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SIMULATION AND ANALYSIS
OF THE TRAINING EFFECTIVENESS
ANALYSIS~TOW (TEA-TOW) FLIGHT CATA

1. INTRODUCTION

The purpose of this report is to analyze the TOW
Training Effectiveness Anatysis (TEA-TOW) flight datas and

to wvalidate the Army Materiel Systems Analysis Activity's
(AMSAA) TOW missile simulation.

The TEA-TOW test program had been designed to
measure the effectiveness of alternate TCW trsining
programs. The first training alternative was the rinimum
phase wherein each trainee received eight hours of informsal
traininge After this training periods each trainee fired
one TOW missile (with an inert wWoeriead) at a remotely
controlled M47 tank. The tank moved 2. a cunstant velocity
and was at a range of 2800 to 30C0 meter.- If the frequency
of hit equalied the historic TOW frequency of hits the
program would be acceptede If notsy zuothe: <training program
would be tried. The minimum program f.: ings r=z=sulted in

large missile excursions and unexpectedly 7o» frequency of
hite

AMSAA was requested to provide -r .ndependent
third party analysis of the TEA-ICk live “iring data nhen
neither the TOW Program Manager's Offic> nor the Yrst.r
agreed on the <cause of the large missife e¢¥rursions and
corresponding reduction in the freguency * hit, The
testers the Training Doctrine Cummand's (7RADCC) Comiined
Arms Training Activity (TCATA)» blamed the anotai‘es ¢n
faulty missile guidance sets since severa! sevs failed
certain tests on the Land Combat Support System (LCSS) after
the missite firingse. Personnel from t*e TOW Pragra
Manager's Office reviewed the video tapes of the firings and

they concluded that the anamofies were the resvit of poor
gunner trackinge.

AMSAA proposed to solve the controversy with the
methodology whereby measured gunner tracking error is used
3s the input to the TOW corputer simulation and the
resulting trajectory is compared to the actusl trajectory.
If reasonable agreement is obtained, the fivemfire
trajectories are attributed to gunner tracking error. If no
agreement is obtaineds the actual trajectory is rrobably due

to faulty equipment since the missile is not following the
gunner generated line-of-sight.

TCATA suppiied AMSAA with the tracking error and
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the time corretated trajectory data for &4 flights. After
simutating these flights on the computers onty one simutated
flight did not agree wnith the <corresponding live-fire
trajectorye Therefore it was concluded that the TEA-TCW
missile trajectories were the resuit of gunner tracking
errorsSe.

Since the simulated and live~fire trajectories
demonstated qualitative agreement, the data were used to
vatidate the TOW simulation in a more objective ranner. In
particulary, these data were used to zhow that the simulation
is vatid against the so called "highly" evasive target.
These are targets accelerating at 0.3¢g'%s (normalized
gravitational units) or greater in a plane normat to the
line~of—-sight (LGS).

The wvalidation of the simulation is sn important
outgrovth of this study since the validity of the simulation
against the evasive target was questioned, The validation
issue Was vary important to the success of the Armored
Combat Vehl:cic Technology (ACVT) programe The ACVT program
was »iiting to provide the funds for a fieid test so the
data necessary to validate the simulation <could be
collected,s, Because of this analysis a <considerable samount
of money wWas saved by using existing datas rather than
acquiring additional datas to verify the simulation.
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2+1.Jarget_Copdilians

The target was a remotely controlied M47 tank
moving at an average speed of 13.5 mphe The tank wWas moving
at a 45 degree anglte toward the gunner at a range of 2800 to
3000 meterse. In all casess the target was moving from the
gunner's left to his rights This target speed resulted in a
horizontal LOS rate of 1.5 mrad/sec and a vertical LOS rate
of zero.

222_Data_Acaovisition_

The tracking error and missile trajectery for each
firing were recorded on video tape for post flight anatfysis.
From these recordingss the +tracking error and missiie
displacement were measured relative to the center of the
target as a function of time. The tracking errors were
measured in milliradians and the missite displacements were
measured in feets These values were gweussured 10 times a
second to insure that the significant frequencies of the
tracking error and missite dispiacements coutd be
reproduced. These data Were supplied to AMSAA on computer
cardse.

243 _Jrackins_Error_Apalysis.

