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PREFACE

The research reported herein was conducted by the Geophysics
Group of the Infrared and Optics Division of the Environmental Research
Institute of Michigan.

This work was sponsored by the Naval Regional Procurement Office
Long Beach, California under Contract NO0123-74-C-0761 and monitored by
the Naval Electronic Laboratory Center (NELC). The period of research
extended from 26 November 1973 to 15 December 1975. Project monitor
on this contract was John G. Hoffman (NELC).

The principal investigator was Fred J. Tanis with important
contributions to the technical program made by J.Adams. This research
was guided by Mr. R.R. Legault, Director of the Infrared and Optics
Division. The Institute report number ig 106839752F. :
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SUMMARY

This contract was directed toward development of a seismic mortar
location system. The concept envisions a small, low-cost, man packed
computer, and hand~implaced sensors with data telemetry., The system
operator acts ds a forward observer calling fire on ensmy gun positions.
The sensor packages would have threshold detection, pass band filtering,
A/D conversion, discrimination logic, and data transmission capabilities.
Target positioning calculations and signal analysis would be performed
in a small computer. Operator input includes sensor and calibration shot
coordinates. Output consists of status indicators and enemy gun location
estimates which can be transmitted to fire control. This system would
also be applied to locate large artillery and other targets with impulsive
seismic signatures. A

The principal advantages of a seismic system over the sound ranging
approach are (1) the use of velocities which are not time dependent
allowing adaptive location, (2) terrain features will not mask the seismic
signals as with acoustics, and (3) seismic signals allow direct discrimina-
tion of multiple events and signal identification through match comparisons.
The principal disadvantages of a seismic locater as with all passive
systems is a noise limited range. This study found that further effort
must be directed towards signal enhancement,

Seismic surface waves constitute the largest signal at the ranges
under consideration and were, therefore, used as a basis for developing
a location technique.

Two location algorithms were derived to utilize seismic data. The
first was similar to hyperbolic location but used a Kalman filter to
correct for individual path velocities. The second technique compared
signals from enemy recoil with those of directed return fire in a "seismic
on seismic" location estimate. Computer simulation of derived location
algorithms was found useful to obtain capabilities in terms of error

characteristics.
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A field measurement program was iniciated to provide a data base
for further evaluation. Seismic data recordings were made of mortar

recolls and explosives at Twenty Nine Palims and Camp Pendleton Marine

g bases.

"gﬁ ’ The Camp Pendleton data were of a poor quality because of local

ﬂé noise problems and as such did not produce useful results when applied
to the location problem. The Twenty Nine Palms experiment on the other
hand precduced good data, While observations were made at ranges less

than 2.0 kilometers, it is felt that seismic recoil signals without

R it el JE ot et B sy

enhancement would be useful under quiet conditions to at least 3.0

kilometers., Signal enhancement processing could double the effective

i T
K

. range,

A

'{i‘ Location accuracies produced by windless acoustic data (an ideal
.. condition) were generally better than those from corresponding seismic
;f" data. Because of the higher seismic velocities seismic results were
';f‘ more sensitive to timing errors, Significant advances must be made in

the methods of observing seismic wave time delays before the advantages

of a seismic location system can be realized. Adaptive processing of
seismic signals could also reduce noise without any intervention by the

operator.
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1
INTRODUCTTION

The problem of enemy mortar location has not been solved for a
small focward base of company size. The cost and logistics of using
radar for this purpose are, to date, prohibitively expensive. This
exploratory work as part of the U.S. Marine Corps HOWLS (Hostile-Weapons-
Location-System) program has been directed toward development of a
seismic mortar location system. This concept envisions development of
a small, low cost, man-packed computer, and hand-implaced sensors with
data telemetry capability, The system operator will function as a forward
observer calling fire for calibration and on enemy gun positions.

Unlike the radar in-~flight projectile approach, this program concentrates
on the propagation of seismic energy resulting from the impulse of the
firing weapon and could provide 360° surveillance cover. The sensor
packages which would probably be expendable are envisioned to have
threshold detection, passband filtering, A/D conversion, a small
amount of digital storage, limited discrimination logic, and data
transmission capability. All target positioning caiculation and
signal analysis will be performed in a small computer. Operator input
will include sensor and calibration shot position information. Output
will consist of status indicator and enemy position information which
can be transmitted to fire concrol.

One of the principal advantages of the seismic system over the
conventional sound ranging system 1s the use of seismic velocities
which are not time dependent. This feature allows the location to take
on an adaptive character. With repetition of recoils and impacts more
knowiedge of media path velocities is obtained with which the position
of enemy fire can be progressively estimated. Because a seismometer
has some capability as a microphone, acoustic muzzle blast signals can

also be utilized, if needed, for location,
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Terrain features will not mask the seismic signal from a muzzle
blast as they will for acoustics. As return fire is ranged upon the
enemy's gun the signatures from friendly impact and enemy recoil will
look similar and can be incorporated into a ''seismic on seismic"
location estimate. Thus we will know convincingly when the enemy
fire has been neutralized. The practical use of these techniques in
a mortar location algorithm has been investigated.

Discrimination of seismic recoil signals from shell impact
signals is necessary when multiple events occur with rapid succession.
The seismic mortar recoil signals are repeatable which allows signal
identification through successive match comparisons. In addition,
directionality of the acoustic wave could possibly discriainate
signals from improbable azimuths.

As with all passive systems a seismic mortar locator will be
noise limited. If noise conditions are very local then perhaps the
problem can be relieved by ignoring one or more sensors. A generally

high battlefield noise condition will reduce the effective range.

The approach taken to investigate the feasibility of a seismic

: mortar location syztem included the following program steps.

fé. 1. Utilizing existing data examine possible mortar generated
signals and characteristics which could be exploited in a
mortar location scheme with attention to problems of detec-
tion, discrimination, and location.

2. Develop a mortar location algorithm which conuld be used in a
light weight man-packed system. Simulate location algorithms
and evaluate their expected performance on assumed input
errors.

3. Conduct a field measurements program to collect data which
can be used to evaluate the algorithms.

4. Process the seismic field data, analyze its characteristics

and utilize it as much as possible to obtain locations of
mortar fire.

WA e Ll e L - o m————
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2
SEISMIC MORTAR SIGNATURF CHARACTERISTICS

-

Pl s e e e

A mortar firing generates four signals which will be recorded

by the seismometer. These include seismic waves generated by recoil,

SRR TR

¥

the air wave from the muzzle blast, the seismic waves from the

e e

explosive shell impact, and the air wave from the shell burst.

Fal

A shell burst event (an explosion) generates seismic energy which

g

e
P

penetrates the surface layers and propagates to the sensor as a

compressional wave (P wave) or simply as sound in earth. Also

TR T

generated, and perhaps, with the greatest amount of energy, are surface

' waves (Rayleigh wave). From such an event very little seismic shear
wave energy is observed. In contrast, mortar recoil will generate
L shear energies confined to Love modes (surface confined shear waves)
e ' and shear body modes which can be polarized in both the horizontal (SH)
and vertical (SV). Observed polarization will be partly determined‘
by azimuth to the mortar location.

Seismic eignal from mortar recoll has been shown to be highly
repeatable. Signals received from explosions, on the other hand,
‘ while showing a great deal of correlation, do not show the same degree
ff of repeatability unless they are small explosions and detonated at the

v same position. It is not the kind of event but rather its degree of

'simularity which determines repeatability. When explosions or impacts
are scattered about due to range and deflection errors they exhibit
less correlation. Such tendencies seem reasonable since shells explode
at different distances and azimuths from the sensor.

Such a discriminant could be implemented by storing a known
recoil signal from enemy mortar along with its auto-correlation
function. A second signal would then be compared to the first by
ratioing the cross-correlation peaks with the stored auto-correlation

function. A constant ratio would indicate a recoil frqm the same
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source. Conversely, a variable ratio would indicate recoil from
another source or shell burst.

There is very little visual difference‘in the nature of the air
wave train as recorded from a shell burst or a muzzle blast. 1In
addition, the acoustic spectra of these air waves are much the same.
Thus using only the acoustic air waves, it may be difficult if not
impossible to directly discriminate a muzzle blast from a shell burst.
In this case, one is left to sorting out all the arrivals in a large
computer in order to eliminate all false locations. On the other
hand, the seismic waves from an explosion and a recoil may differ
substantially in terms of signal level on each of the three-component

seismometers.

2,1  ANALYSIS OF THE AIR WAVE

The air wave portion of the muzzle blast seismogram will be
the largest signal on the trace and could be very useful in determining
azimuth to the mortar location. Two modes of seismic signal are
possible. First, the sound wave may couple directly into the seismo-
meter housing or immediate ground area as structural borne sound.
Second, the sound may couple into the ground continuously as it
propagates to the seismometer reinforcing a Rayleigh wave which
propagates at the velocity of sound. 7This wave is often called the
air-coupled Rayleigh wave. The recorded signal can be dominated by
either one of these air-coupling phenomenon. The prominence of an air-
coupled Rayleigh wave will depend on whether such a wave can be
supported by the ground media. If the layered structure in the earth
will support such a wave in the frequency band of the acoustic air
wave then the ailr-coupled Rayleigh wave will dominate.

The two horizontal seismometers of a three-component package can
be used to obtain direction such as one might with a pair of directional

microphones, i.e., by the ratio of signal levels or by timing the waves .
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to separated stations. If the shape of the acoustic wavefront

becomes distorted by the presence of foliage, and atmospheric
conditions, good azimuth resolution may be impossible. The seismic
direct-coupled acoustic wave would indicate a comparable degree of
distortion. Thus in the case of wave distortion, using the seismometer
as a micrphone will not improve azimuth resolutlon. The air-coupled
Rayleigh wave will be less likely distorted because its energy is
coupled to the ground over the entire wave path. Azimuthal information
from the acoustic wave could be used as (1) an initial rough location

estimate, and (2) an event discriminant for unlikely azimuths.

2.2 DIRECTION FINDING WITH ACOUSTIC WAVES

The investigation has been made of using two horizontal seismometers
to obtain direction, such as might be done with directional micro-
phones. A general direction can be found from the acoustic waves
accompanying a muzzle blast. Further analysis could be performed to
refine angle estimates and identify major causes of error. It has
not been ascertained, for example, whether ripples in the sound front
in the atmosphere appear in the Rayleigh wave front in the earth.

If these ripples do not appear in the ground then a major source of
acoustic direction finding error will be eliminated [1]. Analyses

which have been completed for this study are reported in Section 4.

2.3 USE OF SEISMIC SURFACE WAVES

The seismic surface waves generated by recoils and impacts may
be the largest signal on the selsmogram outside of the air wave. Body
waves will generally attenuate rapidly because of their high frequency
character and spherical spreading.

As with the acoustic waves these surface waves may be used to

locate enemy fire by observing the arrival time difference (AT's) at
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three or more stations. However, accurate hyperbolic fixes will
require knowledge of the path velocities. The Rayleigh and Love
wave velocities can be expected to change, not only with area of
deployment, but also to a lesser extent within the actual deployment
area itself. The approximate range and azimuth of all return rounds
will be known and the seismic waves generated by these impacts and
vecolls can be used to more accurately re-estimate the surface
velocities, Thus a seismic mortar location system, once deployed,

will improve in effectiveness as the position is defended.

2.4 DELAY TIME ANALYSIS

Efforts were made to evaluate some existing seismic mortar data
for the use of correlation for AT determinations. Analog mortar and
explosion data used were recorded at Ft. Sill, Oklahoma under Army
contract DAAKO2-73-C~0230. Selected records were filtered and
digitized. A simple correlation program was written to perform the
necessary computations.

Figure 1 shows a comparison of three-component records of an
explosion recorded at two 0.5 km sites which are separated by 382.7 m.
The peak of each correlation function was determined so that the lag
time from zero time alignment could be determined. This quantity has
been labeled peak error and assumes path velocities are identical.

In the figure Rayleigh waves which appear on the vertical and radial
channels appear to have similar path effects. The Love waves which
appear on the transverse channel correlate poorly and produce a

large alignment error. Additional records examined at the same site
indicated that Rayleigh waves which had travelled along substantially
different paths remained well cofrelated. The results from another
site at Ft. Sill were not as encouraging. Figures 2 and 3 show the
same type of comparison for a mortar signature. The results were

generally unacceptable which may be due to the presence of special

T S “ra—
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SEISMICS : ACOUSTICS (AIR WAVE)

Site 4

Site 3

Correlation Function W\Mﬂ Peak Error 6ms

Vertical Component
SEISMICS ACOUSTICS

Site 4
| Site 3 mrmm————
Correlation Function W Peak Error 87ms
Transverse Component
SEISMICS ACOUSTICS
Site 4 = *‘
Site 3 = v/

Correlation Function W Peak Error 9ms

Radial Ccmponent

FICURE 1. COMPARISON OF THREE COMPONENT SEISMIC SIGNATURES
_FROM A TNT SHOT AT TWO SITES SEPARATED BY
382.7 m., Fort Sill, Oklahoma, 1971
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SEISMICS ISTICS (AIR WAVE)

Site 0 v

Site 1 =~wmmrm——r—ar NS

Correlation Function W Peak Error 18ms

Vertical Component

SEISMICS ACQUSTICS
Site 0

Site 1
Correlation Function W Peak Error 90ms
Transverse Component
ACQUSTICS
SEISMICS
Site 0 N

site 1 .—————-A/V\z-\[\,ANMw—w'-

Correlation Function AANWC Peak Error 97ms
Radial Component

FIGURE 2. COMPARISON OF THREE COMPONENT SEISMIC MORTAR SIGNATURES
SEPARATED BY 382.7 m., Fort Sill, Oklahoma, 1971
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ACOUSTICS (AIR WAVE)

SEISMICS

Site 7 AP

Site 0 V““NNVme

Correlation Function.m Peak Error 27ms

Vertical Component

SEISMICS ACOUSTICS
Site 7 w
Site 0

Correlation Function sasna, Peak Error 66ms
Transverse Component

SEISMICS ACOUSTICS
Site 7 arar [
Site 0

Correlation Function —**V‘ Peak Error 57ms

Radial Component

FIGURE 3. COMPARISON OF THREE COMPONENT SEISMIC MORTAR SIGNATURES
SEPARATED BY 382.7 m., Fort Sill, Oklahoma, 1971
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geologic features. Selsmic record comparison of a mortar recoil with
an explosion detonated at the firing position are shown in Figure 4,
Again, excellent correlation alignment was achieved on the vertical
and radial channels (due to Rayleigh waves) but remained poorly
correlated on transverse channels. In addition, it is evident that
the recoil generates much larger Love waves than from the explosion,

This large difference may account for the large peak lag error.

2.5 SENSOR REQUIREMENT

In considering deployment of the seismic mortar location system
for point defense one may ask how many sensors are required for 360°
coverage. If each sensor has a reliable detection range of T oax and
it is desired to locate enemy fire from a radius of R around the point
defense than the sensor packages would optimumly be placed uniformly
on a circle of some radius a. Sensors on the opposite side from
the enemy mortar will be out of detection range for radii greater than
Rmax_a' Suppose, further, that we require a minimum of k sensors to
detect the enemy mortar recoil. Since the k sensors will all lie on
a circular arc, the requirement reduces to having the two end positions
at maximum range. Of the arc subtends an angle ¢ then N > 2nk/¢
sensors are required. The relationship between N and Rmax is easily

derived as
= - 2 2 - 2
M n(k-1)/arc cos [(R* + a r max)/2 Ra]

Under this formulation N is very sensitive to roax’ A more useful

relation is

-  m(k=1). ¢ 2012 M(k-1)
r ok v (R - a cos N Y + a?sin N

10
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SEISMICS ACOUSTICS (AIR WAVE)
TNT (19)
Recoil (1)

Correlation Function W Peak Error 3ms
Vertical Component

SEISMICS ACOUSTICS
TNT (19) ~—~aMAM] ‘ A )
Recoil (2)

Correlation Function [wo*u Peak Error 66ms

Transverse Component

EISMICS ACOUSTICS

TNT (19)

Recoil (2)

Correlation Functionm*w Peak Error Oms

Radial Component

FIGURE 4. COMPARISON OF THREE COMPONENT SEISMIC SIGNATURES FROM
TNT SHOT WITH A MORTAR RECOIL. Fort Sill, Oklahoma, 1971
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If unlimited numbers of sensors were available then by the above

equation

r =R -~ a
max

ic*f

Thus we can examine N such that rmax begins to deviate rapidly from

R-a. Using a value of 0.5 and 1.0 km, an R value of 3.0 km, and k = 3

the point of ten percent departure from R -a = 2.0 lies between

PR

7T R ST T T

8 and 10 sensors. For a k value of 4 these numbers increase to 12

Y

PRS-

and 15 sensors respectively.

