T

[

MITED

ﬁ, Ra. e 4
NLI

UTION U

OR GROLND VEHICLES
.

5 f
HEGL
LaT 1980
; DISTRI

L F B
. L
o .
2d b

e i 2
e A -
— o -

fey

i)
RrtER

A
tH
£

{ {_
PYBLIC

; e
¥ oy
fmer

>
Q
o
0O
2
0
=~
g
<<
7]
Q
m
}1"25” E}

o, o
o ot
P _ 2
4
’ \
\ !
1 ¢
“ . w £l
. . - . e = B e PP o et £ e e e S b
. R



"
oo
e
” e §e T R S I
- JEOSWE ‘334 day TRl PRSI S 4 TR S
RS PER s
s

S leeiess o this enort ere act to be construeo asoan
Coa . " .3 . N > . Foor
£ the Army position unless wo specificd
Y

ey svn oo Jdosumentation.,

WARNING
¢ o and data contained in this document are based o
iyatishie at the time of preparation. The resulls muy
T chunyge and should not be construcd as rvepresenting the
Cpositior snless so specified. '
- C THALL NAMES
Che use 5 trsue names in this report does not constitute an
wfficimi endorsement or spprovel of the use of such commercial
hpvdware or software. The rTeport may not be cited for purposes
5§ advertisenunt.
A20°
q‘a\\a
>
w ,P



Best
Available
Copy




e e e e i o

S S

UNCLASSIFELIED -
SECURITN CLASSIFICATION OF THIS PAGE (When Data Entnend)

READ INSTRUCTIONS

. J REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
[TFREPORT NUMBER .o 2. GOVT ACCESSION NOJ| 3. HECIPIENT'S CATALOG NUMBE K
ITechnical Repabt, No. 309 D-A093 £35
- )l'.‘.TIT\.E-(md-nSub““o). ‘,/ 3. TYPE OF REPORY & PERION CHVERFED
y /v_,, i . ) . See Lt - . . . e N You
. ¥ Moving Target Location Errors for Ground Vehicleg «» .
T T I e s e e TN G ORC. REPORT NUMBER
AL
}.,AUTHOR(-) P 8. CONTRACT OR GRANT NUMBER(#)

[ 0 }v..___,‘ - \7‘, m-— et
\,// Juli an/Chern_wck _

10. PROGRAM ELEMENT, PROJECT, TASK

9. F’ERFORMIIN'G ORGANIZATION NAME AND ADDRESS
D.irector AREA & WORK UNIT NUMBERS
US Army Materiel Systems Analysis Activity ):Z;TXQA.PrOgect No,
Aberdeen Proving Ground, MD 21005 /,ﬂ)\~ﬂ,/1R7657 M54l '
11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT_DATE s /
Commander ( / ) _AUGHST 1880 / /.JM/J .

US Army Materiel Development & Readiness Comﬁﬁﬁa'fnu_xuuaaanzaAGa;m
5001 Eisenhower Ave., Alexandria, VA 22333 40

ll./uOHlTORﬂI_N G AGENCY NAME & ADORESS(/! different from Controlling Office) 15. SECURITY CLASS. (of thia report)

SCHEDUL

ya . ‘ — .
(M) Al A48 TR -2 /. UNCLASSIF IED
7. o e : 1Sa, DECLASSIEFICATlON/DOWNGRADING .

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, 1f dilferent from Report) "

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverae aide i necessary and identity by block number)

Moving Targets
Target Location Errors
Indirect Fire (

”\\\ Prediction Errors , \

. ABSTRACT (Coutinue an reverse side i neceesary aud Identily by dblock number)
This report documents AMSAA's current methodology and data base fér estimating
the target Tocation errors assocfated with moving ground vehicles) Starting
from basic principles, the equations for the heading and cross-heading
components of the moving target location error are derived. Review{ng the
available data provides estimates for the parameters of the problem. The
speed variability error component is found to increase with the mean|target
speed while the direction errors are found to decrease as the mean speed

increases. The target location error, and.its.two or e
DD . 3™, W73 EDITION OF 1 MOV .fu«é”o““ | o UNCLASSIFIED 3 \L? /07\_
o~ .4 /O 3 / C} SECUMTY CLASSIFICATION OF THIS PAGE (! ata Entered)




SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

fb\S§Abstract - Continued

a nearly linear increase with prediction time.

\

2

SECURITY CLASSIFICATION OF THIS PAGE(When Data FEntered)

T TN e g P

T



CONTLNTS

ACKNOWLEDGLMENTS. & o o v o v o . .

p—
.

BASTC CONSIDERAT[INS.

2. GENFRAL TXPRESSTON FOR THE MOVING TARGET

LOCATION ERROR & &+ . . ..

3. USTIMATES UF THE MAP ERRONR. .

4. TARGET DIRECTION ERROR. . . .

f.  RESULTS . .

