
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FIGURE 6

	

FILTERED WAVEFORMS OF GUNSHOT SOUNDS RECEIVED AT MICROPHONE 4OF ARRAY 3

where the DPD shooter stood as he fired each shot from the grassy
knoll. Consequently, it was likely that the gun and the microphone
locations that were used for the echo-delay time predictions were
slightly in error and that if these positions were adjusted correctly,
the resulting predictions would be closer to the measured echo-delay
time .
An analysis of the data listed in table 3 shows that the assumed

locations were sufficiently accurate for the purpose of this test . The
average absolute difference between the predicted and measured echo-
delay times was 0.8 millisecond. The standard deviation of predicted
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delay times about this average was 0.7 millisecond. These results are
well within the accuracy required of the echo prediction procedure .

5 .0 COMPARISON OF THE SEQUENCE OF IMPULSES ON THE DPD RECORD-
ING WITH SEQUENCES OF PREDICTED ECHOES

61

	

Prediction of echoes for November 22,1963
Using the techniques described in section 4, we predicted echoes and

echo-delay times for gunshot sounds that would have been heard in
Dealey Plaza at 12 :30 p.m . on November 22,1963. The predictions were
made given the following conditions : (1) The air temperature was
65° F (with a possible error of 3° F) ; (2) the gun was somewhere
along the wooden stockade fence on the grassy knoll ; (3) the micro-
phone was somewhere in the region of interest on Elm Street (see sec-
tion 4.1.3) andmoving with the motorcade at a speed of about 11 miles
per hour ; and (4) the echo-producing objects were the same as those
identified in table 1.
The procedure that was used to predict echoes required a few more

steps than the method described in section 4. Since the conditions
required the microphone to be moving on Elm Street at a speed of 11
miles per hour, the location of the microphone on the map had to be
moved in a similar manner. First, a location was specified on the map
at which the microphone received the muzzle blast . Then, the micro-
phone wasmoved along apath corresponding to the path it would have
traveled on Elm Street during the time it received all of the predicted
muzzle blast echoes . The location of the microphone at the time it would
have received each particular echo was determined by calculating the
distance the microphone would have moved from the initial position
at a constant speed of 11 miles per hour during an interval equal to the
echo traveltime . Small deviations about this estimated distance (for
example, ±1 millimeter) did not materially affect the predicted echo
travel time. The predicted echo-delay times were then obtained by the
procedure described in section 4.
5.2

	

Correction of time delay measurements
The delay times of the impulse sounds on the DPD recording were

measured directly from a graphof the sequence of impulse waveforms,
such as the one shown in figure 3. To simplify the measurement of time
intervals, the graph was plotted with a time scale of 1 millisecond
per millimeter (1 msec/mm) . However, before the measurements
could be used, they hadto be multiplied by a time-correction factor to
correct for an error in the, speed of the DPD Dictabelt machine. As was
shown in the BBN analysis, theDPD recorder was running slow at the
time the recording was made . Consequently, when the recording is
played back at the faster, correct speed, the recorded impulse sounds
will be heard closer tnnether than thev actually were at the time the
recording was made. This error could be corrected by multiplying the
time intervals measured on the graph by a time-correction factor . The
BBN analysis showed that between 12 :22 p.m. and 12 :37 p.m., the
average speed of the recorder was 0.95 of correct speed. The actual
speed atanytime dttrinf this interval could have been from 0.94 to 0.96
of true speed. Accordingly, the time-correction factor could range from
1.04 to 1.06.
An adjustment in the measurement of imnulss, delay times would also