Examination of this circular criterion for sensor placement

s AT e

BTN

leads under practical considerations to a conclusion that a minimum

of 10 sensors are needed for 360° coverage.

TSR

2.6 SIGNATURE DISCRIMINATION PROBLEM

As indicated previously discrimination of seismic recoil signals

FEARCNE NS o
M S noal

e

from impact signals may be crucial to effective operatiow of a mortar

location system. A discrimination capability is egpecially necessary
during periods of rapid exchange of fire. Lack of such capability
necessitates a lengthy and, perhaps, complex sorting problem.

Exanination of seismic data collected at Ft. Sill during

e e
B et et Y e e x "2

November 1973 and under this project suggest three possible approaches

for seismic discrimination of mortar recoil and impact signatures.

» - P T S R, L T e T g
- S et R T DERN A

Results from this study have suggested three potential discrimi-

nants.

1. Seismic signal for mortar recoil has been shown to be
highly repeatable. Signals received from explosions, on the other
hand, while showing a great deal of correlation, do not show the
same degree of repeatability unless they are small explosions and
detonated at one position. When explosions or impacts are scattered

about due to range and deflection errors they exhibit less correlation.

12
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Such tendencies seem reasonable since shells explode at different

FORMENLY WILLOW RUN LABORATORIKS, THE UNIVERSITY OF MICHIGAN

distances and azimuths from the sensor. Figures 5 and 6 show a 105 mm
shell impact signature as recorded at 0.5 km distance. While some of
the surface waves show correlation the general repeatability of the
record is much less than in the case of recoil. Thus repeatability
of the signal shows promise as a signal discriminant.

2. Explosive sources tend to produce relatively stronger body
wave energy than recoil sources. A body wave/surface ratio is then
a potential discriminant between these two sources. The discriminant
ratio may be enhanced by comparing signals from selected narrow band
filters. While this discriminant may work well for close distances
where body wave signals from mortar can be observed, there are obvious
difficulties at the far distances where they are highly attenuated
and difficult to measure.

3. Since surface waves attenuate less rapidly than body waves
they can be observed at greater distances. Thus a surface wave
discriminant would have more potential use for the mortar location
problem. A procedure was developed to look at the sum of squares
of the longitudinal and vertical components. Strong phase correlation
was observed for surface waves recorded beyond 1 km from explosions
at about 25 Hz. For surface waves from mortar recoil phase correla-
tion was observed to vary little from 2 Hz to 50 Hz. The presence or
absence of such phase correlation could potentially be used to
discriminate recoils from impacts.

It was first thought that recoil seismics produced less energy
on the vertical component than explosions. If this were the case, an
energy ratio between components could be used as a discriminant.
However, when tested this discriminant was found to be unreliable.

Of the discriminants considered repeatability appears to be the most
practical approach. Such a discriminant could be implemented by

storing a known recoil signal from enemy mortar along withs its

13
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auto-correlation function. A second signal would then be compared
to the first by ratioing the cross-correlation peaks with the stored
auto-correlation function. A constant ratio would indicate a recoil
from the same source. Conversely, a variable ratio would indicate

recoil from another source or shell burst.

2.7 DISPERSION OF SURFACE WAVES

The Rayleig.. and Love surface modes generated by mortar recoil
and shell impacts will travel at velocities which vary with frequency.
If the media is dispersive such velocity differences will be great
and the surface wave train will appear spread out. Such phenomena
could greatly effect the accuracy of time delay correlations if the
path lengths or media characteristics are different. Early in this
program model studies using multi-layered dispersion equations were
initiated to evaluate the problem of dispersion.

Mortar recoil tends to generate Love surface mode while shell
impacts genevate predominantly Rayleigh mode. If arrivals from impacts
are to be used to correct times for mortar recoil or if they are to
be incorporated into a seismic on seismic correction of return fire
then such velocities must be similar and in constant ratio over the
principal frequency components. Data recorded for the field tests
conducted at Ft. Sill, Oklahoma, October 1973 wave has been analyzed for
consistency of explosions and recoils. In addition, using a
refraction velocity profile obtained from the Ft. Sill, 1971 data
theoretical models of surface wave velocity were calculated for
various modes.

A series of equations [2], describing the dispersion of surface
waves on multi-layered medla, were programmed for the digital
computer. They relate surface wave phase velocity to frequency.

The program input consists of a layered model of shear (B) and

compressional (a) wave velocities along with density ratios.

16
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Figures 7 and 8 show the resulting phase velocity curves for both Love
and Rayleigh waves. The first four modes have been determined. The
curves have roughly the shape of a hyperbola except that the Love
modes have as an upper limit to their phase velocities which is the
shear velocity in the second layer or half-space. The compressional
velocities are based on velocity data obtained at Ft. Sill and shear
velocities were obtained from the Handbook {3]. The only difference
in Models I and II is that Model II has a layer of twice the thickness
of Model I. The effect of thickening the layer is to lower the
frequency at which there is a strong upward trend of the phase
velocity curve. The upper and lower limits are controlled by the
layer and half space shear velocities respectively.

In general, the models indicate that Love modes are close
approximations to the Rayleigh modes for high frequencies, i.e.,
the flat portions of the various curves. The worst approximations
occur below frequencies where the mode curves turn upward. This
frequency corresponds to a wavelength roughly equal to one-fourth the
layer thickness. Thus is the geology has significant layering with
thickness three or four times the longest wavelength of interest we
can be assured that Love andbRayleigh velocities are nearly the
same. For lower frequencies Love and Rayleigh velocities will have
an increasing ratio.

The phase‘velocity curves cannot be applied directly to the
available data because shear velocities were unknown. In addition
higher frequency waves tend to shift predominant energies to higher
modes. Mode identification is not possible with the limited Ft. Sill
data.

The use of impact velocities for prediction of recoil surface
wave velocities appears to be substantially enhanced if we obtain
such velocities from the vertical component. Ft. Sill data shows a

very repeatable vertical component from small explosions to recoils

.17
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over the same path (Figure 4). As expected the transverse channels
show the greateast dissimilarity between explosions and recoils, The
explanation may be that Rayleigh and Love mbdes are generated in
some degree by both sources and that Rayleigh modes show strongest
motions on the vertical and longitudinal channels while Love waves
exhibit little motion, if any, on the vertical channel,.

The model studies which were made indicate that dispersion effects
are not significant over the short distance changes to be experienced
in impact/recoil analysis. Dispersion effects can, however, be
significant when comparing signals which have travelled over great
differences in distance. It should be possible to utilize this
characteristics for discrimination or cataloging of events which
occur over a broad range of distances from the recording sensor

package.

20
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£ . DEVELOPMENT OF A LOCATION ALGORITHM

The location algori*hm consists of those processing elements and
. mathematical computing steps needed to obtain a mortar location esti-~
f mate from sensor time of arrival delays. 1In this program two

computational algorithms for location were developed. Both techniques

were based on the observation that mortar recolls and impacts both

I ST

produce simular seismic signals as measured by a vertical axis

seismometer. However, these event types do look appreciably different
when observed in the horizontal plane due to the fact that gun
fﬁ » recoil generates substantial Love (shear) surface waves and an impact
explosion generates only very limited amounts. The vertical axis
signals are dominated by Rayleigh surface wave energy. Because
these waves have the largest amplitudes they can usually be observed
at greater distances from equal noise levels then first arrival
compressional waves. The exception to this case would occur if the ;
media were sufficiently dispersive so as to spread out the surface '
wave trailn causing a rapid decrease in amplitude.

The first technique described below does not rely specifically
on either the surface or the compressional wave portion but rather on

any large feature of the scismic wave train found suitable for

d%ﬁ computing difference in time of arrival to field emplaced sensors.
The second technicue relies on the similarity of the signals from

B
E recoil and explosion and, therefore, more on the surface wave portions

gﬁf of the seismic signature. Both techniques for location require }
'%;ﬁ registration or pre-calibration of the area containing the energy %
;‘, , mortar. No approach was found which could utilize seismic

fé‘ ? . mortar signature data singly to locate position of enemy fire, i.e.,

{ﬁﬁ additional signal arrival time information is needed from known

fw; source locations near the enemy position in order to provide a means

21
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location. It remains possible that these sources of information could
be something other than impacts if locations are known. To ohtain
location we must elther know the individual sensor path velocities

to the enemy gun position or we must have observed impulsive signals

from a known location in its vicinity.

3.1 HYPERBOLIC LOCATION

The arrival time differences of seismic surface waves to possible
pairs of seismometers are measured and locations computed by the
conventional method intersecting hyperbolic curves. Assuming a

rectangular coordinate system is used the basic equation is given as

2]l/2 2]1/2

P Gy =[x ® + gy 812w vy Taexp? + (o)

ij 1

[
o

Fij(x,y)

where (x,y) are the coordinates of the seismic source (xi,yi),

(xj,yj) are the coordinates of the two sensors, ATij is the arrival
i,vj are the two source/
sensor path velocities. The only difference between this formulation

time difference between the two sensors; v

and the conventional one used for sound ranging is the introduction
of individual path velocities. Because of spatial variations in
surface geology path velocities to individual spaced sensors cannot
be expected to be the same. Having estimates of the velocities these
equations may be solved simultaneously for a sensor triple.
Path velocity estimates are obtained by timing the waves generated ,
by return fire impacts. These path velocity estimates are then used

together with current or previously measured AT's from enemy recoil to .

22
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re-estimate the point of enemy fire. Return fire is directed to this
new estimate. Improved estimates of path velocities are obtained by
using a Kalman filter [4] to provide increasing accuracy to the
estimate of enemy fire. In this sense the location algorithm
adaptively processes the sequential data. The success of such a
processor applied to acoustic arrivals would, of course, be dependent
on stability of atmospheric conditions which effect velocity.

To solve these equations F(x,y) we can linearize them by

expanding in a Taylor series about a trial point (xp,yp) go that

3F JF
F(x,y) = F(xp,yp) aliren (x-xP) + 3y

X
p’7p PP
which is a linear form of F(x,y). Having estimates of the path
velocities these equations may be solved simultaneously for a sensor
triple.

An alternative method of solution of Fij(x,y) = 0 and ij(x,y)=0

which was found to be superior is obtained by formulating

2 o2
Gijk(x’y) = Fij(x,y) + ij(x,y)

where Fij(x,y)=ij(x,y)=0 implies the surface G(x,y) is at a minimum.
Finding such a minimum is accomplished by the method of steepest
descent. The gradient VG(x,y) is in the direction of maximum change
so the process moves by trial from a starting point (xp,yp) in

the direction given by -VG(x,y). After a few iterations a good

approximation of x,y can be found such that

FiJ(X9Y) = Fik(x’Y) =0

23
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In formulating the Kalman filter the basic state equation
consisted of the path velocities. .

Yie'Vi-er Y W

where Vk is the state vector of the reciprocal path velocities and
wk_l is the state Gaussian noise. Since the path velocities were
assumed to be constant from the individual sensors to the locations of
enemy fire and impacts from return fire wk_l is taken as zero for all
iterations k. 1In addition to the state equation we have the measure-
ment equation:

Ze MY T M
where Zk is the measurement vector of observed time difference of
arrivals (AT's). H 1is the observation matrix containing sensor

k

impact distances dik and Mk is the Gaussian measurement noise vector

associated with Zk' Using the basic time difference equation for

sensors 1 and j.

G
AT, = — -
ij v, v,
1 J
The matrix Hk is 2p-2 by p with form:
0,0,...,0,0

..,0,0

dykr ~dope
0,dy, »=dy 50,

0,...,0,...,0,d ,—d
(p-L)k’ “pk

0,...,0,. d’ '

..,O,d' | 2l
(p-L)k pk

where the d and d' are distances from two separate shots. In *

24




g
3
;
|
|
5
i
;

| ERI

FORMERLY WILLOW RUN LAGORATORIES, THE UNIVERSITY OF MICHIBAN

applying a Kalman filter data sets may be treated sequentially or
simultaneously with the same resulting estimate of Vi Our approach
took data in pairs of sets to avoid the difficulty arising from the
fact that there are p-1 AT's and p path velocities.

The recursive estimate Vk of the state vector Vk is given as:

v =V - "N
Vie = Vier T KB - Vg

where Kk is the Kalman filter matrix and minimizes E[(Vk-Vk)T(Vk-Vk)]

The filter Kk is obtained from

T T

-1
Ke = Ppoq By BBy B + R

where Pk = Pk-l - Kk Hk Pk-l and Rk = covarilance of Mk'

When a new measurement Z 1s received the algorithm has already

k

calculated P, and V from the previous iteration. We also have

Hk by calculztion o? ihe sensor/impact distances using the current
target location estimate. PO can be taken as the identity matrix
and VO as the initial estimate of the path velocities in order to
start the recursive process. We now have all the information needed
to obtain a new estimate of the state vector V., which can then be

k
used with the AT's from enemy recoil to estimate the location

ket Yk -
Thus this algorithm allows one to obtain an updated estimate

coordinates (x

of the location of enemy fire by obtaining successively improved
estimates of the individual seismic path velocities to that point of
fire. Since the mortar recoil signatures are highly repeatable
observation of successive firing can only help improve the estimates
 of AT but not the path velocities. Improvement in path velocity
estimates are obtained by timing tne signals from known impact

locations.

R . 7
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3.2 METHOD OF RELATIVE TIME DIFFERENCE

A second algorithm was developed based upon relative comparison
of impact and recoll signals. The time of arrival of seismics fiom
an impact are the same as a recoil if that impact occurs at the same
position as the recoil. Thus the observation of the relative
difference in arrival times between an impact and a recoil can be
used to locate one event with respect to the otner. Furtnermore, 1f
we assume tbat the paths tb an 1lmpact in the vicinity of a recoil are
unchanged outside of path length and the velocity of the selsmic waves
are constant in the region of impacts and recoil then location of the
enemy recoill is possible if the approximate. position of the impacts
are known. Observation of the difference in arrival times between an
impact and a recoll is accomplished by aligning the signals at one
sensor and measuring the time difference between the others. A
minimum of four sensors are required to obtain an estimated location
plus the wave velocity in the vicinity of the known impact and esti-
mated recoil.

The solution is obtained from intersection of perpendiculars
constructed with respect to lines passing through each sensor and
the point of impact. Figure 9 provides a geometric construction of
the solution for four sensors. The relative AT's as calculated above
are equal to the actual delays (as if the two events occurred simul-
taneously) plus a constant. Positions on respective lines are now
found by adding in an arbitrary constant k and moving a distance
(AT + k) + V from the point of impact. At each position a perpendi-
cular P (or circular arc) is constructed.