5. TARGET SPEED CRRORS . . . . .

7. RECOMMENDATIONS . « o . .o .

APPENDIX A:

APPETDIIX B3

REFERENCES. . .

DISTRIBUTION LIST o v v v v v 4

Accession For

NTIS GRARI
DDC TAB
Unanncunced
Justific L.

By

[Distripis;

’
;

A

gvaijr‘;! e e

Asvilba ol

Dist ppecial

RELATION BETWEEN BIVARIATE DISTRIBUTION
PARAMETIRS . o o o . . . . .

HCLBAT-5 DIRLCTION ERRORS. . .
..ﬂ.f.,..ﬁﬁ
e eamatnd

‘.’ ~ ’]
for

3

PAGL

13
14
21
24
25

29
33
39
41




ACKNOWLEDGEMENT

The author acknowledges the helpful discussions on some of the
mathematical points in this report with Arthur Groves, Tactical Operations
Analysis Office, and Richard Sandmeyer, Ground Warfare Division, both of
AMSAA.




MOVING TARGET LOCATION ERRORS FOR GROUND VENICLES
1. BASIC CONSIDERATIONS

This report documents the available data hasc and methodology
for estimating target location errors for ground vehicles. It is an
update of a letter response given in August 1978 to a request for such
information from the Project Manager CAWS COPPERHEAD Office. While
the basic results and trends have not changed significantly fron what
was already provided, a more general expression of the problem has hcen
developed. This provides a clearer understanding of both the underlying
factors that drive the results and the limitations of the current data
base. This effort also provides results that are readily extendable to
systems other than COPPERHEAD.

The target location error (TLE) for moving targets is the
difference between a target's predicted location and its actual location
at a particular time. This time is generally associated with the arrival
of the first round in the target's vicinity. The total time from target
acquisition until first round impact is usually referred to as the response
time. The principal relevant components of the response time are shown
in Figure 1. Estimates of the total response time are required for
conputing the predicted target intercept time and point, so that gquns may
oe properly aimed. For this reason, part of the TLE may be due to the
error in predicting the correct total response time, owing for instance,
to unusual delays in the transmittal of targeting data.

Other components of TLE are due to errors in estimating target
speed and direction during the observation time; errors induced by the
variations of target speed and direction during the prediction time;
and finally, map errors associated with the observer location.

2. GENERAL EXPRESSION FOR THE MOVING TARGET LOCATION ERROR

In the most basic description of the problem, the target is
considered to be moving with a speed Sy, and in a direction Dy, during
the observation period from which estimates of target speed and direction
(S and D) are derived. These estimates include the effects of measurement
noise. During the prediction time, the target's speed and direction
change to Sp and Dp. The ideal situation from an analytical viewpoint
would be to have sufficiently accurate test data from which both the
variability component (S7-S7)* and the estimation component (S)-5) could

*ATthough the speed errors are used in the example, the same arguments
apply to the direction errors.
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Figure 1. Components of Response Time.




be obtained individually. Unfortunately, none of the data currently
available (References 1 through 4) allow this degrce of refinement.
Instead, the best that can be done is to combine the estimation errors
with the variability errors.

To the extent to which the estimation and variability errors
are independent of one another, the total error variance is given by:

o (5,-3) (1]

This is easily shown since 02(52-5) = g2 [(SZ-S]) + (S]-§)] and it
is known that o2 (U+V) = g2 (U) + g2 (V) when U, V are independent rando
variables.

The geometry of the situation is depicted in Figure 2, where
the subscript in Equation [1] has been dropped for simplicity, and T is
the estimated prediction time. The estimated direction of movement is
taken to be along the X-axis so that the coordinates of the predicted
target intercept point are given by:

[2a]
Yp =0 [2b]

—

xp=§

lHorley, G., W. Dousa, Jr., and J. Lenoci; HELBAT 2-Forward Observers (U);
TM-17-72, June 1972, US Army Human Engineering Laboratory, Aberdeen
Proving Ground, MO, CONFIDENTIAL report.

2Horley, G., and W. Dousa, Jr.; HELBAT 4-Automated Fire Direction on

Moving Targets (U); TM-19-76, May 1976, US Army Human Engineering Laboratory,

Aberdeen Proving Ground, MD, CONFIDENTIAL report.

3torley, C., et.al.; HCLBAT 5-Automated Fire Direction Techniques (U);
TR 1-77, March 1978,”US Army Human Engineering Laboratory, Aberdeen Proving
Ground, MD, CONFIDENTIAL report.