be necessary if the temperature in Dealey Plaza at 12 :30 p.m . on
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November 22, 1963, was not 65° F, as was initially assumed. The com-
puted delay time of each predicted echo would be in error by about 0.1
percent for each 1° F difference between the true temperature
and the assumed value of 65°F. The effect on the predicted echoes
would be to scale their spacingfrom what they should be. For example,
if the true temperature was less than 65° F, then the predicted echoes
would be closer together than they should be . Conversely, if the true
temperature was more than 65° F, the computed echoes would be
spaced more widely than they should be . Since it was not likely that
the assumed temperature differed from the true temperature by more
than 10° F, the factor for correcting temperature errors would range
only from 0.99 to 1 .01 . Assuming that the differences in temperature
and recorder speed occurred in such a way as to compound one another,
the combined factor that would correct for both recorder speed and
temperature at the same time could range from 1.03 to 1 .07. Because
we knew that the range of the correction was 1 .03 to 1.07, theoretically
we could use any value between 1.03 and 1 .07 to adjust the measured
time intervals between the impulses on the DPD recording.
Because any value between 1.03 and 1 .07 was theoretically valid, it

was permissible to choose the value between those limits that created
the best match between the impulse and echo sequences . By fitting the
DPD tape recorded impulse sequence to our predicted echo sequences,
we found that a time-correction factor of 1 .043 gave the best match,
andwe therefore used that factor.

TABLE 4.-MEASURED DELAYTIMES OF IMPULSES AND PREDICTED DELAY TIMES OFGUNSHOT ECHOES FOR
NOV. 22, 1963

(In milliseconds)

I For the calculated locations of the gun and the microphone, the muzzle blast travel time is computed to be 195 .9 ms.

5.3

	

Comparison of the impulse andecho sequences
The sequence of predicted echo-delay times that best matched the

sequence of impulse-delay times, computed as described above, is listed
in table 4. The numbered peaks shown in figure 7 correspond to the

Echo path
Echo

travel time
Echo

delay time
Impulse

delay time Deviation

1_________________________________________ 202 .4 6.5 6 .3 0 .2
2_________________________________________ 206 .8 10.9 10 .5 .4
3________________________________-________ 211 .0 15 .1 14 .7 .4
4_________________________________________ 214.7 18 .8 19.3 .5
5_________________________________________ 217.0 21 .1 20.1 1 .0
6_________________________________________ 224.3 28 .4 27.4 1 .0
7_________________________________________ 225.2 29 .3 30.3 1 .0
8_________________________________________ 227.1 31 .2 31 .6 .4

230 .6 34 .7 34.1 .6
---------------------------------------------- 244.1 48.2 48.7 . 5

11 _________________________________________ 241 .5 45 .6 45.4 .2
12_________________________________________ 250 .3 54 .4 54.2 .2
13_________________________________________ 255 .2 59 .3 59.7 .4
14________________________________-________ 266.0 70.1 69.4 . 7
15_________________________________________ 273 .4 77 .5 77.4 .1
16_________________________________________ 281 .8 85 .9 85.3 .6
17_________________________________________ 276 .7 80 .8 80.2 .6
18_________________________________________ 473 .9 278 .0 278.6 .6
19_________________________________________ 479 .8 283 .9 283.7 .2
20_________________________________________ 479 .8 283.9 283.7 .2
21_________________________________________ 489.1 293 .2 292.1 1 .1
22_________________________________________ 506 .8 310.9 310.5 .4
23_________________________________________ 507 .9 312 .0 312.4 .4
24_________________________________________ 509 .6 313 .7 313.1 . 6
25_________________________________________ 524 .0 328 .1 327.5 .6
26_________________________________________ 565 .0 369 .1 369.2 .1



predicted echoes identified in table 4. The average absolute difference
between the impulse-delay times and the corresponding echo-delay
times is 0.5 millisecond, and the standard deviation of impulse-delay
times about this average is 0.3 millisecond.