The equation of the family of lines (perpendiculars P) parallel
to a line which passes through the desired location and which is

perpendicular to the sensor impact line 1is given by

x + b, (k)
J

Y = Mj
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where Mj is the inverse slope of a line between sensor j and the

known impact (XI’YI)' The intercept bj(k) is found as

b, (k) = (Y

3 )

- [AT, + k] V sin @

I i j) - Mj(xl - [AT, +k] V cos ©

3 3

where ej = /2 - TAN-l(Mj). The intersection of such perpendiculars
as determined from two separate sensors form a line which contains
the estimate. The intersection for sensors i and j has coordinates:

X*(k) = (AT, V sin Gj - A‘I‘i Vsin g, + kV sin 8

3 i 3

-k Vsine, - (M,-M,) X_ - M, AT, V cos 6,
j 17371 i 3 h|

+ - + -
Mi ATi V cos ei k Mj V cos Sj k Mi V cos ei)/(Mj Mi)

Y*(k) = Mj X*(k) + bj(k)

The line of intersections is given parametrically as X*(k), Y*(k).
A second line of intersections generated by a second set of two
sensors can be solved simultaneously with the first to produce an
estimate of location.

If arcs are generated from respective sensor positions instead
of perpendiculars a more accurate estimate can be obtained. This
estimate assumes, however, a uniform known velocity throughout, as
was the example case of Figure 9. 1In later simulations of the
method of arcs certain instabilities resulted which did not occur
when using perpendiculars. For this reason the method of arcs was
discarded in favor of the method of perpendiculars in conducting

the simulations.
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i While there are similarities between this approach and registra-~

- tion as used for acoustic sound ranging there are important differ-
ences. First, the path velocities effects are limited to a region
near the impacts and recoils. Secondly, the velocities are constant

in time and do not affect the solution by an great degree.

3.3 SIMULATION OF LOCATION ALGORITHMS

The computational algorithms could not be evaluated in forms
of seismic field data recording which existing prior to this study
program. Simulation was chosen as a means of investigating the
location capabilities of these algorithms.

Several sources of error are present in computation of location
estimates.

1. Sensor location error

2. Measurement error for AT

3. Dispersion and aiming error for return fire

4. Errors in the estimates of surface wave velocities.

By using simulation techniques the effect of each of the errors
can be examined and the overall performance of the proceedures
evaluated.

Flow diagrams for each simulation program are providcd in
Figures 10 and 11. Input data requirements in cach case include a
rough first location estimate based on the first observed enemy
recoil, 1In actual practice a first estimate could be provided by
prior calibraticn of the area or use of air wave directionality.

Error sigmas needed for simulation were essentially unknown
and should be considered carefully when examining the results. Within
each simulation program the error sigma were used to generate random
values for each parameter. Representative input values for the
simulation programs are shown in Table 1. Values of the measurement

errors were specified at 100 m path separation distance. For paths
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INPUT DATA: Sensor Source Geometry,
Path Velocities, First Velocity and Location,
Estimates, Error Sigmas, Number of Iterations

'

Calculate Apparent Sensor Locations

. Calculate Recoil Times With Error
Random Values f

From Error
Distributions ™1 Fire Initial Set of n Impaets Around

r——-—-—-— Location Estimate

Cycle n Times '

~o———{ Calculate Impact Times With Error
Use Kalman Filter to Improve Path Velocities

:

Use Recoil Times With Current Location
Approximation to Solve Hyperbolic Equations

B
2 = For Each Triplet of Sensors. Average All
o 8 Solutions For New Estimate
=
= Y
> =] Random Selection of Recoil or Impact

IMPACT

Return Fire to Current Location Estimate

!

Wb bt o T T rnr-—

STOP After m Iterations

FIGURE 10. SIMULATION PROGRAM FOR A HYPERBOLIC FIXING
LOCATION ALGORITHM

30

A BN s ~ W AR u AR e TSR AR




AT T P W T T W ey o o

Z FORMENLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

INPUT DATA: Sensor Source Geometry,
Error Sigmas, Velocity, First Location
Estimate, Number of Iterations

r

TSP R R N A T Tar—

ga(l)x:lcliog’;xz;lues Calculate Apparent n Sensor Locations

Distributions and Recoil Times with Timing Error

J -

Return Fire to Current Location Estimate

e it i an

... Seis g
PR

Find Impact Point and Calculate the
=1 Impact/Recoil Delay Times with Error
for Each Sensor Triplet, Initialize the
Sliding Parameters Kl’ K2

If No Solution |

Adjust K il Y

Calculate Positions Along Each Sensor
Impact Path Which Corresponds to
AT +K,, AT + K,

Using Sensors Si-l’ Si Solve For

Intersection of Lines or Circles
Determine the Line of Intersections
Parametric in the Sliding Parameter
K. Repeat for Sensors Si’ Si+1. Find

the Intersection of Two Such Lines.

!

Average the n-2 Solutions for This jth
Iteraticon Fj

1 | Combine Averages Fl’ F2, e Fj for

the Current Approximation, F Average

<;’

After m Iterations

FIGURE 11. SIMULATION PROGRAM FOR A SEISMIC RANGING LOCATION ALGORITHM
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TABLE i

SIMULATION INPUT PARAMETERS

Values

22.7m

7.2 m

5-40 ms

5-~20 m

100-1000 m .

400-1200 m/sec

Comménts

3
81 mm mortar return fire.
Round dispevrsion errors.

Approximates short range
artillery.

Delay timing errors at
100 m.

Same error in both x and y
directions.

Separation distance betwee
the true location and firs
estimate.

For seismic surface waves.
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of greater separation the o, was taken to be proportionately larger,

T
i.e., oT(ZOO m) = 20T(100 m). The actual relationship between o

and separation is unknown. Fortran computer programs for each !
simulation algorithm are listed in Appendixz A. These programs were
built up on an IBM 370 system.

The effect of using a Kalman filter is demonstrated in Figure 12,
Here convergence of mean path velocity errors are shown as a function
of the number of impacts. The bars indicate the range of path
velocity errors. Beginning with a large mean path velocity error
100 m/sec (mean path velocity = 600 m/sec) and a rather large measure-
ment error sigma of 20 ms. Eight to 10 rounds appear sufficient
for adequate convergence, The overshoot which appeared at 4 rounds
is a characteristic of the Kaiman filter.

Typical results from simulation of the hyperbolic algorithm for
various values of 9g and o are given in Table 2, The relationship
between the location estimate error and the average velocity error
was investigated for eight successive impacts and various values of

o With increasing scatter the points plotted in Figure 13 ghow that

tﬁe location error increases directly with the average velocity sensor
after eight impacts. The initial average path velocity error was for
each trial in excess of 100 m/sec.

Tne input sensor geometry consisted of five to seven sensors on
a line spaced from 100 to 1000 meters. The spacing used in a majority
of cases was 500 meters. The position of enemy recoil was located

1500 to 2500 m from the center of the baseline.

Results from simulating the seismic ranging algorithm have been o

plotted as histograms in Figures 14 through 17. Each histogram
describes the number of impacts which resulted in a location estimate
with less than 50 m error. The abscissa shows the sequential round
number with percent convergence after three shots. Each histogram

represents 200 independent trials. Individual histograms are shown
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FIGURE 12.

8 12
NUMBER OF IMPACTS

Range Error
Deflection Error
Measurement Error

Sensor Error

16

Initial Source Error 70Tm

CONVERGENCE OF MEAN PATH VELOCITY ERRORS

USING KALMAN FILTER SIMULAT1ON PROGRAM
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with respective error assumptions. In Figure 14 histograms resulting

RN P e i o

o3

Xy - Siob gl

, I re
P SRR Ry S ]

from the simulations show effect of increasing error sigmas for sensor

location and time measurement. The effect of increasing initial

location error can be seen by comparison of the three histograms in
Figure 15. Figure 16 indicates that the initial velocity error has
little effect on the algorithms location capability. Finally, the

effect of sensor spacing is indicated in Figure 17.

e % e

It appears from these simulation results that the error in

initial location is most sensitive to the ultimate ability to compute

good locations. Sensor spacing and initial velocity estimates do not
greatly influence the final result, The effects of measurement and
7&[ o sensor location errors are on the same order and increasing errors
- progressively degrade the result. In order to achieve acceptable
results from the location programs it appears that measurement sigmas
should not exceed 10 ms and sensor location sigmas should not exceed
10 or 20 meters.

These results are from simulation and as such cannot provide good
evaluation without sufficient field data. For this reason the study
embarked on a field-measurements program in order to provide a more

complete basis for evaluation.

3.4 DIRECTION ANALYSIS METHOD FOR ACOUSTIC ARRIVALS

Both of the techniques developed require a first estimate of
location to start the process., This first estimate does not have
to be highly accurate but should be within a few hundred meters of the
target. One possible method which could be used to obtain this type
of information is to examine the directionality of the seismic and
acoustic signals from enemy mortar recoil and muzzle blast. Utilizing
direction (azimuth) information from multiple three component seismo-

meter packages a rough location can be calculated. The acoustic

signals potentially have greater possibilities for source direction

41
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determinations because their signals are much larger. The following
approach based on signal energy was developed for signal direction
determinations.

The direction of a wavefront normal is the direction of maximum
energy flow in the horizontal plane. This direction can be found
for a bundle of energy in the following way. Let Li = L(ti) and
Ti = T(ti) to be digitized signals received on the longitudinal
and transverse seismometers, respectively, at time ti' The bundle of

energy passing during the time from t:1 to tj will be proportional to

b
E = I Li on the longitudinal component,
k=1
h|
E, = I T2 on the transverse component, and
T =i k
E = EL + ET total.

If the seismometers were planted at an angle 8 counter-clockwise to the
way they were planted above, the signals would be

Ti(e) ] cos § sin ¢ Ti\\

Li(e) ; -8in 9 cos 0 Li /

and the energy equations would be
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£®) = 3 [L(8)]?
L k=i k *

h|
T [Ti(e)]2 and

E, (0)
T kel

E(8) = EL(G) + ET(G) .

The direction of maximum energy flow will be the angle 6 from the longi-
tudinal component for which ET(G)/EL(S) is a minimum. In other words,
we rotate the seismometers until the ratio of transverse to longitudinal
energies is a minimum. Then the rotated longitudinal component will be
parallel to the Rayleigh wavefront normal.

A closed form of the angle 6 for which ET(S)/EL(G) is minimal can
be derived as follows. We first note that E(8) = E, i.e., the total

energy in the horizontal plane is not dependent on the way the seismometer

is planted:

E(8) = ET(B) + EL(S)

] h|
= ¢ [T,()]%2 + £ [L,(8)]?
ket K kmi K

]
= ¢ {[T,(8)]2 + [L, (8)]2}
oy K k

3 [T )\ [T, (®)
= 3 , t for transpose
k=1 Lk(e) Lk(e)

t .
i r sin € cos 6\ /T sin 8 cos § T \
- 3 k k
k=1 -cos 9 sin 6/ \L cos 6 sin 6 Lk/J
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T t t
3 k sin g cos ¢ 8in 0 cos 8 k
= 7
k=i Lk -co8 6 sin 6 -cos 8 sin 6 Lk
t
3 [ T 1 o\ [%
= I
ki Lk 0 1' Lk
t / \
5 [Tk Ty
= I
ket \ Ui (Lk
J (T2 2y2
= 3 T¢ 4+ L
k=i k k
] 2 ] 2
= 1 T2+ L
kei © ket K
= ET + EL
= E

We now can see that ET(e)/EL(e) is minimal when EL(e) is a maximum:

ET(G) + EL(G) = E = const,

or
ET(e)/EL(e) - const/EL(G) - 1.

The right-hand side is clearly minimal when EL(B) is maximal. To find the
desired angle we find 6 for which EL(B) is a maximum,
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Setting this equal to zero,

i

d
0= 3 Lk(e) Y [Lk(e)]
k=i
] d
< - kEi(-sine Tk + cosb Lk) T {(-sind Tk + cosf Lk)
3
= T (~-gind 'I‘k 4+ cosgb Lk) (-cos® Tk -sind Lk)
k=i
h| 3 3
= gind cosd I Ti + (sin26 - cos?9) & T, L, -sin® cosé z Li
k=1 k=i k=1

h|
K L Ty Lo K
=1 k=i K1

b h|
Let A= I T2 , B = T, L C= ¢ L? and

divide by -8inf cos® :
sin6 - cos?0
-A- sinb cosb B+C=0
This can be written as
1 C - A
tanf - tand B !
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.ﬁ or as

§ tan?g + & 3 € tang - 1=0,

?; l/C- A C~-A 2
tané = 3 B¢ T — + 4 .
.r"

Of the two solutions, the 8 which makes EL(e) larger is the angle between
the longitudinal component and the Rayleigh wavefront normal.
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3 4
SYSTEM DESIGN CONSIDERATIONS

7 The system will be based upon a dlstributed field of seismometers
{ . which partially surround the enemy weapons. Given the arrival times
of seQeral mortar recoll signals the problem reduces to computation of
locations from sets of three or four sensors by the method of inter-

4 ‘ section of hyperbolic curves. Discrimination of the seismic recoil

R

‘;: ; signals from shell impact signal is necessary when multiple events

j§3 1 can occur with rapid succession. In this case, arrival must be sorted
fki out according to source. The shell impacts from friendly return fire
7i‘ - can be used to provide calibrating path velocities and can be

%? incorporated into a "seismic on seismic" location estimate. At

357 S present, the seismic mortar system is envislioned to consist of:

5&1 {1) several, three orthogonal component sensor units equipped with
Lﬂf 1 signal processing electronics and data transmission capabilities,

‘}3 and (2) a central (base operated) receiver, processor, location

x?j computer, and display unit. A block diagram is shown in Figure 18,

f:. : The first three blocks constitute the remote battery-powered
% sensor package. The necessary data from this sensor could be
digitized and transmitted by radio frequency (RF) link to a small
processing computer controlled by the system operator.

In the present concept the sensor package should be small, light
weight, low cost, and perhaps expendable. The unit's principal func-
tions will detect, identify, and report impacts and recoils., The
unit will likely not be able to discriminate weapon type or source.
The sensor will become activated by a basic amplitude/time threshold.
With threshold activation incoming analog signals will be digitized
and stored for data transmission and lidentification. Perhaps the
best available means for identification can be made by observing the

air wave arrival. The logic would say an event has occurred within a

47
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proper time lag of the threshold seismics and which has suitable
amplitude/frequency/duration characteristics. Thus the seismic
activation 1s confirmed as that from an impact or recoil by presence
of an air wave.

Data burst transmission should begin as soon as possible after
the air wave arrival. Depending on RF data transmission capabilities
signals may have to be staggered to prevent overlapping transmissions
from several activated sensors.

Without special provisions the minimum time spacing between
events may be as much as five seconds. If a push down stack cr some
similar techniquc is employed this time could bc reduced to as little
as two or three seconds. The lower limit would be predicated by
desired seismic trace length.

When rapid fire occurs seismic signatures will overlap in time
which may destroy their usefulness for timing information.

The remote battery-powered sensor must be able to generate an
electric signal corresponding to ground velocity of adequate signal-
to-ncise ratio (S/N) in the range of seismic frequencies (10-40 Hz)
that contain mortar location information. A small, light-weight,

compact seismometer such as the Sparton device, with characteristics

shown in Figure 19 would provide sufficient sensitivity. A preampli-
fier with a gain of about 4000, not a difficult requirement, would
then be necessary to increase this maximum seismometer output to 1
volt, an amount appropriate for the succeeding circuitry. A
seismometer with greater sensitivity could be used but it would
probably be larger, heavier, and more fragile; so it seems more

;4ﬁ f reasonable to use electronic amplification instead. At the above

l stated signal levels the S/N ratio would not be degraded by electronic
noise. The amplifier could be a metal oxide semiconductor (MOS)
integrated circuit (IC) that could operate from small batteries for 90
days without difficulty. Total system power requirements will be

discussed later in this section.
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Because there are many frequency components generated in a
battlefield situation, the low pass (LP) and high pass (HP) filters,
are necessary to remove unnecessary and detrimental frequencies.
In this manner, the $/N ratio of the electrical signal may be
enhanced. Adjustwent of amplifier gain and the placement of LP and
HP cutoff frequencies will be possible to adapt the sensor package
to that geology.