4Chernick, Julian and M. Chernick; Forecasting Ground Target Speeds; Technical

Report No. 111, August 1974, US Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MD, UNCLASSIFIED report.
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However, the combination of target movement variability and measurement error
result in the target moving along the line OK which makes an angle U with
respect tqQ the predicted direction, and with speed S not necessarily

equal to S. At the expected time of first round impact, the target is
not at the position (Xp, Yp) but rather at a distance $ T along the 1ine SA.
Similarly, by the actual time of first round impact, the target has
progressed a distance S T along DR, reaching the point A whose coordinstes
(Xp, Ya) are given by:

ST cos D

(€%

a]
Yo =S TsinD [3b]

]

An

The relative target location error is therefore, the difference between
these actual coordinates and the predicted coordinates, and is given by:

u

2 (Xp - X;) = o2 (S TcosD-5T) [4a]

o2 (S T sin D) [4b]

[}

By adding the map error variance to the relative target locatiun
error variances shown in Equations [4a] and [4b], the total target locaticn
errors are obtained.

In order to evaluate Equations [4a] and [4b], it is first
necessary to evaluate the quantity S T. Now, T will most likely be taken
to be the mean prediction time, Moo since the distribution of prediction
times will presumably be known in'advance.

The determination of the predicted speed S, however, raises
scme questions. If the observation time is relatively long, then the
observed speed would approach a value equal to the mean speed, ug, assuring
target speeds are random fluctuations about a mean speed (see Reference 4
on this subject). On the other hand, if the observation time is relatively
short, the observed speed would be just another random speed sample drawn
independently from the same distribution as the target speed during the
prediction time.* The above arguments lead to two different estimates
for the speed error. When the predicted speed equals the mean speed, the
following expression results:

2
52(

Sup - §uT) = OZ(SUT) + oz(uSuT) = uTz ag

*This 1s assuming measurement errors are small compared to variability
errors for this calculation. This also assumes the prediction time is
Tong enough that correlation between the speeds durina the observation
time and prediction time is not significant.




However, when the predicted speed is an independent random sample, the
result is:

2

- 2
o (SuT - Sup) = OZ(SuT) to (SuT) = 2uT2052

The net result of the above considerations means that the
predicted target intercept point (Xp, Yp) can be taken to be equal to
(USuT,O) for both cases above. When the observation times are short
however, the predicted speed errors will be found to be larger by a factor
of up to \/?_, than when the observation times are long.

Combining the above arguments with the map error variance gives:

2
TLEx T Owap * 0 (S T cos D) [5a]

2 2 2 .
OTLE,y T~ O mpp F O (ST sin D) [5b]

In order to evaluate Equations [5a] and [5b], it is necessary
to work out the variance of products of random variables. Using the
method of Goodman (Reference 5) allows this to be accomplished in closed
form. First, applications of this method will be shown for three general
expressions which will be helpful in evaluating Equations [5a] and [5b].
These expressions involve products and squares of the independent random
variables U, V, W and a multiplier constant C. The results are:

2 _ 2,2 2 2 2 2 2
g (CUv) = C(u Wyt Oy too V) (6]

2 2

W T v (7]

Q
(]
c
=<
=
1

o[ 2,2 2 2 2 2
¢ [“ u(iTyoTy + Sty + oty

2 2 2 2
(W% * oy + “zw(ozuozv) * 02UOZVC’Z\J
202 22 2

= 4ct® o + 2%t (el

SGoodman, L.A.; On The Exact Variance of Products; pages 708-713,
December 1960, American Statistical Association Journal (also see
same journal, Corrigenda, page 917, December 1962).
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Applying Equation [7] to Equations [3a] and [3b] and taking the mean
direction error to be 0 degrees (hence wucosp = 15 wusinD = 0) gives:

2 2
OZXA = 02(5 T cos D) = OZSOZT + 1 TOZS + SOZT + OZCOS D

2 2
(oPgoy + uigo?y + wpols + vl D]

and
2 2 . 2 2 . 2 2 2 2
Oyp =0 (S TsinD) = 0" g (“zs“ THHW O T Huoyg

+ofos)  [10]

Now assuming the direction errors are within about +0.50 radians
( ~30 degrees) the small angle approximations

cos D=1 - %—DZ [1la]

sin D =D [11b]

can be used to evaluate the variance of the sines and cosines, giving

o€ (cos D) p?) f12]

1]
Q
N
-
e
1
| —
o
nN
S
1]
Q
N
_—
]

o2 (sinD) = o (D) = &%, [13]

Equation [12] can be evaluated using Equation [8] with C = -1/2
giving
2 < = 2 2 ]_ 4
g¢ (cos D) = ¢ °p*t 79
For up = 0 this gives

o4D [14]

NoJ —

o2 (cos D)

By substituting Equations [13] and [14] into Equations [9]
and [10] and after rearrangement, the following expressions for the
variance of the actual target location are obtained:

1




olyp = 02 (S Tcos D) = 2 27 [(I+K])(I+K2)(1+K3)-1] [15a]
olya = 02 (S Tsin D) = 2 12 o2y (1+Ky) (T+Kp) (15b]
where
Ky = (OS/US)Z
Ko = (oT/uT)2
K3 = ;_“’40

From Equations [15a] and [15b], it is seen that Ky constitutes
a speed error, Ky a time error, K3 a direction error, and that these
errors act through multiplication in a compounding manner.