The location of the gun and the path of the microphone for which
these predicted echoes were obtained are shown in figure 8. The micro-
phone is initially located 97 feet south of the TSBD and 27 feet east
of the southwest corner of the TSBD. The path of the microphone,
as it received the muzzle blast and its echoes, extends for about 6 feet
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FIGURE 8

	

LOCATION OF THE GUN AND PATH OF THE MICROPHONE
COMPUTED FOR NOVEMBER 22, 1963

4

DCRB

New
DCCCB

along Elm Street . The uncertainty in the initial position is ±1 foot,
which corresponds to the accuracy of measurements made on the topo-
graphical survey map. The gun is located about 8 feet to the left of
the corner of the wooden stockade fence on the grassy knoll. If the
gun is moved along the fence from this location, the delay times of the
muzzle blast echoes chances. However. for movements up to ±5 feet,
these changes can be reduced to less than 1 millisecond by making a
small adjustment in the initial location of the microphone .
Thedata in table 4 suggest that the sequence of impulses on the DPD

recording is very similar to the sequence of _predicted echoes . A visual
comparison indicates that almost all of the impulses and echoes coin-
cide within a window of 7+-1 millisecond. However, such an examina-
tion can be deceptive . It does not take into account the impulses that
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do not coincide with echoes, or the echoes that are not matched by
impulses of even minimal amplitude . For these reasons, a more appro-
priate method of comparison was to compute the binary correlation
coefficient of the sequences .
5. .4

	

Factors affecting the selection ofimpulses and- echoes for correla-
tion

Ideally, a correlation of the impulses andthe predicted echoes would
have included all of the impulses evident in the waveforms of figure 7
and all of the predicted echoes. However, some of the impulses must
have represented components of the background noise. To minimize
the number of noise impulses that might be included in the correlation
calculation, only those impulses that were greater than the average
peak level of the background noise were counted. This required limit-
ing the predicted echoes that were included in the correlation calcula-
tion to those that would have been recorded at a level above that of the
background noise. To identify these echoes and impulses, it was neces-
sary to consider, first, the relative strengths of predicted echoes near
the microphone, and then the way in which the DPD radio dispatching
system would have altered both the relative strengths of the echoes as
recorded and the recorded level of the background noise.
5.4.1

	

Relative strengths of echoes near the microphone location

The relative strengths of the predicted echoes at locations along the
path traveled by the microphone would be similar to those of the actual
echoes of a muzzle blast that were recorded during the acoustical recon-
struction experiment at the nearby location of microphone 4 in array
3 (see fig. 5) . The strengths of echoes received at these nearby locations
would not differ by more than a few decibels . Therefore, the relative
strengths of the predicted echoes in the vicinity of the moving micro-
phonecould be taken to be the same as those received by microphone 4.
5.4 .2

	

Effects of the DPD radio dispatching system on the relative
strengths of recorded echoes

The DPD radio dispatchinm system contained a circuit, that would
have greatly affected the relative strengths of the recorded echoes of
amuzzle blast . This circuit, the automatic gain control (AGC), limited
the range of variations in the levels of signals by reducing the levels
of received signals when they were too strong and increasing their
levels when they were too weak. It responded very rapidly to a sudden
increase in the level of a signal, but comparatively slowly to a sudden
reduction in a signal level. Consequently, the response of the AGC to
the sound of a muzzle blast would greatly reduce the recorded levels
of echoes and background noise received shortly afterward . Progres-
sively during the next 100 milliseconds, the AGC would allow the
recorded levels of received signals to increase until full amplification
was finally restored. The effect on the predicted echoes would be to
make the recorded levels of late-arriving echoes verv nearly the same
as those of the early ones. Concurrently, the recorded background noise
would gradually rise to its level before the muzzle blast was received.
A different but also significant effect on the relative strengths of the

recorded echoes would have been caused by the motorcycle windshield .
On the DPD motorcycles, the microphone was usually mounted on a
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bar directly behind the windshield . Sounds arriving from the front of
the motorcycle would have diffracted around the windshield and in
doing so would have lost strength . As determined by experiment, the
windshield of a 1960's Harley Davidson motorcycle attenuated gun-
shot sounds received from in front of the motorcycle by from 3 deci-
bels to 6 decibels . The amount of attenuation depended on how close
the microphone was to the windshield. Obviously, sounds received from
the sides and rear of the motorcycle would not be affected by the
windshield .
5.5

