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INTRODUCTION

Acoustic principles have been used for several years in determining the x-y
coordinates of supersonic projectiles scoring. However, the axis-of-fire had to
be perpendicular to the plane of the target area. Since firings from the six-
degree-of-freedom simulator at the Ware Simulation Section are not always per-
pendicular to a fixed target area, a new system was developedl.

PRINCIPLES OF ACOUSTIC TARGETING (ref 2)

A projectile ballistic exceeding the speed of sound creates a shockwave
perpendicular to the shock front. The high energy, fast-moving shockwave ap-
pears as a cone, expanding at the speed of sound (fig. 1) and can easily be
detected by ceramic plezoelectric transducers. These are located on the ends of
aluninum sensor rods which are mounted at the edges of the scoring plane. The
transducers detect the shockwave that has been induced into the metal rods. The
relationship of shockwave to transducer rods is shown in figure 2. The expand-
ing shockwave strikes the rod sensors at tangeant points, generating secondary
shockwaves within each rod. These secondary waves move In opposite directions
at the speed of sound in metal (approximately 15 times the speed of sound in
air) and excite the transducers at the rod ends. Each of the rods and its asso-
clated transducers and circuitry acts independently of the other to provide one
axis of the readout.

In the example shown In figure 2, the round passed through the target plane
high and to the left of center. The point of tangency on the y-axis results in
the secondary shockwave reaching the top transducer first; this action starts an
electronic clock circuit, and when the secondary wave in that rod reaches the
bottom transducer, the clock circuit is shut off.

Appropriate circuitry allows a readout or display of the accurate location
of the initial point of tangency. When the shockwave reaches the x-rod, these
actions are duplicated in the x-axis. The resulting x-y coordinates can give,
to within 0.25 cm, the point where the round passed through the scoring plane.

The relative measurement that is occurring in the rod sensors makes this
target scoring system unique. The {intensity and rise-time of the ballistic
shockwave are unimportant and have no effect on accuracy. The total length of
the rods and any changes in the rod lengths because of temperature do not effect
accuracy.

1 Contract DAAO8-78-C-0259, Accubar Engineering, Box 350, Woolverton Way,
Alexandria, PA 16611.
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Figure 1. Scoring produced by expanding shockwave
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Figure 2. Relationship of projectile shockwave to rod sensors
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The final display of the hit-or-miss 1location can be in a form that 1is
amenable to the system requirements; it can be a digital lamp display, paper
printout, cathode ray tube display, or cards punched for computer analysis. An
important feature is the rapid reset time and, therefore, the rapid scoring. By
the use of a l.2-m square target as an example, the acoustic disturbance from
the shockwave will pass the rods within 5 to 15 milliseconds. This time allow-
the transducers to score shots spaced 10 to 15 milliseconds apart and results in
the scoring of approximately 4000 to 6000 shots-per-minute.

The dual-rod concept is employed when it is necessary to elimindte off-axis
errors that occur if the projectle flightpath is not perpendicular to the scor-
ing plane. In most test firings in which acoustic systems are eamployed, the
weapon is situated so that the flightpath is normal to the scoring plane dand the
system operates as described above.

If the projectile flightpath is not perpendicular to the target plane, the
intersection of the ballistic shock cone and the target plane results in an
elliptical cruss-section rather than the normal circular cross-section. This
expanding ellipse (fig. 3) strikes the rod sensors at tangent points (major and
minor axis) which do not originate at the projectile impact point. The off-axis
error that would be introduced when only one rod in the x-axis and one rod in
the y-axis are used can be eliminated by the coplaner arrangement of dual rods.
The rod-score points on the dual rods can be used to triangulate to the actual
impact of the projectile.

An important feature of this concept is its ability to handle compound off-
axis angles (azimuth and elevation) as easily as single-axis angles. Figure 3
is a geometrically correct representation of the expanding stockwave in the
plane of the target for a projectile approaching from below and to the right of
the target. The tangent points for the expanding wave and rods are shown for
the two x—- and the two y-rods. The intersection fo the line through the x) and
X2 points with the line through the y, and y, points {s the true impact point
for the projectile. The 1intersection is no longer a function of any of the
normal off-axis parameters; that 1is, shockwave angle resulting from projectile
speed, angle of attack, or distance from the impact polnt to any of the rods.
Any projectile passing through the same impact point, regardless of its speed or
angle of attack, will produce rod scores which triangulate to that impact point.

The dual-rod system employs all the parameters necessary to accomplish this
triangulation, but additional data are required to give the time of impact on
each rod. The additional data, such as would result from an external pulse (TO)
allow the time counter gates in the system to measure the time betwecen when the
projectile passes a point in space and when each rod is struck by the shockwave
from that projectile. By this means, determination is made of the flight vector
of the projectile, the projectile velocity, and the slant range.