Finally, substituting Equation [15] into Equation [5] gives:
o27e,x = oZupp + uls w?y [(1+K1)(1+K2)(1+K3)-1] [16a]

OZTLE,Y = OZMAp t uzs uZT 020 (14K ) (14K5) [16b]

The following sections of this report will attempt to develop
the current best estimates for the various quantities that constitute
Equation [16] and justify some of the assumptions made above.

12




3. ESTIMATES OF THE MAP ERROR

Estimates of the component of the TLE due to map error are
obtained by combining data on the ability of the forward observer to
locate his own position in relation to reference points in the surrounding
terrain with estimates on the accuracy with which the reference points are
plotted on standard Army maps. In HELBAT 2, a number of techniques
using the laser designator/rangefinder were tried and found to significantly
reduce the forward observer location error compared with the standard
map spot techniques. Results are summarized in Table 1 below:

TABLE 1 ABILITY OF FORWARD OBSERVER TO LOCATE HIS POSITION
(FROM REFERENCE 1)*

FO Location

Technique © MAP (M) Sample Size
Laser (2 Reference Points) 2 10
Laser (1 Reference Point 6 12

and Gyro Compass)
Laser (White Phosphorus 46 19
Rounds)
Laser (I1luminating Rounds) 42 20
Map Spot 74 42

*Converting from reported mean radial errors to standard deviations
for the circular normal distribution (see Appendix A).

Estimates of reference point map errors from AMSAA analysts
experienced with the use of CLASS A maps (1:50,000 scale) for parts of
the world with fairly frequent terrain contours or that have been fairly
well surveyed (like most of W. Europe) indicate that these errors are
equal to about 30m (1 g). The total map error is the root mean square
value of these two components. This is about 30-31m for the laser
reference point methods. In parts of the world where terrain is very
flat and survey points are scarce, map errors asociated with lasing the
position of an illumination or white phosphorus round would be appropriate,
which from Table 1 is about 42-46m.

13




4. TARGET DIRECTION ERROR

Discussions with the US Army Human Engineering Laboratory
personnel indicated that data were available from the HELBAT-5 files from
which target direction errors could be estimated. Data from 224 missions
were received and analyzed by AMSAA. A listing of the data is included
in Appendix B.

These data are based on three successive lasings of target
position. The line connecting the first and second lased positions
determines the nominal heading. The line from the second and third lased
positions is then compared to the nominal heading to obtain the direction
error.

Naturally, measurement errors (or noise) in this case due to
the laser ranging error, also contributes to the direction errors obtained
in this manner. Measurement errors of one type or another, however, will
exist in any real target sensing system, and the use of the laser for
this purpose is currently a strong possibility.

The existence of a laser ranging error contribution can be
deduced by examining the standard deviation of the direction error (ogp)
as a function of the time between the second and third target lasing.
This relation is shown in Table 2. An intuitive concept of target movement
paths would hold that they might be similar to a random walk process
about a moving mean. The general increase in op between about 30 seconds
and 70 seconds would appear to be consistent with such an intuitive target
movement concept.

On the other hand, the rise inagp for times less than 30 seconds
would not fit this picture, except for either of two possiblities:
confounding of the data associated with the short time intervals by being
cross-correlated with other supposedly "independent” variables, or the
presence of measurement noise. The first possibility can be discounted
since the other independent variable, the target mean velocity, is nearly
the same for times less than 30 seconds, as seen in Table 2.

TABLE 2 RELATION BETWEEN DIRECTION ERRORS AND THE TIME BETWEEN
TARGET LASINGS

Mean Time o
Between D Mean Sample
Lasings (Sec) (Deg) Velocity {M/S) Size
8 33 5.4 31
22 14 5.1 71
33 7 5.3 56
44 21 5.1 35
56 17 5.9 13
69 22 5.0 8
77 21 4.0 6
92 9 4.5 2

14




This leaves the measurement noise as the likely culprit. The
manner in which shortening the time between measurements serves o increase
the relative importance of the measurement noise can be quickly grasped
through the use of a simplified diagram as depicted in Figure 4. The
target is predicted to travel along the line P1P» but after passing Pjp
the target changes direction along P253‘ The uncertainty in measuring
target position at time T3 is represented by the circle around P3 and the
resulting estimated direction is shown by the longer dashed line. However,
at a later time, T4, the same amount of measurement uncertainty (same
size circle about Ps) does not lead to such a large error in estimating
the actual direction PpPg, as seen by the short dashed line.* To put it
another way, what is important is the ratio of the size of the measurement
error to the distance between measurements. As this ratio increases the
accuracy of the measurements becomes poorer. Since some amount of
measurement error will probably always exist, this sets a lower 1imit on
the time between measurements in order for resulting predictions to be
reasonably accurate.** Based on the plot of data in Figure 3, the time
between target lasing should not be any shorter than about 15-20 seconds,
if possible. This would insure reasonably accurate predictors, given the
current magnitude of laser measurement errors for target speeds of about
5 m/s. Slower target speeds would cause this required cbservation
{(waiting) time to increase. Naturally, requiring a deliberate delay of
any type in engaging a moving target runs counter to the basic desire of
shortening the response time as much as possible, indicating that a
comprehensive trade-off study of this problem is needed before definitive
answers can be obtained.