For each of the tracking error time historiesy the
meansvariance and normalized power spectral density (PSD)
function were obtaineds These quantities were obtained by
using an existing computer programs FTFREQy, from the
International Mathematical and Statistical Librarijes
(Refe 1) The mean and variance are computed by
conventional means and the PSD function is obteined by
taking the Fourier Transform of the autocorrelation
functione The normatized PSD function 1is <chtained by
dividing the computed PSD function by the variance of the
tracking error. These measures provide westimates of the
amplitude and frequency content of the tracking errorse.
Additionaltysy pooled statistics such as the average of the
meanss standard deviations and normatized PSC functions were
calculated to obtain the average perfarmance of the TEA-TOW
gunners.

228 Jrajectory _Simulation_apd_Comparisen.

- ————— - Wi W - — W an VP W W - S W - - - -

1. IMSL Library 3, Edition 6s 1G77sVolume 1 of 2
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The tracking error data were used as input to the
T0W cemputer simglatien along with target rotion
representative of =z 1.5 mrad/sec constant velocity target,
{TCATA indicated that perhaps 10 percent of the data were
not constant velocity. Howeversthe trial numbers of these
runs were not recorded). In ait casess the target motion
was simulated 3s moving from the gunnerts left tc his right,

The sinmulated trajectories were recorded on strip
charts for Mauick logk" analysis and on digitatl magnetic
tape fur future processinge Since insufficient resofution
was obtained with the strip chartss computer plots were made
from the magnetic tape which allowed for a better
comparison. TWuo computer piots were generated for each
trajectory. One plot contained the actusl and simulated
trajectories in azimuth and the secend plot centained the
corresponding elevation trajectoriess The trajectories were
piotted from six seconds into the flight until terget impact
ors in the case of a misss until the missile rangce equalled
the target rsasnge. The dasta prior to six seconds were
questionable since the first four seconds of the actual
tracking data Here usually missing and hed to ¢be
ficticiously generatede The remaining two seconds appeared
to be a reasonable settling time for the simutation to
recover from the ficticious input, These <computer plots
Wwere used to subjectively compare the actual and live fire
trajectories,

22a5.31nylatlion Verificalion.

The TEA~TOW data vslidated the simulation in a
more quantitative manner. In particularsy it shows that the
simulation ic a valid representation of the TOW wmissile
system over & range of LOS inputs that include the LOS
motion due to an saccelerating target. This is possible
since the input to the simulation and the actual missile is
the LCS motion which is the total motion of the tracker.
The LCS motion is made up of two components; gunner tracking
errors TE, and target angutar positions 8¢ . This
relationship and its first and second time derivatives are
given in Equations 2.1 through 2.3.

LOS = TE + 6, 241
LéS‘T'E +ét 242
LOS = TE + & 2.3
From Fquation 2.3 it «can be seen that farge LCS
10
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accelerations can be generated by targe, oscillatory types
of tracking 2srrors even in the absence of accelerating
targetss ieeey = 0o It is possible to obtain estimates of
the LES acceterations resulting from the trackinc errors by
using PSD techniques.

The output PSDs PSD{W)o » of 3 system having 3
transfer functions G{(W)s and input PSDs PSD(W)js is given by
Equation 2.%.

PSDWlo= |[GWI|” PSDW) 2.4

In the frequency domains the transfer function retating
acceferation and position is

G(W) = - W2 2.5

where W is angular frequencye. Substituting fecr |e(w42 in
Equation 2.4 gives

PSD(W),=WAPSD (W), = 2.e

where PSD{(Wloand PSD{W)i become the LOS acceteration and LCS
pesition power spectral densities respectively. The
integral of the acceleration PSD with respect to cyclic
frequencys fs equals the variance of the LOS acceleratione
This relationship is given in Equation 2.7.