The remaining functions in the sensor are the threshold circuit,

A/D conversion, and an RF data link. It is not an effective use of

battery power to transmit data continually since useful data only

cccurs during and immediately after each shot. Therefore, a circuit

is necessary to determine when the seismic signal has exceeded a pre-

TR e e
Pl =

set threshold and then the transmitter is turned on for a short time

S

to relay the information. This approach is also desirable from the

security standpoint because short bursts of RF are more difficult

oW

R

to monitor and detect by the enemy. Additionally, RF bursts will
occur during mortar acoustic reports which means that acoustic indi-
cations from the enemy's monitor receiver will be masked by the
external muzzle and impact sounds.

The central processing unit contains the equipment to receive
and detect the RF signals. The source of the digital data transmission
can be identified by a sensor code. Digital samplies will be stored
in memory locations known to the computer program. Storing of all
sensor outputs will begin when the first RF transmission occurs.
To store only useful data, the digitizing will continue for that shot
or series of shots only sufficiently long encugh to collect the
seismic wave data.

Only a small fraction of program time will be used to acquire new
! data. The remaining block of Figurel8 represents functions performed
;é by the processor during most of the program time. Actually, the
main program will be interrupted relatively infrequently to gather
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new data. The keyboard and display may also be serviced on an
interrupted basis such as, when a conmand'changes or when the visual

display needs updating.

4.1 POVER CONSUMPTION

Concerning the sensor package only, the power requirements of the
RF transmitter are the most difficult to establish and may be the most
severe if high transmitter power is needed. For this range and
frequency over water, one-half watt of RF power input to the transmitter
should be sufficient, assuming the usual military band of buoy
frequencies of about 170 megahertz is used. To be ultra-conservative
and for land-based use if one assumes that a transmitter of 5 watts
input power 1is required and that a single-event transmission takes
2 seconds; then 5 time 2 or 10-watt seconds are needed for each
event. The energy density of an advanced nickel-zinc battery is about
40 watt-hours per pound or 144,000 watt-seconds per pound. This means
that a one-pound battery should transmit for 14,400 events. If a
90-day life is necessary, then a firing rate of 90 x 24 x 60 or 33,600
minutes per month divided by 14,400 possible transmissions or about
2 shots per minute can be tolerated. This is the rate for a group
of weapons.

The remaining electronics in the sensor package have minimal
power requirements. assuming 10 operational amplifiers are needed,
with each using 1000 uwatts, a conservative estimate for low-power
devices, 10,000 uwatts times 2500 hours in 90 days is 25 watt hours,
less than @ one—pound battery. This amount of power must be adequate
with the sensor either operating as an RF device since these circuits
are operating continuously. It should be understood that this estimate
of required battery power is very conservative. A 0.5 lb battery will
buy 10 days of operation and 3 km transmission range which is a more

practical estimate.

52

Jd




Puﬁqnuvr*,uplvﬂigafyquﬂggmzigmq.

AN et Apina e o sy oy -

il B 1.

Z FORMERLY WILLOW RUN LABORATORIKA, THE UNIVERBITY OF MICHIGAN

All sensors will send their data, via RF to a central location.
If this digital processir is of MOS design, power requirements will be
low especially if an electro-mechanical disc/drum memory is not .
neceesary. The addition of the LED/liquid crystal display and control
functions completes the processor with the total power requirements
estimated at 10 watts without any mechanical components. This 10
watts could be provided by a small 5-1b rechargeable battery unit good
for one or two days of operation. If the batteries are of the quick
recharge type such as lead-cobalt they could be used until recharging
was necessary when a vehicle engine-mounted generator could quickly
recharge them for further operation., The volume and weight of the
sensor units and central computer are such that two or three men could
carry the system. The total weight of the system, including 10 sensor
packages, would be on the order of 75 1lbs. This estimate assumes a
10-day sensor battery life. A total system cost (on a production
basls) is estimated to be $5K to $6K. An estimate of component
sizes, weights, and costs, based on prior experience with electronics,
are given in Table 4.

In summary, the system just described should not be difficult to
design and deploy. There are no components approaching state-of-the-
art limitations. There have been many types of buoys built previously
and quite some time ago. In the digital processing, some custom LSI
design may be necessary but that too has been done before, though more
recently. The buoys should not contain many components so that failure
rate during battery life could be made low by selection of components
and adequate specification and testing. Plug-in spare units or circuit
cards could be used to increase the MIBF (mean time between failures)
of the central processing gear since there are many more components
involved than in the buoys. The most fragile element of the entire

system would probably be the magnetic drum or disc to head interface

if that type of storage were used.
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TABLE 3

Estimated Component Volume, Weight, and Cost of the

! Seismic Mortar Location System
f? Component Size Weight Est. Cost¥®
Seismometer 1 0.5 5
Amplifier and 8 0.5 20
Filters
Threshold, Switch 1l 0.5 5
and Line Driver
A/D Conversion 30 0.5 50
RF Transmitter 4 0.5 20
Battery 6 0.5 10
(10 day)
Enclosure 64 1.0 10
Total 4 x4 x4 4,0 1bs/ 70/unit *
unit

Data Processing
Receivers 0.12 3.0 1000
Central Processing 0.25 10.0 2000

Unit
Digital Storage 0.50 2,0 500
Display, Control, 0.50 20.0 1000
Batteries, and Enclosure
Total 1.37 35 1bsg/ 4500/unit

13 x 13 x 13 unit

*Based on 100 units

o T "IV i 04
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5
FIELD MEASUREMENTS PROGRAMS

In order to evaluate the use of selsmic data for mortar location
a series of field measurements was initiated during the second phase
of the project. Seismic mortar and explosion data were collected at
two sites, Twenty Nine Palms and Camp Pendleton, California during
February and March of 1975.

The object in this field exercise was to simulate as near as
practical those battlefield conditions of mortar ranging. To do
this we needed to make recordings of enemy recoil and friendly shell
bursts. Enemy mortar fire can be represented by firing conventional
81 mm mortars. It was not practical to observe the effect of friendly
fire directly. To impact the vicinity of a mortar firing position
would have required setting up in an impact zone which is generally
not permitted. Live impacts have the additional problem that each
must be surveyed to an accurate position.

During a previous program which included field work at Ft. Sill,
Oklahoma it was determined that 105 mm shell impacts could be
simulated seismically with a TNT detonation. This technique was
used exclusively throughout the field work in order to record the
effect of friendly fire.

Reflecting the requirements of the derived algorithms specific
objectives of the field program included collection of data which could

evaluate the similarity of impacts and recoils as a function of

separation distance. In addition we had hoped to evaluate the
concept of firing into an area (simulated by explosions) for purposes 5

of calibration of path velocity.
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5.1 FIELD MEASUREMENT PROGRAM - TWENTY NINE PALMS MARINE BASE

The field measurements at Twenty Nine Palms were made at
locations near Deadman's Lake and Camp Wilson (see map in Figure 20).
The topography was flat in this area. Surface material in this area
consisted of unconsolidated rock and sand with an underlying bedrock
which consisted mostly of granite. Depths to the bedrock material
was guessed to be a few hundred feet. After preliminary examination
of seismic recording was made in this area, it was felt that most of
the seismic energy travelled along paths in the upper unconsolidated
material.

A series of nine three-component seismometer packages were
instrumented along a line parallel to and located 300 meters inside
the southern boundary of the BRAVO-1 impact area. Mortar firing
positions were located along a 2.5 kilometer line of 0.5 kilometer
intervals and perpendicular to the sensor base line. The main firing
line ran from the center of the sensor line (5th sensor position) to
a position near Camp Wilson. Two pound TNT shots were to be fired
in a cluster pattern around each mortar firing position simulating
friendly impacts. A plan of this field geometry is shown in
Figure 21. A standard 81 mm mortar was used to fire rounds over the
sensor line into the BRAVO-1 impact area. All explosion, seismometer,

and firing positions were surveyed by the base surveying team.

5.1.2 INSTRUMENTATION

Figure 22 depicts the instrumentation which was used
in digitally recording the seismic data in the field. This system,
housed in a van, is capable of recording up to 15,000 samples per
second with a dynamic range of 84dB, 14 bits per sample, full
frequency resolution being limited to 75 Hz by the antialiasing
filters. The controlling computer was an Interdata Model 7/16
processor with 16,384 eight bit bytes of 1,000 ns core memory.
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FIELD MEASUREMENT SITE, TWENTY NINE PALMS, CALIFORNIA
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FIGURE 21, FIELD GEOMETRY AND SENSOR PLACEMENT AT
TWENTY NINE PALMS MARINE BASE
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1 1
T A/D CONVERTER
48 CHANNEL
14 BIT
: . . 2'S COMP.
. . . 85,000 SPS
GEOPHONES AMPLIFIERS FILTERS
D/A CONVERTER TELETYPE INTERDATA 7/16
TWO 14 BIT 16 BITS/WORD
AND .- 16 X BYTES
SIX 12 BIT 1000 NSEC
CHANNELS CLOCK MEMORY
o & e |
BANDPASS
FILTER
. S IEMENS KENNEDY 9000
L ]
. . 6 CHANNEL D1GITAL TAPE
BANDPASS * OSCILLOGRAPH RECORDER
FILTER 1000 Hz MAX 800 BPI
37.5 IPS
POWER 1 KW 60 Hz
GENERATOR INVERTER,
CHARGER, AND =% POWER T0 ALL UNILTS
EXTERNAL BATTERY PACK
BATTERIES
FIGURE 22. DIGITAL RECORDING INSTRUMENTATION
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Existing peripheral equipment included an ERIM built 1.2 megacycle
clock, an Analogic series AN5800 A/D and D/A converter, an ASR
model 33 teletypewriter, an Interdata Hexadecimal 1/0 panel and a
Kennedy 9000 digital tape recorder.

Nine thee-componént~othogonally mounted Hall Sears model HS-10
seismometers were used. These velocity transducers have a resonant
frequency of 2 Hz and a damping factor of approximately 0.64. They
have been calibrated on ERIM's shaketable. Each instrument has a
response to motion perpendicular to its axis which is 30 dB down from
its response to on-axis motion. Figure 23 is a typical amplitude
response curve for these instruments. Each seismometer was connected
to the field recording van using stardard WD-1 communication wire.

Each signal was amplified at the seismometer to reduce the
percentage of induced noise in the line carrying the signal to the
recording van. Ithaco model 9121-73 seismic amplifiers, powered by
automotive type 12 v. lead-acid batteries, were used here. They
can be adjusted from -12 to 96 dB in 6 dB intervals and are capable
of providing an output signal of 5 v. rms. Their low and high cutoff
frequencies are 0.3 Hz and 1,000 Hz, respectively, and they generate
2 uv equivalent input noise. Zero times were generated for each '
event by radio transmission of the immediate seismic impulse.

Research at this laboratory has shown that the signals of interest
for long range detection of recoil have a spectral peak near 15 Hz
with energy possibly as high as 20 Hz. Therefore, filters with a
response as shown in Figure 24 were placed in the system before the
data was digitized to prevent the aliasing of higher frequency energy
into the wanted data band. Since the sampling frequency was 300 Hz,
input data to the system had to be attenuated an amount equal to the
dynamic range of the system at the Nyquist frequency or 150 Hz. This
condition was insured by the combination of the use of the filters

and the character of the mortar recoil seismic signals.
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FIGURE 23. TYPICAL RESPONSE OF GEOSPACE
MODEL HS-10 AS CALIBRATED ON
ERIM'S SHAKETABLE: DAMPING
FACTOR OF APPROXIMATELY 0.64
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FIGURE 24. ANTI-ALIAS FILTER RESPONSE. Output
voltage is dB relative to OdB input
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The filter outputs were sequentially sampled and digitized with

A b W et

a skew of 1/85,000 second between adjacent channels. The digitizing

rate was 300 samples per second. Full scale A/D conversion is ~5v to

emt et

PR

+5v. Amplifier gains were set so that the input seilsmic signal plus

noise were within 6 dB of full scale without over-recording. The

samples were stored in a buffer, under software control, and then

o s 2 S

written on digital tape.

i

The quality of the data was monitored continually. Oscilloscopes

X e

were used at the input panel during an event and hard copy traces

were produced after each event on a Seimens 6 cliannel oscillograph.

ottt P G

5.1.3 DATA COLLECTION
The seismic data collected at the Twenty-Nine Palms
site was generally quite good but not totally free of problems. Bad

weather and uncontrollable delays prevented the field team from 1

1 A 5 i R e L e
T T o A AP St

collecting all data as originally planned. Mortar firings were
completed at the 0.5, 1.0, 1.5, and 2.0 km sites using standard

HE rounds. Firings were made at charge 7 or 8 and at elevations to
yield a 3.0 or 3.5 km range. All mortar firings were made by

Camp Pendleton infantry mortar crews. Because of delays and high ] ;
wind conditions no data was collected at the 2.5 km site and mortar 1]
signatures from the 2.0 and 0.5 site were noisey and not suitable ?;
for further aﬁalysis. Time limitatiors prevented the crew from ;:
making all the explosion shots as planned. However, complete sets ~
were obtained for the 1.0 and 1.5 km sites. A total of 40 explosions

and 38 mortar firings were recorded at the Twenty Nine Palms site.

The stars next to the surveyed locations of the field geometry map | §
of Figure 22 show positions for which explosions were detonated.

All explosions were fired by base EOD personnel.
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5.1.4 DATA QUALITY
Data quality was very good for a major portion of the
events recordad except during windy conditions. Signal-to~noise
levels were generally high due to the quiet nature of this area.
Some instrumentation problems did occur for a couple of chainels at
sensor one and sensor nine later in the field session. The problem

was not detected since other sensor packages were being monitored.

5.2 FIELD MEASUREMENT PROGRAM - CAMP PENDLETON, CALIFORNIA

A second group of seismic recordings were made at Camp Pendleton
firing ranges. This area has a more rugged terrain and high seismic
noise levels generated by base activities which presented a sharp
contrast to conditions found at Twenty Nine Palms.

It was more difficult to set up in this area because of the
hilly terrain and the constraints imposed by the firing range layout.
A map of the Camp Pendleton site area is shown in Figure 25 with the
placement locations of the nine seismometer packages in the X-ray
impact area. Mortar firings were made from ranges 108, 108A, and
111. Range 108A was located approximately halfway between range 108
and range 115. Figure 26 shows the approximate location of the

explosion shots, which simulate impacts in the area of each mortar

T ket e P

firing position. Because of the terrain we were unable to lay them out
in a uniform pattern.

The area surface material was felt to consist largely of hard-
rock with a shallow layer of surface soil material. On steep slopes

rock outcropping was frequent. The recording area exhibited several

hundred feet of relief. Basically there was a single ridge system
separating the seismometer positions located in an outwash from the

firing positions on range 108. From range 111 this separation 5

amounted to a two ridge system.
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{,"5.'"1; FIGURE 25. FIELD MEASUREMENT SITE, CAMP PENDLETON, CALIFORNIA
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All instrumentation was the same as that described earlier.
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5.2.1 DATA COLLECTION

A total of 53 two pound shots and 27 mortar rounds were
fired at the Camp Pendleton site. Many of these events were dupli-
cate measurements which were found necessary because of the high
general noise conditions and frequent interference by tanks, trucks,
artillery, and helicopters. Noise levels at Camp Pendleton were
approximately 20 dB higher than those which were common at the Twenty
Nine Palms site. Mortar firings were made at the standard positions
at each range. Rounds were fired at charge 7 and at high elevations.
Explosions were detonated in the vicinity of each mortar firing pos-
ition. Locations surveyed by a Marine Corps support team are shown
in Figure 26 with starred position indicating those which were
utilized during the recording program.