For times between 40 seconds and 80 seconds, the data of Figure
3 indicate op levels off at about 20 degrees. For times greater than 80
seconds, the data gives an indication that the op may be decreasing but
the sample size is so meager that this trend may not be real.

A complete lack of data exists for prediction times larger than
about 90 seconds. The significance of this data void for long prediction
times can be critical as the following example shows. Assuming the
decrease in op between 80 and 90 seconds is not real but instead op
remains at about 20 degrees for all prediction times greater than 40
seconds, then for a target speed of 5 m/s and a prediction time of 3
minutes the oy g in the direction perpendicular to the predicted heading
would be about 315m based on Equation [16b]. However, if the decrease is
real and a op of 9 degrees is appropriate the error would amount to only
140m. Naturally even smaller direction errors would result if the
decreasing trend is real and is extrapolated even beyond 90 seconds.

*The true situation is more involved in that there is measurement error
involved in the positions Py and P2 but the conclusions are the same.

**The idential argument and conclusion also apply when speed estimates
are considered.
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Obviously, data appropriate for longer prediction times are badly needed,
particularly for analyses of second-generation guided projectiles which

are more sensitive to target location errors than are the current generation
projectiles, due to their relatively smaller acquisition radii.

Next, the relation between the Op and the mean target speed
is examined. In order to reduce the effect of the measurement noise
somewhat, data for prediction times less than a parametric minimum time,
TMin» have been deleted. The results are shown in Figure 5 and Table 3,
for TyiN = 0, 20, 30 seconds.

The Op is found to be very sensitive to the mean target speed

regardless of the value of Tyry. As the target speed increases from

3 m/s to 8 m/s, the Oy decreases from about 27 degrees to 2 degrees. The
decrease is basically monotonic although noise is superimposed on the
curves. Some noise is expected even for the cases where Tyry = 20 and 30
seconds, because the short times between the first two target lasings
were not filtered out (since they were not part of the HELBAT-5 data
package), but the reduction in the Op for these cases compared to the
TMin = O case is apparent, particularly for the 4 and 7 m/s target speeds.

TABLE 3  RELATION BETWEEN TARGET DIRECTION ERROR AND MEAN TARGET SPLiT

Mean Target 9 Mean Time Between
Speed (m/s) (Deg) Lasings (Sec) Sample Size
3 27 46 5
4 19 41 37
5 19 38 67
6 9 36 53
7 5 39 8
8 2 31 5

Examination of Table 3 for a cross-correlation between the mean
target speed and time between lasings indicates that such a cross-
correlation does exist. As the speeds increases the average time
between lasings happens to show a general decrease. Looking back to
Figure 3 indicates that this cross-correlation could be significant.

To determine whether this (indirect) time effect alone is
sufficient to account for the trend of Figure 5, the op values corresponding
to the times shown in Table 3 were estimated through the use of Figure 3.
These results a:e plotted in Figure 6 along with a re-plot of the
TminN = 20 sec. (least noisy) data from Figure 5. The indication from
Figure 6 is that the time effect accounts for a significant portion of
the decrease in Oy with target speeds, but not all of the effect.

18
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The direction errors appear to be slightly larger for the lower velocities
than what would be obtained by the time effect alone, while for the higher
speeds, the direction errors are significantly smalier than what would be
estimated based only cn the times associated with the higher speeds.

The fact that a strong inverse relation appears to exist between
direction error and mean target speed is indeed logical. If a driver is
fairly certain of where he is going with few obstacles or hills in the
terrain ahead of him, he would tend to keep up his speed and turn less
often. But, if the terrain becomes more difficult and he is less sure
about the area immediately in front of his vehicle, he would tend to
slow down and more turning would be expected.

A mathematical expression that appears to fit the data of Table
3, within the noise, for the interval 3 < yug < 8 m/s is given by:

oy = 0.70 exp (- [ug/5] Z) [17]

for op in radians

Mg in m/sec

5. TARGET SPEED ERRORS

While many estimates of the speed of ground vehicles are
available, including the manner in which the average speed depends on the
terrain characteristics, data on the variability of target speed over the
course of time is less readily available. A calculation based on Equation
[16], however, shows that even a 1 m/s speed error can result in an error
in target location of 180m when maintained over a 3 minute prediction
time.