2 O 4
Tec =f (27f)" PSD(f); df 247
(o]

Since an average normalized PSD function was obtained,
Equation 2.7 becomes

2 2 (¢0)
o2 = a,ef (27f)4PSD (f),df 2.6
(o]

uhereoqgis the tracking error variance and PSD(F) is the
average normalized PSD function of the tracking error. In
realitys the upper limit of integration in Equations 2.7 and
2.8 wes set equal to the frequency where the amplitude of
the PSD(f) equatied 0.5 which is the half-power point of the



tracking errore. Seventy—-two percent of the tracking error
variance is accounted for over this half-power bandwidth,.
Therefores the effects of low agplitudes high frequency
noise are etiminated from the acceleration calculation and
only the significant frequencies and ampiitudes of the
tracking error are considered in the calculation Oﬁﬁég

The live~fire and simulated trajectories were
quantitatively compared by computing the average spatial
differences between the corresponding trajectories., The
average spatial difference is given by

n
_ }: o2+ (p)2] 2 -
D =~

n

where DYi and DZ; are the trajectory differences in azimuth
and elevation at time t and n is the numter of points per
trajectory. For all of these flightss n is on the order of
80 since the time-of-flight considered in the analysis wuas
from six seconds to about fourteen seconds. The spatiai
differences were plotted as a function of azimutn tracking
error standard deviation in order %o obtain an estimate of
the goodness of the simulation as a3 function of the LOS
input, The goodnéss of the simutation as a function of the
LOS aceeleration is obtained by making use of this figure
and Equation 2.8

The comblination of the spatial differerces and the
subjJective comparison of the trzjectories provide confidence

that the simulation 1is a valid representatior of the TGW
missile system.



3. RESULTS

32l _Jracking Error. Apalysis

Table 3.1 presents the mean and standard
deviations in milliradiansy of the azinuth and etevation
tracking errors.s The mean of the means is =-0.061 mrad
tagging in azimuth and 0.C08 mrad high in efevations The
average standard deviations wWhich was computed by taking the
square root of the average variancesis 0.257 mrad in szimuth
and 0,070 mrad in elevations This value of azimuth tracking
error is 2.6 times larger than the standard deviation of
trained gunners tracking the same target. Trained gunners
witl track this target with a standard deviation of Q.1CC
mrad in azimuthe The elevation tracking error is about what
is expected of trained gunners yet when coupled with the
azimuth tracking error it is smatler than expected, Past
experience gained with TOW tracking errors indicate that
trained gunners wWill have ejevation tracking error
amplitudes that are about 60 percent of the 2zimuth tracking
Errore.

The normatlized PSD functions of the azimuth and
elevation tracking errors are given in Figures 2,1 and 3.2,
respectively. The accuracy of these estimates is on the
order of 15 percent at the 95 percent confidence levei. The
bandwidth or half-power point of these signals is betwneen
06 and 0.7 HZ iIrn azimuth and Cef HZ in etevation. The
peaks in the PSD functions occur at C.2 HZ in ezimuth and
6.1 HZ in elevation, These bandwidths and peaks are
consistent with tracking data snalyzed in the past.

In accordance with Equation 2.8, the average
variance of the LOS acceleration is computed to be 2.7 mrad?
sec4 . The <corresponding standard deviation of the
acceleration is 1.6 mrad/sec2. 1If targets were providing
this LOS motions they would have to be accelerating at pesk
levels of about l.4g's at a range of 2.85 kme This level of
acceleration is greater than the acceleration capability of
a ground vehicle, Therefores on the average, the angular
accelerations resutting from these tracking errors sare
greater than those generated by evasive or maneuvering
targets.

3.2 Jraljectory Coppariseon

Computer plots of 84 missile trajecto.ies are
contained in Appendix Ao These data were wused to
qualitatively compare the live-fire and simulated
trajectories, Sunplementing Appendix A are Table 3.2 and



Figure 343 which prasent the spatial differences and
distribution of these differences of 80 flightse The four
flights not contained in the datas are 1119, 1150y 1241 and
1337, Fiights 1119,1150 and 124]1 were removed “rom the
table because they had a 1imited amount of live-fire data
but the tive-fire data thet exisi compare favoratbly with the
simuisted trajectoriese Flight 1337 waes removed because the
simulated traljJectory apparently exceeded the Ilook-angle
thereby causing a break in the guidence Ilink. The look-
angle {is the angle between the tracker and the missile
flares Thils phenomenon rarely occurss but, when it doess it
is the vresult of high frequency noise being present in the
missile system.