The intercept point {s expressed by (cef 1)

b _b
1
x | I —

8 _ 8
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where

b1 = Yo - 81X2

by = Y2 - 8%

d = rod separation

A coordinate shift of L/2 is required since the four rod scores (xl, X9,
Y1, and y,) are given with respect to the rod centers and the equations assume a
coordinate zero at the lower left of the target shown in figure 3.

The liwiting factor on accuracy with the dual-rod concept ls the projection
accuracy of the triangulation method. For exaample, if each rod is accurate to
within 0.25 cm and 1if pairs of rods are spaced a 0.9 apart, the projection ot
the 0.25-cm error to the extreme of a 4.9-m target would produce a 3-cm error at
the intersection.

The increased complexity of the dual-rod concept {s offset by the added
versatility in target use. Target and gun alfnement is no longer a factor in
the test setup, and the triangulation procedure 1s simple straight-line geome-
try.

This system offers a means for providing a safety interrupt for the six-
degree~of-freedom simulator located at the Ware Simulation Center. This simula-
tor can be driven in programmed motion while weapons attached to it are firing.
A means for Interrupting the firing circuit 1in case of simulator failure or
excursions beyond the confines of the sand butt was required. The acoustic
targeting system fulfills this safety requirement. An intercupt to the firing
circuit cai. be prov?' 4 {f the projectile impact points exceed a predetecrmined
dispersion .  .'e t .get area.

The requirement of the Ware Simulation Center for off-axis projectile scor-
fing has been adequately met by the dual-rod concept.




SYSTEM DESCRIPTION

In the dual~-rod system, Accubar model ATS-16D, coplanar arrangement of dual
sensor rods is used; two rods are mounted vertically and two rods, horizontally,
thus allowing the scoring points in each axis to be triangulated to the actual
impact point on the target. The rod sensors (fig. 4), when mounted on the edges
of the target area, detect the ballistic shockwave created by the passage of a
supersonic projectile. The shockwave causes electrical pulses to be generated
by plezoelectric transducers located at the rod ends. These pulses are pro-
cessed withir the system, and the position of the projectile, relative to the
target center (of the sensor area), is automatically computed.

When the projectile flightpath is not perpendicular to the target plane,
the dual rods will detect the two points of tangency that the shockwave makes
with both the horizontal and vertical axes. The straight-line projection from
each axis 1s processed by the logic circuitry in the system and the true x-y
coordinates are determined. The x-y data generated by the system are automati-
cally referenced to the center of the sensor area. The ATS-16D provides outputs
which can interface to a computer and it also has a built-in light-emitting
diode display for use as a standalone system. The system is capable of scoring
single shots or high-rate bursts and has bullt-in storage for a series of scores
that may constitute a firing test sequence.

The ATS-16D is configured for use in an indoor firing range. The system
can provide x-y coordinate scores on projectles of 4.5 mm callber and above,
with the provision that the velocity of the projectile not be below 400 m per
sec at the scoring plane. An accuracy of = 0.25 cm per sensor trod can be ob-
tained under optimum test conditions.

The scoring accuracy depends on factors that are not indigenous to the
system or its ianstallation. Examples of these external factors are: velocity
of projectile, normality of the flightpath to the target, and proximity of the
flightpath to the sensor rods. If the test conditions and acoustic properties
of the indoor firing range are optimized, the scoring rate can be 6000 shots-
per-minute when the shot~-to-shoc dispersion does not exceed 1.2 m.

The ATS-16D consists of the units described below:

l. Control Unit (fig. 5). This unit 1is usually rack mounted, and
placed in a coatrol room from which the firing tests are monitored. This unit
contains the preamplifiers and the signal processing, scoring, storage, control,
calibration, and interface circuitry.

2. Signal Conditioner Units. These units are mounted at the target

area.

3. Rod Sensor Asgsemblies. These {tems are placed on the periphery of
the target area and are contalned within the frame assembly. Eight piezoelec-
tric transducers are mounted on the extreme ends of the dual rod assemblies.
Each of these transducers 1s connected by cables to the inputs of the two signal
conditioner units.
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4. Frame Assembly. This assembly has acoustic baffles and shockwave
apertures and is a self supporting L-shaped framework.

5. Cables. Two main cables and eight transducer cables are used.

SYSTEM FUNCTIONING

The functional block diagram for the ATS-16D is shown in figure 6. The
four scoring rods are in the upper left portion of the diagram. Two signal
conditioner units (four circuit cards, as shown in fig. 6) receive transducer
signals from the rods. To perform the dual-rod, off-axis correction, the ATS-
16D requires two rod-sensor agsemblies in the x-axis and two rod-sensor assem-—
blies in the y-axis. The signal conditioners provide amplification and impe-
dance-matching circuits to drive the analog signals over the main cable to the
preamp and detector cards in the control unit. The electrical test signal, the
built-in-test (BIT), is used to excite the plus ends of the rods through the
signal conditioners.