In Reference 4, some data on target speed variability is
presented, based on a measurement procedure which involved clocking a
vehicle's odometer readings. The vehicle was part of a mixed convoy of
tanks and armored personnel carriers in a road march on hard surfaced
tark trails at Fort Hood, Texas.

Various mathematical techniques of predicting future target
speeds based on past data were employed and it was found that for prediction
times greater than about 1 minute, the use of the mean value of all past
speed estimates gave the smallest prediction errors, while the use of
only the most recent speed estimates yielded the worst prediction errors.

21




As seen in Table 4, the differences in these two sets of speed errors dre
nearly equal to the factoryfZ , for the reasons previously discussec in
Section 2. Other prediction methods generally were found to give results
between these two extremes.

TABLE 4  STANDARD DEVIATIONS OF TARGET SPEED ERRORS (M/S)
(FROM REFERENCE 4, TABLE 4.1)*

Prediction Time {Minutes)

Prediction
Technique 2.5 5.0 10.0 15.0

Most Recent
Speed Estimate 1.1 - 1.5 1.1 - 1.5 1.0 - 1.4 1.1 - 1.5

Mean of All
Past Speed
Estimates 0.9 - 1.2 0.9 - 1.0 0.9 - 0.9 0.8 - 0.9

*Converting from displayed mean radial errors to standard deviations
for the univariate normal distribution (see Appendix A).

The spread of speed errors within each category results from
using two different series of target movement where each series lasted
between 40-50 minutes. The different speed series were separated by an
interval during which the vehicles stopped. The reason for this stopping
period was not known to the operations analyst recording the movement
times.

The speed predictions were based on a part of only one of the
series. When these predictions were compared with the remainder of the
same series, the smaller set of prediction errors resulted, while the
larger set of prediction errors occurred when the speed estimates from
one series were compared to the actual speeds for the other series.

The overall trend from the data in Table 4 indicates that the
standard deviation of speed error (og) remains fairly constant even for
relatively long prediction times. For example, for the most recent speed
estimate prediction technique, the og only varies between 1.0 - 1.1 m/s
when predicting the same series, and between 1.4 - 1.5 m/s when predicting
a different series.

Since the mean target speeds for either series were nearly the
same, and equal to about 7.5 m/s, the ratio of os to the mean speed varies
from about 0.13 for predicting the same series to about 0.20 for predicting
a different series.
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A very rough estimate of the variability of speed for the case
of a maneuvering vehicle, as opposed to the previous data on vehicles in
a convoy, can be made using the HELBAT-5 data reported in Reference 2.
By comparing the previously derived HELBAT-5 direction error and map
error variances with the reported aimpoint-to-target miss distance
variance, the component of the error due to speed variation can be
determined. The results indicate a og of between 1.1 - 1.5 m/s depending
on the type of fire control used. While this is very close to the previous
values og for convoy movements, when considered in relation to the average
target speed of 5.2 m/s for the HELBAT test, the ratios are actually
quite larger. These ratios are summarized in Table 5 below.

TABLE 5  STANDARD DEVIATION OF TARGET SPEEDS

Convoy Movements Maneuvering Targets
(Ref. 4) (Ref. 3)
Og {m/s) 1.0 - 1.5 1.1 - 1.5
ug (m/s) 7.5 5.2
Te /M 0.13 - 0.20 0.21 - 0.28

Currently there is an insufficient data base to determine how
much of the change in the ratio {og/ug) from Table 5, is due to the type
of vehicle movement as opposed to the difference in the average target
speeds. Perhaps thece two factors are inevitably confounded together.
These relationships are expected to be terrain and weather dependent,
as well.
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6.  RLSULTS

In section 2, the general expressions for the o7, were de ived
(Lquation [16]) and in sections 3 through 5 the current best availabie
estimates of the various components that contribute to the oy f were
presented. No data were presented on the time variability error, 7,
since this is highly dependent on the particular system being considered,
including the communications equipment and the scenario in which the
system is to be employed. This quantity will be treated parametrically,
as will the target mean speed, Hg, and mean prediction time, uy.

In Tables 6 and 7, the O g components in the directions parallel
and perpendicular to the nominal target heading are displayed for the
convoy and maneuvering target caseS, respectively. The variability of the
prediction time has been assumed to be 15 seconds, a map error of 30m was
assumed, and the higher estimates of the speed variability have been used.
In all cases the oy g's for the maneuvering targets are higher than for
the convoy targets, but in some cases only slightly so.

It is clear that the oy p's are strong functions of the mean
prediction time. The oy g in the direction parallel to the nominal
heading increases with mean target speed.

This occurs because the direction error term, (the K3 term ir
Fquation [16a]) which decreases with the mean speed, is never large
enough to make up for the other parts of the expression which increase
with the mean speed. The Or g in the direction perpendicular to the
nominal heading decreases markedly with mean speed, due to the relatively
greater significance of the direction error term on this axis.