A review of the computer plotss Table 3.2 and
Figure 3.3 indicate that fiight 2407 does not agree with the
corresponding live~fire elevation trajectory. Thte live~fire
elevation trejectory is fiying erraticatly below the
intended LOS. Additionaliys the spatial difference for this
flight is 13.3 feet. A review of the trajectory plots
indicates that this is the only live-fire trajJectory that
does not demonstrate reasonsbte asgreament with the simulated
flighte The actual flight 2407 was sttributed to possibly
faulty equipprent,

The spatial differences of the 79 remaining
flights are plotted as a function of the azimuth tracking
error standard deviation and are glven In Figure 3.4+ There
is a8 trend i{in these dats that shows an exponentisi
relationship between the spatis! differences and the
tracking errorv This relationship 1{is more pronounced if
seven flights are removed from the data. These flights are
1143, 1152 1201, 1206s 1217, 1304 and 1362. A review of
the trajectory plots of these seven flights shows that the
larger spatiagl differences are the result of biases in all
of the flights except 1143 and 1304, Flight 1143 exhibits a
Jive-fire elevation excursion of 5.0 to 7.0 feet near the
end of the fiight which is not apparant in the simulated
trajectorye Flight 1304 exhibits a lerage spatisl difference
of nearly 5.0 feet with smaller than averasge tracking
errorse This is the result of the actusl missile stitl
recovering from tracking error transients trat occurred
earfjer in the fiight,.

A review of Figure 3,4 shows that the average
spatiel differences between the real missilte and the
simulation are about 2.0 feet for tracking error standard
deviations of «200 mrad or less and exponentially
increasing foir larger tracking errorse It is shown in the
next section that the larger spatial differences are due to

14
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TABLE 3.1.

TRACKING ERROR STATISTICS

AZIMUTH ELEVATION
FLIGHT MEAN SIGMA MEAN SIGMA

0 -.16689 +1530 .0185 .0762
1109 ~.0248 .1068 .0406 0707
1117 -.1392 .1140 +1591 .0490
1118 -.0685 1221 .1611 .0458
1121 .0980 . 3041 .0363 .1030
1122 .0377 .2211 -.0435 . 0458
1124 -. 2065 1221 .1373 ,0854
1127 -.1814 +1476 -. 0245 .0400
1128 -.1192 .1480 -.0849 . 0436
1129 -.1175 .1578 -.1117 .0200
1130 -.0641 .1619 .0041 .0656
1131 -,1640 .1841 -.0393 . 0469
1135 .0315 +2249 .1281 .0480
1136 -.1622 +2195 -.0027 .0872
1137 .0691 +1526 ~-.0143 .0500
1138 .0080 <1761 .1273 .0332
1139 -.0611 .1897 -.0339 .0332
1140 -.0588 .2642 .0488 .0663
1142 -.1518 «1533 -.1121 .0714
1143 -.0009 +1673 -.0480 .0889
1144 -.1513 <1175 -.1128 .0529
1145 -.1170 .1183 .2302 .0566
1146 . 2439 .1652 -.0333 .0608
1151 -.2531 .2841 -.2157 .0346
11562 - 4777 .2304 -, 4419 .0200
1153 -.0264 1327 .0917 .0632
1154 .0007 .1371 .0178 ,0510
1155 ~.1869 .1393 -,0050 .0608
1156 -. 2727 .1606 -.0684 ,0548
1157 -.1281 .1010 . 1417 .0755
1158 .0019 1421 .2505 .0781
1158 ~.1768 .1192 .0516 .0400
1201 -, 5490 .2112 .4597 ,0592
1203 .0585 . 3464 -.2062 0721
1204 . 4339 .3762 .4398 .0922
1206 .0534 .19756 .4308 .0678
1210 -.0381 .3081 -.0971 .1304
1212 ~-. 1587 .2202 .1532 .0592
1217 .0448 .1910 .4580 .0316
1234 -.0171 . 5442 .05661 .1428
1235 -.1749 .2865 ~.1029 . 0447
1236 . 3404 .3782 -.0399 .0714
1237 3644 .3887 -.0590 .0500
1239 .0361 .1868 .0560 .0539
1240 .2579 . 3464 .0180 .0927
1241 -, 4226 .6G54 -.0991 .0707
1304 -. 0586 .1428 .0190 -0400