In the control unit, the four preamp cards further amplify the analog sig-
nals, provide high-pass filtering to eliminate acoustic energy below 20 kHz, and
convert the analog signals to digital levels through a zero-crossing detector
circuit. The threshold level of detection 1is controlled on the four cards by
the thumbwheel switch located on the front panel. All four levels are adjusted
simultaneously; however, individual vernier potentiometers are also provided on
the front panel to allow for preamp-to-preamp differences.

‘"The outputs from the preamp cards are in the form of digital signals (start
and stop) which contain all the timing information that produces the four rod
scores and the timing data. The stream of pulses from the preamp cards is pre-
sent as long as acoustic energy, above the threshold level, persists in the
rods. This activity is monitored through a one-shot retriggerable control, and
the lack of activity is used to reset the system under certain setup coanditions.

The start and stop pulses from the detectors operate the gate logic to
allow the binary coded decimal (BCU) score counters to count the 10.08-Miz score
clock. The gate logic also provides the start and stop pulses for the binary
time counters, which employ a 10.00-MHz clock. The time counter gates are de-
signed to measure the time [starting with an external pulse (To)] from the time
a projectile passes a point in space to the time each rod is struck by the
shockwave. That 1s, “first start” in each rod. Because of the physical ar-
rangement of the rods, either x; or y; will be the first rod struck and will
provide the stop pulse for the To gate. The same pulse also starts the Tl’ TZ,
and T3 gates. The Tl stop pulse comes from the other x, or y; rod. The other
two gates are stopped by the start pulses from the x, and the y2 rods. The time
counter can count a total of approximately 50 msec.

The 4-decade, BCD score-counters have internal latches to store data prior
to the shift to memory. Thus, an individual score counter can begin scoring a
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second shot as soon as {its rod activity ceases regardless of when the total
system is ready for reset. The time counters, however, cannot use latched data
because all counters (except Tp) are started simultaneously.

A second start on any counter before a stop (from the previous shot) on
that counter would cause confusion in the data, even if latched. To preveant
confusing data, a second shot should not begin on the rods until all four rods
1 have been stopped (4th-stop signal) by the preceding shot. The 4th-stop signal
is the 1iaternal circuit cummand that starts the shift to memory. A clear com-
mand follows the shift sequence to prepare for the next shot. With the system
A set for last stop, the rods will be able to score at the fastest rate because
some rods will be quiet and can begin scoring before others are allowed to re-
set.

The data for a shot are transferred from the eight counters, through a
coumon bus, to memory. The shift-register type memory holds 128 shots. The 24
bit, 8-word format for each shot is shown in figure 6, with the T, data first-in
and, thus, first-out. The shift to memory of the eight words is controlled
through an external MUX circuit and requires approximately 70 usec to com-
plete. The shift can be initiated internally by the ROD SETTLE or LAST STOP
logic, externally from a remote source, or manually by use of the front-panel
MANUAL RESET switch. As the data are transferred to memory, an interrupt cir-
cuit monitors the most significant bit of the x; and y, scores and compares the
value to a preselected limit set on the front panel thumbwheel switch. When the
score equals the limit in either rod, a relay 1s closed to a rear-panel connec-
tor and a front-panel light 18 Iit. The relay action does nnt disable the ATS-
16D, but {t can be used to stop the firing of the weapon. A pushbutton action
on the front panel is required to reset the interrupt circuit.

The ATS~16D can be operated with or without a computer; however, 4das a
standalone unit, the system performs no calculations on the data and can only
display scores on the front-panel LED display. With a computer attached, the
system can be operated from the front panel or remotely from the computer.
After shots are scored and stored in the system, must be switched trom fLRE to
DISPLAY, since it caannot perform the two functions simultaneously.

The action of switching to DISPLAY causes the data to step rapidly through
the shift-register memory until the first word appears on the output. If only
one shot is in memory, the shift to output will require approximately 8 msec.
When in SINGLE rate and coantrolled from the front panel, each push of the MANUAL
RESET pushbutton shifts one word out to display. Eight pushes are required to
fully display the scores for one shot. With a computer controlling the data
output, the rate-of-transfer will be determined by the computer and by the 8-
mgec shift-time in the system.

When the computer connection is made through the rear panel data connector,
the front-panel MODE Switch (FIRE or DISPLAY) and the RESET pushbutton are dis~-
abled. The other switches remain active and, in fact, must be used to initiate
the target system at the beginning of a test sequence. Such functions as SYSTEM
CLEAR, SYSTEM TEST (BIT), RATE, etc., can only be performed through the front
panel. A detailed description of individual circuits 18 shown in chapter 3 of
reference 2.