5.2.2 DATA QUALITY
Except in one or possibly two instances seismic signals
from 81 mm mortar recoil could not be observed at any sensor. The
exceptions are of poor quality and uncertain because of the large
number of interferring sources. The two pound explosions were
generally observed seismically out to the fifth or gixth sensor

position but lost in the noise at greater ranges. Many of the

recordings were rendered useless because of interferring events.
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6
DATA ANALYSIS AND RESULTS

Our approach in analyzing the field data was to first examine the
data visually and eliminate those events which were not considered use-
ful because of their high noise levels on instrumentation problems.
Basic processing including identification events zero times, and corre-~
lation pdfameters was completed on a PDP-8 special purpose computer
system. Seismic and acoustic travel times were calculated using first
arrival and peak correlation sample locations., Actual travel times
or unnormalized relative times for each event along with shot and sensor
position information served as input to the location computer code.

These data were not computer analyzed for purposes of discrimination of

recoil from explosion events.

6.1 RESULTS OF VISUAL EXAMINATION

The field measurement program produced a total of 4,266 records
each with a seismic and acoustic signature. It was considered
impractical to process every possible record. Visual selection of a
subset of data based upon the following criteria.

1; Where events were repeated the event with best signal-to~noise
was selected.

2. The largest seismic and acoustic signals were observed on the
vertical channel. Also greatest correlation between shots
was observed on the vertical oriented seismometer. For these
reasons only the vertical channel was processed with the
exception of directional analysis.

3. Since the signatures from mortar recoil were repeatable
only two or three events from each firing site were selected
for processing.

The events analyzed include most of those which have circles in
Figures 21and 26.. A list of the survey coordinates of all these

events is given in Appendix B
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The frequency content of the seismic signatures was examined
using variable Kronkite analog filters in conjunction with the
digital recording system. Figure 27 shows example passbands of an
explosion. Note that only slight noise reduction is obtained after
using the filter passband. The principal frequency components of the
seismics occur near twenty hertz with most of the energy at
frequencies less than forty hertz. Unfortunately, some of the
principal spectral components of wind, vehicles, and aircraft, i.e.,
in this frequency band (10-40 Hz). It was concluded that signal-to-
noise improvement could not be greatly enhanced by simple passband
techniques. Visual examination of the three component data indicated
two features:

1. the surface waves on the vertical channel were usually the
largest seismic signal; and

2. the surface waves showed a great deal of similarity from shot
to shot. Figure 28 shows examples of the three component analog
records from two explosions which were fired at different positions.
Figure 29 shows the vertical axis seismics from two explosions
separated by 125 meters as received at each of the seismometer array
stations. The events overlay one another to demonstrate the similarity
of signals. Also note that these signals appear more similar between

events than as between stations.

6.2 TRAVEL TIME CALCULATIONS

Acoustic and seismic travel times for the first arriving
signals were calculated by first locating the zero time and picking
the first arrival to the nearest digital sample. For acoustic signal
the resulting travel time is similar to that which would be obtained
by thresholding. Due to the variances in seismic record and noise
levels simple thresholding would prove very inaccurate. Timing was

made on the basis of common feature recognition along the linear
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FIGURE 29. VERTICAL AXIS SEISMICS FROM THREE EXPLOSIONS SEPARATED
BY 125 METERS BETWEEN EACH SHOT. Event 22 is located at the 1.5 km
mortar firing position, Twenty Nine Palms
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‘;i array. Using seismic first arrivals presented some difficulty

i¥' because this signal is usually not the largest and is often obscured
f% by background noise. Some travel time information is contained

;ﬁ : in Appendix B. Croes correlation analysis was also used to gain

time of arrival and is discussed in a later section. Air coupled
Rayleigh waves were observed as distinctive pre-acoustic wave

ol arrivals. They were, however, not consistently observed and therefore

not considered for analysis.

fi’ 6.3 SOURCE DIRECTION DETERMINATIONS

“ As previously discussed each location algorithm requires an

';\ . initial rough location estimate based on the first observations of
enemy fire. One possibility is to obtain signal directivity from
each three component sensor by measuring the relative signal (mostly
acoustic) energy on each horizontal channel. A computer program was
written based upon the computational method discussed in section

A total of 15 events from the Twenty Nine Palms data were used to
test this approach which had appeared encouraging from a few simple
in-house laboratory experiments. Approximate angular deflections
were estimated to the nearest five degrees. Figure 30 shows the

typical output of the processor with the top trace representing the

.;Ev estimated angular deflection with time and the bottom trace showing

?‘: the energy rate. In order to obtain an estimate the top trace is

\;5; weighted by the bottom trace. The results are summarized in Table 5
f?iﬁ They were not very encouraging. Overall the method could pick 90

'jgf degrees window which contained the correct azimuth 78 percent of the
:gs time. One possible source for the error could be corregations in the

: i; acoustic wavefront. While this method did not prove successful further

S

work is needed to fully investigate this possibility. Other
possibilities of obtaining initial location estimates include, of
course, using acoustic and/or seismic data with velocity guesses

and th2 hyperbolic method.
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FIGURE 30. PLOT OF THE TIME VARYING ANGULAR DEFLECTIONS AS
DETERMINED BY THE COMPUTER ALGORITHM FROM THE
ACOUSTIC SIGNATURE. SHOT 307. TWENTY NINE PALMS.
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TABLE 4

APPROXIMATE ANGULAR DEFLECTIONS (Degrees) AS ESTIMATED.

From the Muzzle Blast

Event 1 2 3
3 =50 - =50
5 -40 -40 -50
7 +40 -40 =40
8 +60 -35 -60
9 0 ~35 -55

10 +60 ~40 -50
11 =50 =40 -60
13 =15 +80 -55
15 -10 +80 -60
16 -10 +80 -60
19 -10 <20 -60
20 -10 ~25 -50
21 -10 -30 ~-50
37 =75 +40 =50
38 - +40 =40

Range of True Azimuths
-35 <26 -13
-52 <42 36

Average of Estimates
-8.6 1.1 =53

-35
~-60
+15

+40

=26

+10

15

-15

13

75

=30
-30

+60

+60
-10
-15
+60
+60
+60
+50
~15
+10

26
-1

17.3

+60
+60
+60
+60
-10
+60
-60
+80

+36
13

11

| oo

-40
+60
+60
+50
+45
+45
+45
+60
+50
+45
+45
+50
+40
+60
+10

+45
26

39

=]

-50
+60
+0
+40
+35
+40
+35
+45
+40

+40
+40
+40
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6.4 CORRELATION ANALYSIS

The location method based upon relative time differences between
mortar recoil and impact requires a time measurement between signals
which are recorded by the same sensor. Likeness between these signals
because of similarity of wave path suggests use of cross correlation.

A processing program was written for the PDP-8 computer which
could determine the lag corresponding to maximum correlation.

To provide the necessary input to the location program correlations
were made between each explosion event of the cluster which surrounded
each mortar firing position. Correlations were made over windows
which expand the entire seismic signature. Each correlation function
is represented by 128 lags of one sample each. Since the largest
signals are due to surface waves and represent the majority of seismic
energy the correlation is essentially one of surface (Rayleigh) waves.
The similarities between signals was found to be reflected as
similarity between correlation functions. Superposition of correlation
functions indicates the path-time differences to each sensor.

Figure 31 shows the overlay of two correlation functions for sensor
positions 2 through 7. The corresponding differences in path

length (meters) for the respective sensors are -12.0, -8.0, -3.0,

2.0, 7.0, 11.0, and 15.0. These shots were separated by only 25
meters. The step out corresponding to change in path length is
clearly evident for each channel and demonstrates inherent capability
of the system. Figures 32 through 34 show further examples of
correlation overlay for the Twenty Nine Palm data. Figure 32 contains
the autocorrelation of shot 22 which was detonated at the 1.5
kilometer firing position and the cross correlation with the recoil
seismics. Figure 33 shows the relative comparison of three events
separated by 125 meters. The dash lines point to the changes in align-
ment with corresponding changes in path length. These shifts all amount

to less than a one cycle change. Figure 34 shows a similar case, but
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FIGURE 31,
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OVERLAY OF SEISMIC CORRELATION FUNCTIONS SHOWING
CHANGES IN ALIGNMENT FOR SELECTED SENSOR POSITIONS.
TOP TRACE EV. 22 WITH EV. 64. BOTTOM TRACE EV. 22
WITH EV. 65. SEPARATION OF EV. 65 and EV. 64
APPROXIMATELY 25 METERS.
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FIGURE 32. OVERLAY OF SEISMIC CORRELATION FUNCTIONS FROM RECOIL AND
EXPLOSION EVENTS RECORDED AT THE SAME POSITION. TOP TRACE

EV. 11 (EXPLOSION) WITH EV. 11, MIDDLE EV. 38 (RECOIL)
WITH EV. 11. BOTTOM EV. 37 (RECOIL) WITH EV. 11.
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FIGURE 33. OVERLAY OF SEISMIC CORRELATION FUNCTIONS SHOWING CHANGES
IN ALIGNMENT FOR SELECTED SENSOR POSITIONS. TOP TRACE
EV. 11 WITH EV. 11, MIDDLE TRACE EV. 10 WITH EV. 11,
BOTTOM EV. 9 WITH EV. 11, SEPARATIONS 0, 50, 125 METER,
RESPECTIVELY.
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FIGURE 34. OVERLAY OF SEISMIC CORRELATION FUNCTIONS SHOWING CHANGES
IN ALIGNMENT FOR SELECTED SENSOR POSITIONS. TOP TRACE
EV. 22 WITH EV. 22, MIDDLE EV. 24 WiTH EV. 22. BOTTOM
EV. 23 WITH EV. 22, SEPARATIONS 0, 125, 50 METERS
RESPECTIVELY.
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with greater path differences. Note that the proper alignment does

not always involve the peak of each trace, that is the peak correla-
tion cannot be used exclusively for purposes of obtaining event time
difference. Examination of the computer selected peak confirmed

it to be an unreliable method. 1In order to obtain the estimated
relative lag times between recoil and impact we were forced to make
visual examination of correlation function sets. While such analysis
would not lend itself easily to auto processing it may be possible

to develop suicable programe.

Seismic correlation functions and signature data are given in

Apnrendix B.

6.5 CALCULATION OF LOCATION ESTIMATES

The method of differences algorithms (seismics on seismics) was
modified to accept the processed field data rather than simulated
times. The program continued to allow for sensor position and return
fire errors. Locatjon estimates were made sequentially but without
any dependent adaptive structure.

Location estimates were obtained for each mortar firing position
using the individual explosion (calibrating) data. Estimates were
calculated using relative times based on acoustic and seismics arrival
picks and correlation alignment and were averaged over the sensor
array. Computer output is summarized in Tables 6 though 19 which
give event number, separation distances, and location error. The
seismic times from correlation in general, produced very poor
results probably due to picking the incorrect correlation peak.
OQutside of path velocity variants, the correlation time differences
should smoothly increase or decrease from sensor to semnsor. When
analyzed, these rimes were found to be often erratic which could

easily increase the measurement error. Times were smoothed to

principal trends independent of actual path distances. Location

errors resulting from rerunning this data are listed in Tables 11 and
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[}
TABLE 10 ]
!
e LOCATION ESTIMATES FROM SEISMIC DATA WITH SMOOTHING i
= TWENTY NINE PALMS SITE (1.0 km site) |
| |
;
1 !
] Separation Location Estimate ‘
Event Distance (m) (x,v) Error (m) ;
a s |
= 1 250 1086,1253 267 |
g;; 3 125 996,963 37.6 |
1 5 250 921,1185 201 |
X 7 125 1004, 961 39.0
8 125 1003,1022 22.4
9 125 1019,911 90.7
: 10 50 1014,1022 26.1
- 13 125 1031,1537 538
S 15 50 981,1004 19.5
" 16 125 706,1697 757
o 19 125 952,1192 198
- 20 125 975,1112 114
» 21 250 1182,632 411
': 1.:
3
b
15
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TABLE 11

LOCATION ESTIMATES FROM SEISMIC DATA WITH SMOOTHING
TWENTY NINE PALMS SITE (1.5 km site)

Separation Location Estimate
Event Distance (m) (x,y) Error (m)
23 64 1075,1508 81.7
24 131 1228,1787 33.6
63 253 857,1242 330.5
64 131 952,1760 225
65 103 933,2131 594
66 156 1138,2189 664
67 156 1194,2025 523
68 101 975,1614 78.1
69 258 1277,1870 431
70 165 1168,1666 210
71 290 958,1716 180
73 133 928,1712 188
74 85 868,1399 193
75 210 979,1098 443
76 327 1234,2334 327
77 327 842,2683 1254
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12. Results were improved especialliv at the 1.0 km site at Twentv

Nine Palwms.

TR~ e S

ki

6.6 DISCUSSION QOF RESULTS
While the location errors presented in this analysis are not

T T s e,

encouraging, they help point our some of the problems in using a
The basic difficulty is finding a technique to
Using simulated

.

selsmic approach.

make accurate measurements of the time difference,.
senscr position and return fire errors did not greatly affect the

It seems reasonable tc conclude that the prime reason for

results.
large location evrors was due to inaccuvacies in timing the seismic

B T T S e T a1, 7T

signals and pernaps variations in seismic velocity within the near

ragion around each mortar firing position as defined by the star cluster

of explosicn sites.
The location algorithm was simulated as discussed in section 3 under

the assumptions of constant near velocity and a timing measurement

Error G, which was proportional to the separation distance between

! the enemy mortar and returrn {ire impact.
In the simulation process as improved location estimaces were

allowing comvergences to the desired position. As values of o were

b
F‘% made, the measurement errors for the next return shot were reduced
A
i. increased whe convergence process required an additional number of

b return rounds and more frequently dicd not converge at all. A value

f;f of Op = 10 ms. was found to be necessary to have acceptable results
Since the actual velocities were about twice those used for purposes
of simulation, the acceptable value of Og could be nearer to 5 ms.
When simulations were made without the latter assumption, changes of

convergence were greatly reduced. In this case the multiple shot

advantage is reduced to statistical improvement of an average location

estimate. Convergence is by improvement of an average rather than by

. error reduction.
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Examination of the tables of location errors seems to indicate
that the measurement error is not related to separation. The
measurement error which occurs with real data is a combination of both
error in technique and error due to variations as a result of the
local geology. In particular the signal may show slight changes in
frequency, amplitude, and phase velocity which would contribute to the
error in measuring time differences.

Using the first seismic arrival as a means of measuring relative
time difference gave generally poorer results than using correlation.
The actual first arrival is difficult to identify because of low signal
levels. The calculated first arrival travel times when combined with
known surface path lengths did not yield constant velocities. First
arrival velocities for the Twenty Nine Palms data were about 1800 m/sec
and exhibited several percent variation in travel time to the same
sensor as between shots with corresponding minor changes in path
length.

The acoustic time delays produced superior location estimates to
those based on seismic first arrivals mainly because acoustic arrivals
could be easily identified to within one or two samples (3 to 6 ms).
Acoustic velecities while affected by met conditions, are perhaps fairly
uniform at these short ranges. Acoustic time differences were six times
larger than the seismic and therefore less sensitive to measurement
error in determining location estimates.