1€



TABLE 3.1. TRACKING ERROR STATISTICS (Continued)

AZIMUTH ELEVATION
FLIGHT MEAN SIGMA MEAN SIGMA
1314 -.2197 .1490 -.1167 .0332
1317 .0697 .2066 .0742 .0574
1318 -.1563 .1229 -.0186 .0574
1324 -.0525 .1992 .0853 .0400
1327 -.0929 .2095 -.1405 .0200
1336 -.1481 . 1407 .0661 .0300
1338 -.0165 .1546 -.0786 .0616
1339 -.1661 . 2447 0715 .0361
1340 .0241 .1349 -,0213 .0387
1342 ~-. 3222 « 3341 .0033 .0735
1360 .0185 .1345 -.0891 .0800
1361 . 0527 .1703 -.0349 .0424
1362 . 3925 .1105 -.0845 .0510
1370 .0994 .3764 -.1211 .0636
2407 . 2231 .2126 .0096 .0557
2409 -.0634 .2579 -.0503 . 0447
2410 -.1608 .1389 G373 .0640
2412 -.1123 .3750 -.1300 .2147
2413 -.0818 1732 -.0867 .0574
2428 .0409 .1849 -.0134 .0436
2434 -.0076 L1323 -~.1221 .04689
2435 -.0549 .9608 -.0006 .2064
2436 -.0843 . 2587 .0720 .0510
2437 ~.1546 .1594 -.0555 .0300
2438 -.2233 .1513 .0622 .0480
241 ~-.0554 .2076 .0160 0775
2442 .0980 .2646 .0321 .0721
2446 -.3256 L4712 -.1517 .1039
2447 -.1733 .1830 -.0389 .0700
2449 .2381 .3028 -.0754 .0520
2451 -.1767 .194% .1010 .0539
2453 -.2624 .2366 -.1303 .0436
2454 -.2251 .2345 -~.0957 .0412
2457 ~.0231 .1513 -.0538 .0346

POOLED STATISTICS

MEAN -.0612 .2566 .0080 .0698
SIGMA +1765 — .1439 ——

17
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TABLE 3.2. SPATIAL DIFFERENCES BETWEEN TRAJECTORIES

AVERAGE AVERAGE
SPATTAL SPATIAL
FLIGHT DIFFERENCE FLIGHT DIFFERENCE

0 1.52 1235 2.85
1168 1,63 1236 2.86
1117 1.60 1237 5.48
1118 1.68 1239 2.66
1121 2.63 1240 5.38
1122 1,94 1304 4.84
1124 1.96 1314 1,59
1127 1.80 1317 2,13
1128 1.64 1318 1.75
1129 1.72 1324 1.38
1130 1.26 1327 2.09
1131 2.53 1336 1.41
1135 2.65 1338 2.00
1136 1.54 1339 1.92
1137 2.36 1340 2.21
1138 2.45 1342 4,16
113¢ 2.21 1360 1,13
1140 2.22 1361 1.69
1142 2.30 1362 2.70
1143 3.23 1370 2.43
1144 1,51 2407 13.23
1145 1.76 2408 3.30
1146 1.68 2410 1.76
1151 2.24 2412 7.55
1152 3.33 2413 2,21
1153 1.77 2428 2.39
1154 2,00 2434 1.26
1155 2.04 2435 7.75
1156 1.58 2436 2.78
1157 1.71 2437 1.687
1158 1.97 2438 2.00
1159 1.11 2441 1.89
1201 5.32 2442 2.70
1203 4,37 2446 5.79
1204 6.35 2447 2,61
1206 4.13 2449 4.48
1210 3.33 2451 1.87
1212 2.34 2453 1.49
1217 4,37 2454 2.83
1234 3.72 2457 1.63

18
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4, DISCUSSION

The overall resufts of this study show that the
missile trajectories of the TEM~TOW program are the resuit
of gunner tracking errors excepi flight 2407 which does not
follow the gunner tracking error. A more important result
of this <ctudy is the agreement deronstrated between the
AMSAA TOW missile simuiation and the actual systems, It is
shown in Figure 3.4 that the spatial differences sre on the
order of 2.0 feet for ftracking errors bz2fow C,2CC mrad.
These differences can be stttibuted to the foliowingi {a)
measurement errors in the tracking error and {ive-fire
trajectory data {b) differences in the off-nominai
conditions between the real system and the simulation (c)
the @gctual missile still recovering from tracking error
transients earlier in the flight and {d) modeling errors.