11
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ACCEPTANCE TESTING

The acceptance test of the ATS-16D consisted of firing projectiles are a
paper target and comparing the impact points to those recorded by the system.
The paper targets were positioned at various locations in the Accubar target
plane. The x-y coordinates of the bullseye of the paper target were referenced
to the center of the targeting area.

Targets were obtained by the firing of 5.56-mm, 7.62-mm, 0.50 caliber, and
20-mm ammunition. Burst firi.gs of 20-mm ammunitio.. could not be automatically
scored because shockwave refiections from the concrete floor and walls caused
false triggering of the ATS-1{6D.

For data analysis the difference was determined between the ATS-16D co-
ordinates and the mesured coordinates from the paper ta-get for the same round.
The 5.56-mm and 7.62-mm data were grouped (targets A through J), as were the
0.50 caliber and 20-mm single-shot data (targets K through U).

The algebraic difference between scoring by the ATS-16D and the measured
paper targets for each of the impact points for targets A through J, for the
combined targets with 5.56-mm and 7.62-mm ammunition is shown in table 1.

The mean, the standard deviation, and the variance were calculated accord- *
ing to .
n —
Y M ,
Mean: < = i=" .

n

S . g - -
Standard deviation: (n - 1)

(xi - x.)2
Variance: Var(n -1 ~—mT17 " a (o - ,1)2

Substitution of the values of table I into the above equation yields

_ Mean = 0.0157 cm
} Standard Deviation = 0.156 ca
Variance = 0.0243 cm

The standard deviation {s shown in table 2. In all cases, the standard
deviation is less than the 0.65 ca specified by the controct with Accubar engin-
eering. The largest standard deviation is 0.2293 cm calculated for the x, coor-
dinate with the 5.56-mm and 7.62-mm projectiles. Because_all values of the
standard deviation are less than the accuracy nquirucntz. the ATS-16D was

jJudged acceptable for use by the Ware Simulation Section.

-~ =Snueo
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Table 1.

Round

* A—————_ i Rt . A . .

Algebraic difference between scoring by ATS-16D measured paper targets

for 5.56-mm ammunition (targets A through J) i
. ;
A B C D E F u 1 J 1
-0.25 -0.76 0 -0.25 0.25 0 0.50 0.25 0.25
-0.25 -0.25 0 -0.25 0.50 0.50 0.50 0 0
0.76 -0.25 0.50 0.25 -~0.76 -0.7e6 0.25 0 -0.25
0 0.50 -0.25 0.25 0.76 -0.25 -0.25 0 -0.25
0.25 1.0 0 -0.76 0.25 0.25 -0.25 0 0.25
0.76 -0.50 -0.50 0 0 0.50 0.50 0.25 0

-0.25 0.25 -0.50 0.25 0.50 -0.50 -0.50 -0.76 0

-0.25 -0.50 0.25 0.50 0.25 -0.25 -0.25 0.50 0




RPN

Table 2. Variaances and standard deviations for acceptance testing

Variance Standard %
Rounds $%(n-1) deviation i
Targets Coordinate fired (cm) (cm) :
A through J X 89 0.0243 0.1559
(5.56- and
7.62-mm) X2 89 0.0526 0.2293
y2 89 0.0306 VU.1748
! K through U X1 56 0.0217 0.1473
(0.50 caliber
and 20-mm) X9 56 0.0509 U.2255
¥2 55 0.0327 0.13810

14




The acceptance test of the ATS~16D showed that the system operated satis-
factorily for the 5.56~mm and 7.62-mm ammunition. However, for burst~firing of
20-mm and larger ammunitfon, baffles must he installed on the range walls and
floor. The haffles must absorb and/or hreak up the shockwaves that are re-
flected off the walls and floor. These reflected shockwaves, {f not ahsorbed,
would cause false triggering of the acoustic targeting system and would give
false readings.

CONCLUSIONS

The following conclusions are made:

1. The system worked well for 5.56-mm and 7.62-mm pro jectiles. How-
ever, for satisfactory use during burst-firing of 20-mm and longer ammunition,
baffles must be installed on the concrete walls, floor, and celling of the range
to ahsorb or break up the reflected shockwaves that would cause false triggering
of the ATS-16D system.

2. The ATS-16D system will become much more versatile when 1t {is
interfaced with a computer. This procedure will allow the manfpulating of the
raw target 1into statistical targeting parameters such as clrcular error, etc.

It is anticipated that the present computer at the Ware Simulation Section will
be replaced within the next year with one having a much larger memory.

RECOMMENDATIONS

The fnllowing recommendations are made:
1. Use the ATS-16D system with the six-degree-of-freedom sinrulator.

2. Provide the ranges with baffles to allow the use of the ATS-16D
system for the automatic cannon caliber weapons systems.

3. TIntegrate the ATS-16D system with the laver memory computer to be
installed at the Ware Simulation Section.




-
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