Cross correlation of the seismic signature is considered to be
better than using first arrivals but is not without problems and
limitation which require further study. The seismic surface waves were
observed to have a principal frequency content between 20 and 30 hertz.
At greater ranges principal frequencies would be expected to be lower
due to selective absorption and dispersions. The signals and their
correlation are largely sinusoidal. For this reason it is difficult

to pick the proper correlation peak for best signal alignment. Use
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of the maximum peak was found to be completely unreliable since such
peaks had often only slightly greater amplitude than other lags. A
single cycle error in alignment can represent a 30 to 50 ms error which
is unacceptable. If proper alignment could be achieved a measurement
error of 3 to 10 ms could be expected at a sampling rate of 300 samples
per second. A higher rate would tend to reduce this error.

This improvement in location accuracy that was achieved by
smoothing the time differences for the 1.0 kilometer site at Twenty
Nine Palms shows that some method is needed which collectively aligns
all sensor signals simulatneously. The poor results achieved
otherwise indicates that correlation by itself is not adequate. While
it is now known why the same smoothing process did not improve results
at the 1.5 kilometer site it is recognized that the time differences
were much less and therefore were sensitive to alignment errors. 1In
this case, a greater sensor spacing (base) may be required to achieve
the same degree of location accuracy.

It should also be mentioned that location estimates were based
upon an average of all possible sensor solutions and therefore if
certain time differences were in great error they would tend to throw
off the entire estimate. Some improvement might result if a weighted
geometric average rather than an arithematic average were used to makethe
estimate. Missing sensor data are indicated in the tables of Appendix B.

While the field data was not processed to be used with the
hyperbolic location algorithm, the resu.rts of using this location
techniques would not likely be an improvemenc over those estimates
reported above. The basis for this conclusion is mainly due to the
fact that greater correlation of seismics was observed between shots
than between sensors.

In summary, it is felt that significant advances must be made in
the methods of observing seismic time delays before the advantages of a

seismic location system can be realized.
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7
CONCLUSIONS AND RECOMMENDATIONS

The foilowing conclusions and recommendations are made after

completing this study of seismic mortar location.

7.1 GENERAL CONCLUSION

While this study found some promising characteristics of a
seismic mortar location concept sufficient limitations at this
point of development will require further exploratory development

to resolve before beginning any advance development work.

7.2 SPECIFIC CONCLUSIONS

Range Limitations - Under quiet background conditions at

Twenty Nine Palms seismic signals with low noise levels were observed
from 81 mm mortar recoill to a range of about 1800 meters. Events

at greater ranges were planned for the field measurements program

but were not completed because of time and windy conditions. It

is felt that seismic signals from recoil could be observed to ranges
of 3000 meters under quiet conditions. The use of signal enhancement
techniques could double this range. At Camp Pendleton under high
background noise conditions generated by base activities reliable
seismic signals from mortar recoil could not be observed at 500 meters
range. While loss of signal could be due in part to path effects

and energy coupling problems, low signal levels were likely due to
the high noise levels. Required field gains were 20 dB greater

at Camp Pendleton than at Twenty Nine Palms.

System Design Problems - Although only a cursorary examination

of system design was made no serious problems could be identified which

would not allow building a system with off the shelf technology.
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Basic Information Requirements -~ The essential input iInformation

needed to establish mortar locations using selsmics includes

positions, impact positions of directed fire, and the seismic
signature. Of primary importance is the use of directed fire for
calibration and ranging. Thus, this study could not find any practical

means of obtaining necessary calibration information covertly.

Signal Characteristics - Seismic surface waves (Rayleigh waves)

as observed on a vertical axis seismometer were found to have the
largest amplitudes. These surface wave signals were identical for
recoil and explosion events. Also shots fired in the wicinity of a
mortar position showed a great deal of similarity as did the

corresponding cross correlation functions.
Algorithms - Of the two algorithms investigated the method of
relative differences (seismics on seismics) appears to be the most

promising for a small light-weight system concept.

Location Accuracies - Location accuracies produced by utiliza-

tion of field data were generally disappointing for the seismic data.
The acoustic data appears at the short ranges under consideration to
produce superior location estimates. Such differences could be
attributable to the fact that the seismic velocities were five to six
times faster than the velocity of sound. The higher velocity

media implies a greater sensitivity to timing errors. Some
difficulty was found in timing the seismic waves. The use of peak
correlaiion was found to be an unreliable means. Locatiou errors
obtained irom timing seismic waves were not related to the separatiocon
distance Lerween a known impact and location of an enemy recoil. The
timing error was apparently not related directly to the separation

distance between recoils and impacts as expected,.
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The location estimates made using acoustical and seismic data
recorded at Camp Pendleton were not useful., The poor quality of
these escimates may be attributable in part to the high noise

levels and frequent interferring sources from base activities.

7.3 GENERAL RECGMMENDATION

It is recommended that further exploratory work be considered
for development of a light weight man packed selsmic system.
The system concept should be expanded to targets other than mortars
and should fully exploit the use of acoustic signals as well as the

seismic.

7.4 SPECIFIC RECOMMENDATIONS

1. Investigate and evaluate using existing data methods of
signal enhancement which woulid be applicable to this system
concept. Project maximum effective range for various

targets.
2. Determine surveillance capabilities of the seismic~acoustic

location system against such battlefield targets as trucks,
tanks and a walking man.
3. Investigate and evaluate means of signal processing which
will produce accurate signal timing informaticn.
4. Investigate methods of improving the signal to noise of the
aismics by analyzing the collected data in the frequency
domain.
5. Investigate the use of acoustics for location as well as
the advantages of seismic for identification or discrimina-

tion of a mortar recoil from a shell impact.
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APPENDIX A
FORTRAN Listing of Simulation Algorithms:
1. Hyperbolic Location with Kalman filter.
2. Subprograms to the Hyperbolic Location Algorithm.

3. Location Algorithm using the Seismics or Seismic technique
(subroutine k&).

4. Histogram: Same location simulation as (3) but designed
to make many iterations and printout a histogram of

location errors.
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(o

C PROGRAM TO LNOCATS TARGET MCRTAR FIRE POSITION THRNIGH A SOUCTFS3TION JF
T APPROYTMATIONS UTILIZING TARGET FIRT AND N SENSOR LOCATTONS

C

c VARTABLES ISFD RY TROGRAM

C

C T8y SWITCH=" FNR FIXFED S¥NSNRS,=T FIL FIRE SCNSOIRS ARNMUND POINT
C X(Mm.,Y( ACTUAL STNSOR LOCATIOR COORNINATES PPLATIVE TO COMPUTER PNASTITION
C XA,YA ATPRPOXIMATION OF FTRING POINT

c Ye,yp PCTUAL FIRING LOCRTTION

C XR,YR RPTORY FIRE SOURCE

¢ sS STAMDARD DEVIATION FOR 7TPROPS IN DISTANCE MFASORTHERTS
C ST STD DFV PNR TINT MPASURIM™NTS

c <p STD C®V PO® DEPLECTICN TN PRTURY FIR™

C SP STD DIV FOR RANGE IN RFTURY FPIRT

C VE(7) FSTTYATED PATH VELOCITIES

C VR(I) ACTUAL PA™H VELOCITIES

€ XZ{T),YS(I)PFASUFED SENSOR LOCATTONS

C DT(T) DIFFFRENCE TN ARRIVAL TIMT RETHFEN STNSORS I § T-1

c PTP(I) DIPFTRENCP WITH ERROD® T RM

C YILYY IMPACT POINT OF RETUMN FIRE

C FR RANGE STPROR

c =% DEZPLFCTION ERPOR ~

C TR ANJUSTED TIME 70 SENSOR FROM I¥PACT

C KMAX ITERATION LIMIT

C DUY,W(T)  WORK ARFAS

c K ITERATTION CONNTFR

C H(L,J) BASIC KALMAY MATRIX

c 7(D) KALYAN MEASURENENT VECTOP

c v(T) KALMAN STATS VECTOR

c R(M NIACONAL SCALAR COVARIANT ERROR MATRIX

c

c

c

D{A,B,H,Z) =SORT ((A-W) & (A-¥)+ (R-2) * (R-7) )

DIMENSION X (20),Y (20) ,XE(2%) ,YF (27) ,DT (22) ,DTE (2%} ,VE (20) , VR (27)
3,¥{(29),V1(2%) M (20,20),R(23,2Y) ,V(2Y),2429) ,PINV(20,2C),P (25,27)
$,DT(20) ,DP (20) ,T(29) , AR (3) ,BB (3),CC (3), DD (2)
$,XT(17),YT(17)

CONNMON PINV

' DATA PT,R,H/3.1815926535, 660, /

DICY =", ;

DTE (1) =0,

TRUTTALIZE NORMALIZED RANDOM NUMBER GTSPRATOR

PN NN
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FALL TIME(7,”,INTT) T
TNTT=INTT*2+1
CALL GRAND1 (INTT)

TNPUT VYELOCYTTRS AND STANDARD DFVIATIONS

s Be e

RTAD (5,457) N, KNAX,TIMP,TSE
TF (V.GT.H) GOTO 9°°
wEAR (5,477 (VI(I), T=1,NH)
c oRpAYTRT FOT 1 T3TIMITE OF ALI PATH VELDCITTES

IF (V1(2).KT.0.) 6070 18
N 16 TT=2,N

1 VI(IT)=V ()

16 "FID (5,407) (VD) ,T=1.6)

17 ~Tar (5,4"°) SS,ST,X¥,YF,XA,YA,58,8D, ks, DEL
=FAD (5,407 XP,¥YR
ngc 11 J=1,%

11 PFEN (5,47 %) (PTNV(T, ) ,T=1,Y)
TF (IS%.SC.7) ROTO S

PT&T STHESOAUS TN PATTTRN AACOND SSTIMATED FIRINS LOCRTTON

~ Y0

PEAD (S,477) SDFI

Y (1) =XA+SDTL

Y()=Yr -

v (2)y=xX(1)

Y (2) =YA+SDFL

X (2 =17

Y (Y=Y (2)

Y (U) =¥A-SDEL

v(uy=Y(2)

X (5) =X (4)

Y (5)=YA

X (&) =¥ (U)

v{6)=Yr-SDTL

X (7) =¥A

;:Z; i;{(ﬁ) Reproduced From
Y (8) =Y(6; Best Available @y

c . R

¢ TIND ACTUAL SFNEOR LOCATTONS

c

nO 4 T=1,N

ER=GRAND (SD,".)
TP=GRAND (SN, ")
PHT=ATAN { (X (T) =¥D) /(Y (T)-Y7))
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TN

e EsER

T® (PHT.LT.- .) PHI=DI+pPHI

po=pT 2, -r1T

YT (T)="m ASTY (PII) 4TPRSIV(PP) +X (1)
g YF(T)=T2RCOS (PAT) #TNRCCSLOD) +Y (T)

ST ¢

cWAp TH FIYEL STUEENT LACYATIONS

STED (5,177 (VD LY (TN, T, F)

TP O (M.37.%) RTRD (5,477) ((N(T) V(D)) .T=0,N)
20 17 1=1,v

YT T) =TARD(SS, X (T))

17 YFP(T)=A2AYN(SS,Y (D))

N

SeT D COANSTAYTS

A ~1___0_:-1
oy =1,/3%
ne 12 1=1,°7
12 (T, Ty 0N ~

CTNFOATE ARCAY CF TAPGST POTNTS FOR TNTTTAL RETURN

ar3y YT (1) =Y) .
YT (1) =2
sTTP=RvY,
an 1170 1=1,2
CT(THTY) SV RTTR
YT([+1) =V
XT(T+) =T (D)
VY= (T42)=YR43TED
XT(T+3) =42
YT (T+2)=YT(3)
YT(T+l4) =¥2-CTTD
vT(T+U)=Y" (1)
T (T45) =YT(S)
Y™ (T+5)=TA
YTLT+6) =X7 (")
YT(I+A)=YA-STEP
CT(T+7) =¥A
YT T+ =Y (T)
XT(T4+R) =X"(?)
YT(T+R) =T (7)
'S'IF_D:S':"!-‘PO-D"!"_L
TF (T¥P,LT.17) 70T 127

11" COHTINUT
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129 CONTINDOF

C
C CALC DFLTA m™'S FOR INITIAL RFCOTL DATR
Lof
(Y =D(X(VY,Y(1) ,X°,YF)
TM=W{)/v3 (1)
no 20 1=2,4
V(Iy=D(X (1), Y (D) ,XF,¥Y™)
T(T) =8(T)/VR (1)
20 DTHUTY="(1-1)-T(I)
M =T(N) - (1)
Do 13 T=1,%
V(1) =1./VI(T)
13 VR (I)=V1 (1)
="
WPITP (6,1"") XF,YF,XA,YA,S5S5,ST,3E,SD
URTTP (6,157) ((I,X(T), Y (1), XE(T) ,YE(I) ,VR(I),V1(T),DT(M)),T=7,N)
nog 21 1=1,N
21 DTE(I)=DT(T) +GRAND(ST,0.)
. WRITR? (6,25} ((I,DTE{(I)),I=1,N)
c
C I¥PROVE VELOCI™Y ESTIMATES "HPOAUGH MULTIPLT IMPACTS
¢ .=
pO 131 I=2,IMP,2
TR=GRAMD (SR, .)
©p=GIIND (SD,N.)
PHI=ATAN ((XT (I)~XR) /(YT (T)~-YR})
IP (PHT.LT.C.) PHI=PHI+PT .
PP=Pl /2. -PIIL
XI=PR*STN (PHI)+ED*SIN (PP) +XT (I)
VIRRRACHS:({1LL)) #T DG OS. (RRY, %Y (L),

\.

C ~
167 RR=GRAND (SR,".)
TD=GRAND (SD,".)
PHT=ATAN ((XT (I-1) -XR) /{YT (I-1) -¥R))
TP (PRT,LT.C.) PHI=PHT+PI
PP=pPI /2. ~PH]
XTI=ER®SIN (PHT) +EN*SIN(PP)+XT(I-1)
YIT=FR*COS (PHI) +FD*COS (PP) +¥YT (T ~1)
TP (XI.R0.XIT.AND.YT.EO.YIT) GOT0 167
c
C PIND TRAVEL TIYFS AND YPLOCITIES FEOM TACH IMPACT TJ FACH SENSIR
c
T (1) =D (X (1), Y (1) ,XI,YI)
P (1) =D (X(1) ,Y(1) ,XTT,YIT)

Reproduced From
Best Available Copy

———
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Do 1w’ g3=7,v
NT(J) =" (X (1), Y (D) ,YT,YT)
AP (I = (U)LY T) L, UTTL,YTT)
g(J-1)=ng(J-1)/vp(J-1)-pr(J)/vv(n)»a*nvr(ﬁ?,7-)
7(“+J-1)=P“(J-1)/VQ(J-1)-QP(J)/V“(I)+ﬂ?3ﬂﬂ(5?,‘.)
H(I=-1,71-1)=" 7 (JI-1) , Y7 (I-1) X (TY L, YT (1))
"(J-1,J)=-“(XT(J).Y?(J).ﬁT(*),Y”('))
u("+J-1,J—1)="('°(J-1).Y?(J-1).Yf(f-’).YT(T-1))
wrad-1,J) =P (XT(1) ,¥VT(I) XTI,V (T-1))

14~ CcouTT YT
CALL. KPLMAN(I,V,2,0,R,2%M,Y)
L=I.+2
ne 137 a=1,Y

137 VF(I) =1./7V (M
Ypros (RL,AT7) T,
HETTS (f,15°) ((J,¥5(0)) ,J=1,N)

131 corTiaie

HS= 3ETATE VILOCTTTTI AND EFCHLL THTH FAR I7H POTNT TSTIMATE

N

[§¥]
N
N

1

Ve
(K.GT.K¥EY) =aTQ anr

-

183
CTD APTIAYINATION N7 Ty\RGTT POSTTION
USTNG FACH PAT2 0T ©OATNTS GOT ESTIMATF FNE AVERAGING

AN

L=" C
rp="
yR=".
hn A" T=2,
CALY. HLOT(XT(T=-1) ,YF(T-1) GV (I=-1) ,D73(T) XA, YA, ¥L,YL,637)
XR=VvR Y],
YR=YR+YL
L=1.+1
37 CCOKRTTNNT