For tracking errors beyond 0,200 mrads the spatial
differences show increasingly larger values. By msking use
of Equation 2.8, it can be shown that these differences are

the result of the larger oscilltatory tracking errors
requiring missile accelerations that are not available if
the missile {is to foliow the LOS. Using Figure 3.1 and
Equation 2.8y and assuming all gunners exhibit a PSD
equivalent to the average PSDs the resufting average
standard deviation of the LOS acceleration is

© 12
Tacc = e f (.'Z'rrf)4 PSD {f), df 4,1
o

Evaluating this integral, wusing Simpson!s rules over a
bandwidth of &5 HZs gives

O.OCC =5.70'f8 4,2

The tateral missite motion required to follow the LOS motion
is given by

Y = Ry Sin LOS 4,2

where Rpmis the missile range. 3uccessively differentiating
Equation 443 and using smali angle epproximations give

?m”f fzm LOS + Ry LOS G d

23

o raady SErA AT e SRS TR TSOUAS Loy e e s s

aatr i ar e



R R N i L Tl SEEL O

e Ve

-

and
Y RmlOS # 2R LOS * Ry LOS — Ry LOS LOS2 405
Assuming thet

Rm:O l’oé

and for this example
R LOS>> 2R LOS ~R, LOSLOS 2 401

Equatlion 45 is reduced to
Y = Re LOS 4.8

From Equation 4.8, it can be seen that the maximum recuired
missiie acceleration will occur when the missile is near the
target provided the LOS accelaration exhibits stationarity
in a statisticsal sense. By combining Equations 4.8 and 4.2,
the peak missifte acceleration requlired to follow the LGS
resulting from the tracking error iIs given by

Y =3(5.70, )(2.85) 445

where 3(5.70,) is the 3-sigma or peak value of the LCS

angulsr acceleration 1iIn mrad/sec and 2.85 Is the target
range in kilometerse

The maximum lateral! acceleration capability of the
missile s shown in Flgure 4.1y as s function of range. At
a target range near 3.0 kmy the maximum avaitable wmissile
acceleration 1is Just over 1.0g, Substituting this value of
acceleration into Equation 4.9 and solving for the tracking
error standard deviationy gives the value of the tracking
error standard deviation which forces the maximum
acceleration capabiiity of the missilee This vaslue is 0.200
ntad which Is where the targer spatigl differences start
gccurring in Flgure 3.4 Howevers, there are several flights
which stii! show reasonable spatial differences above this

24
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value.

These results imply that the simulaticn is a valid
representation of the TOW missite system up tos snd in some
cases beyonds the point where the LOS inputs are such that
the maximum aveifable missile acceleration is required, In
terms of vslidity against wzneuvering tafgetss the resulls
indicste that the missife simutation is wvalia against
targets acceierating up to the acceleration timits of the
missile provided the gunner tracking errofts are smafl. This
level of acceleration is greater than the acceiefation
capability of a tandborne vehicie.
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5« CONCLUSIONS

The results of this study show that 21l but one of
the TEA-TOW flights followed the gunners' tracking error.
The live~fire trajectory of trial 2407 is not following the
gunner tracking error and may be the result of faulty
equipment.

The average azimuth tracking errors are 2.6 times
larger than the average performance of trained gunners
tracking the target angular rates presenteds The elevation
tracking errors are about the same as those of trained
gunners but are smaller than expected since the elevation
tracking error is ususlly 60 percent of the azimuth tracking
errore The TEA-TOW elevation tracking errors are about 30
percent of the azimuth tracking error. ‘It is therefore
concluded that adoption of the minimum training programs
such 8s that testeds would result in a degradation in TOW
performance over that which could be achieved with the full
training program.

From both a quantitative and qualitative analysis
it is shown that the AMSAA TOW missile sinulation {Is valid
over a wlde range of LOS inputse In terms of accelerating
targetss the simulation Is a valid reprvsentation of the
actual wissile system and is capable of providing reliable
performance estimates against targets accelerating up to
1.0g at a range of 2.85 knm.
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