	

Correlations of impulse and echo sequences
The selection of impulses for the calculation of the binary correla-

tion coefficient depends directly on the noise level to which the heights
of the impulses are compared . This level can be set, as in figure 2, at
the average peak level of the recorded noise immediately adjacent to
the recorded impulses. This approach, however, presumes that the
noise level is the same during the impulse segment as it is in the adja-
cent segments of the recording. As was discussed above, the level of the
noise recorded during the first 50 milliseconds following a muzzle blast
will be greatly reduced. Consequently, an alternative would be corre-
spondingly to lower the level to which the impulses are compared dur-
ing this 50-millisecond period .
Both approaches to setting the amplitude comparison level were

used, each in a separate calculation of the binary correlation coefficient.
For the first calculation, the amplitude comparison level was set as in
figure 2. Taking all of the factors discussed in section 5.4 into account,
we found that 13 gunshot sounds (the muzzle blast and 12 of the pre-
dicted echoes) would have been loud enough to have been recorded at
a level above the background noise. Eleven of these sounds coincided,
within a -i- 1-millisecond window, with impulses that exceeded the am-
plitude comparison level. Including the leading impulse, which was
identified as the muzzle blast, a total of 15 impulses exceeded this level.
The binary correlation coefficient was calculated as the number of
gunshot sounds and impulses that coincided (11) divided by the
square root of the product of the number of selected impulses (15) and
the number of selected gunshot sounds (13) . For these data, the binary
correlation coefficient was calculated to be 0.79.
For the second calculation of the binary correlation coefficient, the

delay time range over which impulses and echoes were compared was
limited to the first 50 milliseconds following the muzzle blast, since
this was the range in which the AGC would have had greatest effect.
(It is also the range in which most of the echoes arriving from the
front of the motorcycle occurred .) In this calculation, the amplitude
comparison level was reduced to one-fourth of its value during the
previous calculation, which placed it at a level just above that of very
small peaks among the waveforms of the recorded impulses . Eighteen
impulses exceeded this level. So would have the muzzle blast and all
11 echoes that were predicted to occur in the delay time range up to 50
milliseconds . Eleven of these sounds coincided, within ±1 milli-
second, with one or another of the selected impulses. These dsta-
11 coincident impulses and echoes, 12 gunshot sounds, and 18 im-
pulses-n:sulted in a computed binary correlation coefficient of 0.75.



5.6

	

The probability that the recorded impulses are notgunshot sounds
The high degree of correlation between the impulse and echo se-

quences does not preclude the possibility that the impulses were not the
sounds of a gunshot. It is conceivable that a sequence of impulse
sounds, derived from nongunshot sources, was generated with time
spacings that, by chance, corresponded within one one-thousandth of
a second to those of echoes of a gunshot fired from the grassy knoll.
However, the probability of such a chance occurrence is about 5 per-
cent.* This calculation represents a highly conservative point of view,
since it assumes that impulses can occur only in the two intervals in
which echoes were observed to occur, these being the echo-delay range
from 0 to 85 milliseconds and the range from 275 to 370 milliseconds.
However, if the impulses in the DPD recording were not the echoes
of a gunshot, they could also have occurred in the 190-millisecond
timespan that separated these two intervals. Taking this timespan into
account, the probability becomes considerably less than 5 percent that
the match between the recorded impulses and the predicted echoes
occurred by chance . Thus, the probability is 95 percent or more that
the impulses and echoes have the same source-a gunshot, or a sound
at least as sound as a gunshot, from the grassy knoll. Stated differently,
the odds are less than 1 in 20 that the impulses and echoes were not
caused by a gunshot from the grassy knoll, and at least 20 to 1 that
they were .

*See the BBN report No. 3947 .
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