2 SPTICTAL CASTS

‘2 I

- e duc
AR (2) X7 (%) UCeq £,
AR (3} =17 (1) Hapje C’°’"

TR(1) =VR (Y- 1) : - “Opy

R (2) =Y T (%) T ~
n(3) =vT (N

CC(1)=vT (N=-1)

cC (2) =V~ (¥)

AR (1) =X (2=1) B:‘;epro
tAy,
o~ Q
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RN RIS e

[ % ]

3

ZC(3)Y=Vvr (1)

"R(T1) =DTT ()

N2y =0T (1)

CALL HLOO(ME,BB,CC,TD,4A,Y ,XL,VT,531)
IB=X"+XL

YR=YR VT,

L=1+1

A (1) =XF ()

PA(2) =XF (1)

AR (3) =XT(2)

FR(1) =YF (N)

A2y =Y= ()

R3(3) =YF (2)

cC1) =v= (V)

£C(2) =VT (1)

cC(3)=vr(2)

rD(1) =DTE (1)

"D (2) =077 (2)

CALL BLOC(AM,BR,CC,DD,YA,Y),XL,YL,&32)
X2A=Y3+XT. >
Y3=Y3+YL

L=T+1

IF (L.30.7) “0Tn 937
YA=YB/L :
YA=YRT,

PTSPIAY NEW FGTTMATL

BUM=D (XA ,YY,YF,YF)
APITE (A,277) K,T,XA,VA,DUY

TANRONLY TFCTNT WIHZTHRD NTR FTCAIL OATA DK GET TMPATT DATA

p14

MIX=GEAYD(1.,7 . )
TF (DU¥.GT.Y.) 307N 26

QFYEDRATR TWPACT DATA FOR (XA,VYR)=-GaT TMPACT POINT

RZ

V=K1

IF (Y.77.K¥AY) 53070 o7~
©o=GRAND (S°,0,)
EN=RTAYD (SN, M. )

PAT=ATAN ((X2=XP)/ {YA-YP)) Re
TE (DHT.LT.".) PHT=PHT+DT Produceq
PP=DT 2, -p"T tAvailapye é°'n
— oy
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{T=TAESTE (P T) + NES IV (PP) +XA
YI=FP*n S (PR T) +FNRCOS (PDP) 471

c
C GTIT2ATT TMDOACT PATNT FOP (YA+DFL, YA+ DEL)
c

TR=YA 4NTT,

YR=YA NI

6° FR=ARANN (3P, 0,)

TPEAP AR (IR, 7))

DRI=ATAN (((T=V])/(YR-Y3))

IF (PPI.L™. .) DPIT=DHI+PT

')ﬂ:DY/?.—-D'!"

YTT="p%S YN (PUT) +TNRS TN (PD) +Y 1

YTT=ERECAS (PHT) + T)RCAS (FP) +Y D

TE (XT.PONTT AND,YI.EQ,YIT) GNTY &3
C
C FTND TEAVEL 7T40Q ayD YELOCTTTIS FpnY fACH THLACT TO BACH SENS)IR
¢ R

DTN =D (X (") ,V (1) ,XT,¥7)
nP(1)=n(C(1) ,Y (1) ,XTT,VYTT)
ot T=2,.4 ~
PT(T) =N (Y (7Y ,¥Y(7) ,XI,VYT)
PRIy =D(X(") ,¥Y (7)) ,XTT,YIT)
2(T-1)=DT{T-1) VP (Y=} =NT (L) VR (T) ¢ AU (ST, )
¥4I =1)=DP(T=1) /VR (T=1)=LD (T) /VR (T) +G1AND (ST, )
H(I-1,T-9=n(v"{T-1),YT(T=-1) , Y2, Y1)
T(T=1,T) ==D(YT(T) ,Y°(T) , X" ,Y1)
H+T=1, T=-1)=r(XT(T-1),Y"(7T-1),X2,¢¥R8)
H(¥eT=1,T}==D(XF(T) ,Y"(T),¥",YH)

uns coxTTNn=
CATYL KAL ™A (R, Y, 5 ,P,R,2%M,1)
Yy 67 1=1,v

ST vE(T)=1,/V (1)
ynITe (Bh,31°7) V¥
WRITT (6,377) ((I,VT(I)),TI=1,N)

c
C GET NT©W POINT TSTIMATF
~

="
Xa=",
yu=",
DA 1A T=2,"
Sg:iq?;?h(‘~(*‘1)'Y%(T'1)-V?(I-1),DT?(I),XA,YA,XL,YL,87?)
YP=VR+YL
L=L4+1

77 CONTTNY™

ios Reproduced From
Best Available Copy
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; c
y C 2 SPRCYAL CASFS
. o
& AA (1) =¥F (N-1)
& BA(2) =XF (N)
: AR (3) =XT (1)
k. BB(1) =YF (r~1)
% AB(2) =YF (N)
B RR(3) =YE (1)
. CC(1Y=VF (N=~1)
% CC (2) =VE (N)
0 cc(3)=VF (1)
b NC(1) =DTR (N)
¢ np(2) =nm= (1)
Ql CALI HLOC(AM,BR,CC,DD,%N,YA,XL,YL,571)
L XP=XN+VT,
:“ YP=YB +YIL
T=14+1
! ¢
; . 71 AA (1) =X7(N)
7 AA(2) =XT (1)
i AR(R) =X"(2)
o GB (1) =YT {N)
2 AR (2) =Y " (1)
S BR(3) =YF (2)
s ce(1) =VeE (V)
. | CC(2) =VE(N)
. CC(3) =™ (2)
= MM(1) =NTRE (1)
! nn(2) =nTF(2)
0 ~ALL HLOC{(RA,RR,CC,™D,XA,Y¥YA,XL,YL,E72)
o8 XB~YB4Y],
%5 VR=YR4+YL
& L=1+1
1Y 72 TF (L.FQ.T) fOTO 931
¢ 9 XA=XR /T,
¥ ‘ YA=YB /L
& C DISPLAY NTW APPROXIMATION
1 nU¥ =" (XA, YA, XF,YF)
E;, WRITFE (A,210) L,YA,YA,DMM
x O™ 25
!\ 901 HRTT™ (¢ ,5°")
. 0cq CONTINNF
sTOp N
ap” S0P 1

981 sTOP 2
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nn FACYAT (YTACTURL SONRCE=',73,1,', ', .1, +TeSI FSTTMATR=!, F8,1 .
! yt'i'T:°f1/§ STAMA S=t',F8,3,' GIcwp T=',FA.T,0 STUMA R='1§9.3 .

$o0 SIGMA D=t FR,3/0-1,22X," ACTUAL SENSOR MEASURED FRNSOR

& 2%, 'ACTUAL YTLOTITY  THITTAL VL. rST. DELTA T (RLECIILY'/)
15 FCRMAT (17,13.111.F".1,',',Fn.1,nx,wn.1,','.va.1,8x,r8.1,11x,se.1

¢,3¢,FA,b
20ff§nv431 (3ﬂ ',17,% RFOCTL DATA--NEW RSTIMATH RASED ON ', 13
€ 0 SFNSOR S7TS=1,73,1,',7,T8. 1,5

’
T IRTSTAMCE T SANRCP=!,FR,D)

211" ;OREAT (*0 weqy FSTIMATE MASTD ON 1,73
©,' SENIOR $ETS=1, ™, 1,0, 0,7, 1,5¢
¢, 'DISTANCE TO SONRCe=',F8,2)
267 RORNAT ('f RFCOIL "FLTA W/ FRROR:!
€/ (25%,T3,F712.4))
3N PORMAT {(*F *,T7,¢ IMPACT DATA=-=NEY DPATE VELOCITIES=!)
35°% TOFMAT (25%,I3,F12.4)
un~ TOFMAT (10°73,.2)
B5Y *OrMAT (3T73)
53¢ FORMAT ('0 STOP 21')
81 TORMAT ('1 PUN & ', T2/) _ '
60f FORMAT ('7 TNITIAL RESPONSE OF ',T3,' TYPACTS GTVING NCW PATH®
&,' VELOCTITTRS=')
FND

T oy

e

TR S EINY o Ry U L R
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PPLI2AM ) LOCATE DOTNT USTNG YRRPROTTC FENOTTONS WITH
MRTHOND AT ST RPFST DRCCFRW®

RYTEQATINT LT (X,Y,V,7, 40, 74, XL,YT, ¥)

REML¥U ¥

DIVENITON X (3,0 (D L,V (3),7(2) 0P (3), "X (D), 7T {2),7(7)
To=X1

YO=YA
v=1",
TATTR =2,

DP(1Y=D(Y () ,V() ,{P,¥YP)

DP(2Y =N{X(?),Y (2 X", ¥

DRI =D (N (3Y,Y () AP, VD)

ng 17 1=1,0

SEVA(T)/(V(TH1)ED2 (T+1))

TXAT) = (XP=X (7)) /DD(T) X (ADP-X(I+1))

RY(TY S{YP=Y (1)) /DF(T) -5% (YD-Y (T+1))

FATY=SNP(T) =V (TYXRNP (THY) /V T+ ) -{I) 2V (T)

SX=2%F (N 2FX (1) +2, %7 (2) *7TX (2) ‘

TY=2, ¥ (N EFY (1) 42, =« (2} *FY (2)

NF=D{6X, Y, ., )

TL=XP=¥*3Y{/NF

YI=YP=-Kx3Y/DX

IP=F (1) 2T (1) +F (2) ¥F (2) |
TN =D)LV (1) LXLLYN) =V () D (N (2) , Y (2) £ XL, YL ZV{2)Y-T () "V (1)
TEYEDANA2) LV (2) XL, YLY -V (2) ¥R Y (3) ,Y () ,XL,YL) /V(2)-T(2) =V (2)
LT () 6P (1) 47 (2) %7 (2) |
TP {RL.GT™.GP) »OTO D7

CALL STRP(XP,VP, XL, YT ,YN,YN,K)

Yp=X1L

YP=VL

YLl=XY4

YIL=YN

SP-TT

V=TACTREY

07O 40

X=w /2,

FACTK=1.

TP {(X.GT™..)1) rOTH 37

IT (5L.GT.5.) GOTH 37

QETHNN

;'::;rrn Qi, 1 Reproduced From
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<IND END POINT NP NIUSCTFN VFCTAR Fonm (X1,Y1) THROUGH (X2,Y2)
. WHICH IS DTISTANCF X FROM (X2,Y2)
c

SOBRDUTINE STep (X1,Y1,X2,Y2,%3,Y3,X)
THPLICIT RTALSN (A=7)
TF (X1.T0,%2) fom™ 1
Mz (Y2-Y1) 7(X2=-X1)
N=SNRT (K*K/ (F*Y+1
Xaegae /I *
TF (D*(V2-X1) .LT.".) X3=X2-n
Yizpeney?
RETIRN
10 X3=%2
XK=K
Y2=Y24STAN (XK, (Y2=-Y1))
RRTURE
—.__BND —
T
C USE KALMMN FTLTEP ™n FTND MREW UPTOCITIFS
c

SUBRAUTINT KALMAN(I,V,Z,P,%, M4, N)
CCMuMON PINY (21,20)
REAL*AR D1,D2
RFAL*G X
DTMENSTIN 71(27,20),T7(20),V (20),% (27) ,P(27,2() ,R(21,20) ,K (27, 20)
$L,HT(20,27) 0 1(20,27) , W2 (27,27),D1(27,2%),D2(27,2%)
CRLT. TRANS (', HT,H,N) !
CALL MULT(M7,P, 41, ,8,4,¥)
CALL MOL™(R1,4,42,M,M,N)
DA 12 T=1,%
nn 18 =1,
PINV(T,d)=PTNV(7,0)+W2 (T,
1 n1(T,d)=PINV (I,J)
CALL MULT(4,V,"2,M,N,1)
CALT, TNV (N,27,n1,TP,27,0D2)
po 27 I1=1,M
nn 2% J=1,%
20 D(I,\,)=D?(T,J)
no 3% T=1,4
AN WAL, N=2(T)~V2(T,T)
CALL MULT(P,H1,K, ¥, %, M)
CALL MULT(h,W2,497,N,%,1)
ne w4t 1=1,%
BA V(T) SV (I) +u1(T, ")
RETURN
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..

~
e

SURROQUTTER 7)) MULTIPLY MATRTCRS

C

RER A

1~

SURPOUTTNZ ¥ULT (A,R,C,L,%,N)
NIMPNSLIOW A (27,27),R{2°,727),C(27,2 )
Do 1 T=1,L

e 1" J=1,V

cyr,ay=0.

no 1" K=1,M

S=A (T,K) #3 (K ,.0)

C(T,d)=C(T,J) +s

RPTORN

myn

SHUBROHNTINE TO TEANSDPOS™ MATRICRS

Fest Availapje Copy

SURDNUTTNF TRANS (A,P, M, M)
NIMENSINN A {27,27),B(2",2))
20 17 1=1,N

DeC 1Y J=1, >
17 R(I,J)'-'r- (J,T‘
PO N
“ND .
C SUPTFAGTINF 7O 3F™UP 31RNAVS FOR XKALYAN FILTTRE OF RECOATIL DATA
C
SOBRODUTINE KRSET (X, Y, Y, XA,V ,XR,Y5H,¥)
DIMENSTON X (108),Y (17 ,8(1°,17)
MzN-1
Do 2% T=1,%
A1=D (X(T),Y(T),YA,YR)
A2=D (Y (I+1),Y(T+1),YA,YR)
Y11= (XA=X (7)) /a1
(20 =(XA=-Y{T+1)) /A2
v11=(Yr-Y(T)) /A1
Y22=(YA-Y (T+1)) /A2
M1, T)=¥11% (XR-XA) +Y 1 1% (YR=YA) +21
20 H (T, T+1)=X22% (XA=X") +VY22% (YA-Y[i) -A2
IETHRN
E‘ND
C
S HANDY DRISTAVCY FUNCTTION
-
TUNCTTON D(A,R,d,7)
N=SORT({A=TV Y (A-R)+ (B-7) % (P-7))
RPTIRN
TND
109 IV T T NP
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1 SUBROUTINE Ki

2 DCAIB,W,Z)BRQRT((AeW)a(boW)¢(RuZ)u(Hul))

3 REAL K

4 DIMENSION X€10),Y010),xF(10),YEC10),TR(10),TIC10),07(10)
S $,80103,0010),8MC80),X2C2),¥2(2)oK€2),X1€2),Y1029,R(10,2)
) DATA PI/3,1U15926583%/

7 READ (S5,100) N, IkMAY

8 RFAD (5,180) £(XCTY,Y€IY),1=1,5)

9 MENw |
10 MixHal _ , '
i1 IF (N,GY,S) READ (5,150 ((X(1) YIX))sI36,N)
12 READ (5,150) S8,8T,%R,8N, XA, YA, YF,YF,VR,VF,NEL ,RQ
13 IK=0

14 c

15 € INITIALIZF NORMALIZED RANPOM NUMBER GENFRATNR

16 C

17 CALL TIMECT,0,INTIT)

18 INITZINYTe2el

19 CALL GRANDL(INIT)
20 C
21 C GET RFCNJIL YIvESs
22 ¢
23 DN 10 IsiuN,
24 TRCIIZOEXCII, YY), XF,YFY/VR
?5 XF(T)=X(I)+GRAND(SS8,0,)
28 YE(T)sY(TI)+BRAND(SS,0,)
27 10 CONTIMUE
28 Mt 20
29 t )
10 C RETLARW FIRE 11 (XA,YA)
3 c
32 S0 IKaTK+i
13 IF (IK,GT,IKMAXY GOTO 90
34 I18=0
35 XTaXA+DEL
36 YT=YA+DFL
37 ERBGRAND(SR, 0.)
18 ENaGRANND(SD,0.)
19 PHIZATANCYT/YT)
490 IF (PHILT.0,) PHYZPHT+P]
4t PPaPl/2,=PKR]
42 XT2ER*SIN(PMII+EDRSIN(PPI+XT
43 YI2ER#COAS(PHII4EDACNS(PP)evY
44 DUMIED(XF,YF,XI,YT)
as XA=0,
4o YRz0,
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u7 C
4y C GFET IMRACT YRAVFEL TIMFS

49 c

50 DN 30 Juyi,N

51 TYCIISDOXCI) Y () XT,YII/VR

%2 SM{J)IS(YToYE(JIIYZEXTeYEL)))

53 THSATANCSM(I))

54 IF (THLLY,0,.) THaTH+PY

55 CtII=CO8(TH)

b1 S{J)mSINCYN)

57 SM(J)set  /8M(])

S8 30 CONTINUF

LT K(1)=T1(1)1=TR())

&0 KE29e8TIc2)mTRCD)

-} DO 20 I=3,N

&2 Do 20 L=tee

63 TETI(T)=TR(TI+DUMIwARAND(ST,0,) /RO+K(L)

&4 20 BOIsL)IEYT=THVEXS(])~ SM(Y)tXT+qmrI)*T*VE*C(I)
65 DN 60 I=u,M

66 pOT70 Le=t,2 ) .