At the bottom of Tables 6 and 7, the circularized O p are
shown, where oy p is computed by averaging the two component Or f's.
Since one component increases while the other decreases with the mean
speed, the circularized oy g is a fairly weak function of the mean speed.
It is important to realize that in certain applications the use of the
circularized TLE can result in larger than desirable computation errors,
when the ratio of the two ¢'s differs significantly from unity. For
further discussion of this point, see Reference 6.

Finally in Table 8, the sensitivity of the oy p to the variation
of prediction time, oy, is displayed for the maneuvering target case when
the mean speed = 5 m/s. It is apparent that the component of o1 ¢ in the
nominal heading direction is very sensitive to the time error, while the
perpendicular component is nearly independent of this error, over the
range of values considered.

6Groves, A.D.; Handbook on the Use of the Bivariate Normal Distribution
in Describing Weapon Accuracy; MR 1372, September T96T, US Army Ballistic
Research Laboratory, UNCLASSIFIED report.
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TABLE &

CONVOY TARGET TLE'S

SPEED ESTIMATE)

(o1 = 15 SEC; 9Fo/mMAP =

30m; MOST RiCLNT

OrLg,x = Standard Deviation of TLE in Nominal Heading Direction (M)

Ut = Mean Prediction Time (Sec)

Target Mean Speed 100 150 200 250 300
Hg (m/s)

3 134 191 250 309 369

5 160 221 285 351 418

8 206 275 350 427 505

OrLg,y = Standard Deviation of TLE in Perpendicular Direction (M)

Ut = Mean Prediction Time (Sec)

Target Mean Speed 100 150 200 250 300
s (m/s)
3 154 227 301 375 450
5 136 200 265 330 396
8 54 73 93 115 136
OTLp* = Standard Deviation of Circularized TLE (M)
Ut = Mean Prediction Time (Sec)
Target Mean Speed 100 150 200 250 300
Mg (m/s)
3 144 209 276 342 410
5 148 211 275 34 407
8 130 174 222 27 32]

*ore = (O7Le,x * OTLE,Y)/2.
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TABLL 7 MANEUVERING TARGET TLE'S (o1 = 15 SEC; ofpg/map = 30m; MOST

RECENT SPEED ESTIMATL)

Ovpg,x = Standard Deviation of TLE in Nominal Heading Direction (M)

T = Mean Prediction Time (Sec)

Target Mean Speed 100 150 200 250 300
ug(m/s)
3 148 213 279 346 414
5 189 267 348 43] 514
) 260 363 470 580 691

Cr1Lp,y = Standard Deviation of TLE in Perpendicular Direction (M)

T = Mean Prediction Time (Sec)

Target Mean Speed 100 150 200 250 300
ug(m/s)
3 157 231 307 382 458
5 138 204 270 336 403
& 54 74 95 117 138

R
I

'
1

¢* = Standard Deviation of Circularized TLE (M)

T = Mean Prediction Time (Sec)

Target Mean Speed 100 150 200 250 300
ug (m/s)
3 153 222 293 364 436
5 164 236 309 384 459
8 157 219 283 349 415

* orLe = ( OTLE,X * OTLE,Y)/2
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TABLE 8  VARIATION OF oqip WITH ot
(MANEUVERING TARGET; Mg = 5 m/s; omap = 30m; MOST RECENT SPELD LSTIMATE)

OTLE,x = Standard Deviation of TLE in Nominal Heading Direction (M)

Ut = Mean Prediction Time (Sec)

Prediction Time Deviation 100 150 200 250 300
O1(sec)

0 171 265 339 423 508

10 180 261 343 427 510

20 201 276 355 436 519

30 233 300 374 452 532

OTLg,y = Standard Deviation of TLE in Perpendicular Direction (M)

¥y = Mean Prediction Time (Sec)

Prediction Time Deviation 100 150 200 250 300
ot (sec)

0 137 203 269 336 402

10 138 203 269 336 402

20 140 205 270 337 403

30 143 207 272 338 404

OrLg* = Standard Deviation of Circularized TLE (M)

uT = Mean Prediction Time (Sec)

Prediction Time Deviation 100 150 200 250 300
o7 (sec)

0 154 229 304 380 455

10 159 232 306 382 456

20 17 241 313 387 461

30 188 254 323 395 468

*Orp = %e,x * 9TLE,Y)/2
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7.  RECOMMENDATIONS

As discussed previously, considerable improvements can be made
in the data base which drives the current estimates of moving target
location errors. The availability of improved estimates is of relatively
greater importance for studies of "second generation" guided projectiles
such as SADARM, which are more sensitive to TLE due to smaller acquisition
radii, than for studies of the first generation projectiles (i.e., COPPERHEAD).