67 X1(L)a(R(T,L)=BlI=1,L))/7(SM{Iel)=SM(I))

68 YI(L)SSM(T=1) o)X (L)+B(Tw1,L)

69 X2{L)=(R(T+1,L)~B(], LI)Y/Z(SMETII=8M{T+1))

70 Y2(L)= SM(I)*X?(L)+B(I L?

71 70 CONTINUE , ,

72 SMI=(Y1(2Y=Y1{1))/(¥X1(2Y=¥{(1})

73 SMIT={Y2(2)=¥2(1))/(XP(2)=X2(1)) _
T4 XTEMSCY1 (L) mSMIWX1(1)mY2(1)4SMITRX2(17)/(SMTI=SMI)
14 YTEMSSMTAXTEM+YI (1)=8MTexXt (1)

T6 XA=YB4xTEM

77 40 YR=YB+YTEM

78 XREXR/ (Mal)

79 YASYR/(M=3)

CY) XAz (XAXx(IKet)+XR)/IK

Ry YAS(YAR(IK={)+YR)/IK

a2 DUM2=D(XF,YF,XA,YA)

a3 WRITE (6,200) IK,XA,Yd,NUML,DUMP

84 6GNTO S50

as 80 RFTURN

Re 100 FORMAT (213) ,

87 150 FNRMAT (12F10.4)

1] 200 FNRMAT (13,' EST=',FR,1,',',F8,1,',DIST YO IMPACTY=Y ,FR,
RY £,', DIST TJ EST=!,FA_1)

90 END
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TR A IR Y ek ey

| SURROUTINE EIST
2 DAN,B 4,2y =SORT ({(A~W) % (A~W)+ (D=4) % ("=-2))
R RFAL ¥
Y DIVENSTAON Y (10) , ¥ (17 ,XF(17) ¥ (17),"2(17) , "7 (17), )
5 1,9(1 YL (1Y) SN (YY) L, 2(2), Y2 (2), F(’bpxl(’)aY‘( P .i.,n
A ¢,TRIS T(2n)
7 DATA PYT/3, 1416926535/
8 RTAD (5,10} N
q READ (5, 157)  ((X(I),Y (7)) ,T=1,5)
1" 4=N-1
11 Mi=va-
12 7™ (u.ﬂ”.ﬁ) PEAN (5,157) (M (D) ,Y (7)) ,L=6,")
13 READ (5,15} SS,5T,3R,°D, XX, YY,XF,YF,Vr V¥, NTL, ™"
14 WRTTFE (F,25C) X#,77,¥X, YY,"‘,%., R, SN VRGNVT
16,25 WRITR (F,45") (Y(T),Y(T)), =1,"%) )
15 no % T=1,2%
1€ 5 IHIQT(T)"
17 ne 90 100p=1,27"
18 XA=XYX
10 YA=YY
2" TK="
21 -
22 C INTTIALTZE MOBRMALIZED 2AKDON NUMBWR OUNTRATOR
23 r
24 CALL TINE(T7,",TNTT)
25 TNT™=INTT#*2+1
2 CATIL GFANDY(TNIT)
27 C
28 C QWP RECOTL TIMPS
29 o
tla ne 10 1= 1,N
11 TR(TY=D(X(T), Y (I) X7, YF) /V
32 XF(T) =X (1) #3RAND(SS,".)
33 YP(T) =Y (T)+GRAND(S3,".)
34 1" CONTTNUE
35 ML="
16 c
37 C RETHRN ®TPF 70 (XA, YA)
38 C
30 BN TK=THK+Y
un TF (IK.GT.25) ~OTo of
49 TS="
42 {T=XA +DFL
43 YT=VA+NFL
uu ®R=CRAND (SF, ")
L5 TD=GRAND (SN, (,)
ne SUT=ATAN (XT/YT)
BECTTAVAIARIT oy 22
. . o
R R & A AR <5 S e AT
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W T® (PHI.LT. .) PUTI=DPHI+PT
na pPP=PT 2, -NT
un YI=CR®STN (PAT) 4+ "D*S TN (DP) +¥7T
Ho YYsRRACNAT(PETY 4 RNET NG (DD) 4y T
51 UM 1= DX, VY, XT,Y T
&n XR=",
57 Y3=",
54 i
5% O CRT OIMPACT TRAVEL TIFES
Ct‘., C
|7 o3 Ja=1,N
0 TT(IY =N (XA(T) LY () LXT,YT) /YR
59 SM(JI) =(YT=YF (J) )/ (XT=XF (1))
b THERACAN(SM(T))
A1 TF (TH.LT.".) T=TH+PT
£2 C(J) =COS (T
K T(J) =ETN (TH)
AL SM(TY==1./5V ()
£E 3 CONTINUY
3 (1 =TT {1)-"R (1)
h1 X (2) =TT (2) =7 (2)
A A nQ 2% T=3, v
A9 nno2% L=1,2
7! m=mT (T) ~TP (T) 4DIMARGPAND (~7, L) /0 T4k (1)
7 20 N (T ,L) =Y T=TRYRKG(T) «CM(T) kX" SY (T) mTAVIRC(T)
72 nCORT T4, M
713 no 7T T=1,7
Al X1(L) = (R(T,L) =3 (T=1,1)) /(3% (T=1) =S¥ (7))
7e Y1(L)=SM(T=1) %X 1 (L) +B(I-1,T)
L 2T = (2T #1, L) =B (T, 1)) /(SM(T) =57 (T+1))
77 Y2 (L) =S¥ {7) *¥2 (L) +» (T, 1)
73 77 CONTINDT
79 TFO(X102).FA.¥1(1)) #0To A"
A SMI=(Y1(?2) =Y1 (1)) /(X1 (2)=-X1("))
21 TP (X2(?).R0.¥2(1)) ~om™N 47
42 CMIT= (Y2 (2)-Y2(1) )/ (X2(2) -¢2(1))
83 YFEM= (Y1 (1) =SHTAXT (1) =Y 2 (1) +SMIT*Y2 (1)) /(3MTT=547)
Ru VTRM=GY¥T*®YTFY4Y 1 (1) ~SMY%X1 (1)
RE SNTN KA
af RE qTEM=X1(?)
87 TE (X2({7).T0. X2 () 6nTn 977
Ry SHIT=(Y2(I)=Y2 (1)) /(X2(2)-x2 ()
ng YT M GNTTAYTEMAY 2 (1) =SHTT%Y (1)
nr AN o N
A boovTEMs Y ()
an TE (XL L TN (1)) GNTY 90T
"3 SIS (VT =V ) /(01 (7Y =X ()
113 ey ‘, 5
B[S.i _ A\f Fuorelinoi, s
i TR L s e oo i o T .
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;. 94 YTFH=SHI#XTPey 1 (1) ~SHuT*X1 (V)
k. 95 6% XB=XB+XT M
B 96 60 YBsYReYTEM
- a7 XRxXB/ (M-
9A YR=YR/(4-3)
99 YA= (X A* (TK-1) #XR) /1K
, er YA= (YA* (TK=1) ¢YR) /TK
i 101 nOM2=n(XF,YF,XA,YN)
g 102 1F (DUM2?,LT.592.,) GOTO 9C
§ ‘ 12 TF (DUY2,1.7.1.B5) GOTN SC
1. 10y TK=26
b An5 9n THIST (TY)=THTIST (IK) +1
‘1 106 WRIT® (6,2°7) ((T,IHIST(T)),T=1,26)
b 107 RRTOURN '
108 901 STOP 1
¥ nn 107 FOPMAT (I?)
4 11 15" PORMAT (12F17.4)
v 11 275 TOPMAT (216)
' 112 261 FORMAT (' 1ACTOAL SOURCE=s® ,FA, 1,0, ¢, 3.9, #T7ST PSTIMATFR=', Pa. 1
3 113, €,1,',FB. 1/ SIGMA S=°,FR.3,' STGMA T=t,Fa,3,' RIRMA R=!,FR,3]
4 114 %,0 SYGMA D=',PA,3/' ACTUAL VEIOCITY=',FR,3,',VELOCITY ESTIMATR=?
. 15 %, FR.7)
% 115,25 4S¢ TOEMAT (2F17.3)
h 116 FND
4 |

M
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TABLE B.3

i

SENSOR COORDINATES
b SENSOR POSITIONS 1 THROUGH 9
E . (x,y)
- TWENTY NINE PALMS

e et

| (0,0)

(250,0)

(500,0)

(750,0)

(1000,0)
13; 1 (1250,0)
(1500,0)
(1750,0)

(2000,0)
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i i T e,

TABLE B.4

==
=

e, F B e S T T, R =
4 g T

SENSOR COORDINATES
SENSOR POSITIONS 1 THROUGH 9

(x,y)
CAMP PENDLETON

i (3906,8862)

3 (3911,8609)

1 (3817,8380)
: (3946,7905)
(3967,7656)
(3909,7386)

(3882,7037)

(3831,6793)
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Seismometer position &
T
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Seismometer position 7
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Seismometer position 6

Seismometer position 5

——W\_,W A ~

Seismometer position 4

_____________p4"\\\///’\\\v//~ﬂ\~\J/f—\\~‘//*\\\*,z—-\__,_,

Seismometer position 3

'_“"—'—\/‘\//\’\\_/v\_// N Pty o e et [ e

Seismometer position 2

V\\_//\_/ TN T T e

FIGURE B.1. VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 23
TWENTY NINE PALMS, 1.5 km Site, Scale 10 in/sec
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Selsmometer position 8
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Seismometer position 7
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Seigmometer position 6
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Seismometer position 5

AN S ™ V™

Seismometer position 4

/\

Seismometer pogition 3
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Seismometer position 2
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FIGURE B.2. VERTICAL AXTS SEISMOGRAMS FROM EXPLOSION EVENT 24,
TWENTY NINE PALMS, 1.5 km Site, Scale 10 in/sec

i b Y S




R P LR b tad B Ui 3 LAt I A A Rk PR Lt M S R R e

Auii el Gl int) bl AT 2N b LT, e ok e cdi e g T LN

DR

FORMERLY WILLOW RUN LABORATORIER, THE UNIVERSITY OF MICHIGAN

Seismometer position 8
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Selsmometer position 7

Seismometer position 6

————‘/’q\/\

Seismometer position 5
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Seismometer position 4

Seismometer position 3
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Seismometer position 2
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FIGURE B.3. VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 69,
TWENTY NINE PALMS, 1.5 km Site, Scale 10 in/sec
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Seismometer position 2
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Seismometer position 5
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FIGURE B.4. VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 71
TWENTY NINE PALMS, 1.5 km Site, Scale 10 in/sec
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Seismometer position 7

Seismomete l

position 6
A, Ads ‘AW1

Seismometer

position 5 ‘

Seismometer
position 4

Seismometer
position 3
l -

.
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VERTICAL AXIS SEISMOGRAMS FROM EXPLOSTON EVENT 10,

FIGURE B.5.
TWENTY NINE PALMS, 1.0 km Site, Scale 2 in/sec
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Seismometer position 7

3 Seismometer ppsition 6
Seismometer position 5
Seismometer position 4
Seismometer position 3 ; l
‘L ) )
FIGURE B.6 VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 11,
TWENTY NINE PALMS, 1.0 km Site, Scale 2 in/sec
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Seismometer position 7
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FIGURE B.7. VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 16
TWENTY NINE PALMS, 1.0 km Site, Scale 2 in/sec
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Seismometer position 7
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FIGURE B.3. VERTLCAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 21,
TWENTY NINE PALMS, 1.0 km Site, Scale 2 in/sec
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Seismometer position 7 "
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FIGURE B.9, VERTICAL AXIS SEISMOGRAMS FROM MORTAR RECOIL EVENT 38,
TWENTY NINE PALMS, 1.0 km Site, Scale 2 in/sec
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Seismometer position 7
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Seismometer position 6
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»
Seismometer position 5
Seismometer positien 4 \\\b
Seismometer position 3
FIGURE B.10. CORRELATION FUNCTIONS, EVENT 11 VERSUS EVENT 10,
TWENTY NINE PALMS, 1.0 km Site, Scale 15 in/sec
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Coe FIGURE B.11. CORRELATION FUNCTIONS, EVENT 11 VERSUS EVENT 16,
‘ TWENTY NINE PALMS, 1.0 km Site, Scale 15 in/sec
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Seismometer position 7
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Seismometer posi

Seismometer position 35

Seismometer position 4

Seismometer position 3

FIGURE B.12. CORRELATION FUNCTIONS, EVENT 11 VERSUS EVENT 21,
TWENTY NINE PLAMS, 1.0 km Site, Scale 15 in/sec
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FIGURE B.13. VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 104,
CAMP PENDLETON, SCALE 10 in/sec
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Seismometer position 9
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FIGURE B.14. VERTICAL AXIS SEISMOGRAMS FROM EXPLOSION EVENT 114,
CAMP PENDLETON, SCALE 10 in/sec
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Seismometer position 9
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FICURE B.15. VERTIC2AL AXIS SEISMOGRAMS FRCM EXPLOSION EVENT 130,
CAMP PENDLETON, SCALE 10 in/sec
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Seismometer position 9

Seismometer position 8
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Seismometer position 7

Seismometer position 6

AN NS NN

Seismgmeter position 5

Seismometer position 4
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FIGURE B.16. VERTICAL AXIS SEISMOGRAMS FROM MORTAR RECOIL EVENT 155,
CAMP PENDLETON, SCALE 10 in/sec
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Seismometer position 9

Seismometer position 6

Seismometer position 5

Seismometer position 4

Seismometer position 3
‘ N
e '\../\/\\_/\,// M/\
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FIGURE B.17. AUTO~CORRELATION FUNCTIONS, EXPLOSION EVENT 103,
CAMP PENDLETON, SCALE 15 in/sec
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FIGURE B.18. CORRELATION FUNCTIONS, EV T 103 VERSUS EVENT 104
CAMP PENDLETON, SCALE 15 in/sec
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FIGURE B.19. CORRELATION FUNCTIONS, EVENT 103 VERSUS EVENT 114
CAMP PENDLETON, SCALE 15 in/sec
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CORRELATION FUNCTIONS, EVENY 103 VERSUS EVENT 130
CAMP PENDLETON, SCALE 15 in/sec
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