First, it is imperative to obtain data on target movements for
longer periods of time than were available from the HELBAT-5 missions.
This is of particular concern in the estimates of target direction errors.
The 10-20 degree direction errors for prediction times less than 90
seconds may not be maintained over longer times, as attacking targets may
find they are able to maneuver around relatively small terrain obstacles
and "return" more or less to the intended heading.

Secondly, better quality data are needed, in order to better
separate components of errors due to noisy meacurement procedures from
the inherent vehicle movement variabilities. This would allow more
confidence to be placed in TLE estimates, and a greater ability to
extrapolate results to other types of target observation/measurement
systems.

Third, new data are required in order to substantiate correlations
between the variables discussed in this paper, such as the relation
between speed variability and mean speed, only very roughly estimated at
the current time.

Finally, the effects on target location error of terrain type,
weather, vehicle mobility, evasive maneuvers, and tactical considerations,
while intuitively of importance, are currently a long way from being
quantified.

With regard to these considerations, target movement data from
the CDEC RMS Range at Hunter Liggett, ought to be examined. These data
are of far greater quality than anything examined in this paper. Data
from various tests (TMAWS, TASVAL, and ARMVAL) should have sufficiently
Tong time histories to be pertinent for the indirect fire problem. The
quantities of data that exist should allow a stratified approach which
could yield more of the possible interactive effects of the variables.
Some insights into the effects of terrain and tactics may be developed
from such an effort, particularly as more data becomes available on
vehicle movements under simulated battlefield conditions.
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APPENDIX A
RELATION BETWEEN BIVARIATE DISTRIBUTION PARAMLTERS

In this appendix, relations are presented between parameters of
the bivariate distribution which were found to be useful in converting
from one type of error to another (i.e., mean radial errors and standard
deviation errors). References to the derivation of some of these relations
were found while others were not and are therefore derived here. The
required relations are summarized in a two-way classification shown in
Table A.1 below.

TABLE A.1  RELATIONS BETWEEN BIVARIATE DISTRIBUTION PARAMETERS

Type of
Bivariate _
Distribution Mean Radius (r) Median Radius*(ry)

Circular r=qf1/2 0 = W/Z In2o¢

(OMIN = 9MAx = O)

Univariate r= \/Z/W ThAX m

{"mIn = 0)

0.6745 ouax

*Sometimes callied circular probable error (CPE or CEP)

Derivation of Mean Radius Relations
Circular Distribution (oMIN = opax = o)

Starting with the known density of the circular normal
distribution:*

2,, 2
f(r) = 5 ™" /%0

The mean radius r is defined by:

o0 o

2 2,, 2
r =j rf(r)dr = [ 12— e " /207 4y
o

0 0

*For derivation to this point, see Reference 6, page 10.
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Let t = r/o, dr = odt gives:

©

2
F=o[t2e-t/2dt=cl]
0
Now Iy, is a known definite integral (see for example Reference 7,

860.13) with the value
3
I =W4K
where K2 = 1/2 in this case.

Therefore, the resulting relation is: r =\/ﬂ/2 o

Univariate Distribution (94N = O)

. s . 2 2
Since the radius is always a positive quantity (r = aY(£X)7 + () )
for the univariate distribution, the following change of variable is made:

||

#

© r

Now, r =/ rf(r)dr,
0

but f(r)dr = 2f(x)dx for r

it

leon the interval (0 < r <«) where

2 2
1 e x /Zox
T O,

f(x) =
This gives

r 2,2
. 2 f -x4/20° d
r = Xe X X

112“ o
2 2 o,
Let t = x%/20,%, dt = (x/ 0,%)dx giving the desired relation

= 2 2 -t _ -t‘/' .
= dt =4/2 -e —\/2/
(7 ) f o e [ d

Medijan Radius

The derivations of the median radii (i.e., radius containing
50 percent of the distribution within it) can be found in Reference 6.

"Dwight, H.B.; Tables of Integrals and Other Mathematical Data; 4th
Edition, 1968, MacMillan Co., New York.

31 Next page is blank.
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HEL 1D.

RIRTINTLY
ZUuUUUS
FEF YL
JULUULS
bSlulole
YUOUPLU
SluloiY
21140yud
271lougul
3050005
3410010
<Ti3UYUs
251%uuul
QuU9Qple
S1u0uu?
Yuvuyu?
«l4 0009
ciHuulb
EAVTTV IV P AV
JUYULLS
dicogue
SVUbLYUG
1uvelyud
20350uuo
suv0ove
wusLyUd
2714up03
Luwugu?
3uv0003
29190¢gul
YuYuud
luudbugub
4U%0uu0l
4uUD0PULS
27i00upud
eblvuyud
94006010
9u40ull
Quuuyie
Yauluilv
2V 004
4U8LO0Y
Yuolyuo
luiluyu?
27150004
27450002
SUouyuY
1udcupud
27100003
11U000ub

PREDICTION TARGET HEADING
TIME SPEED DISTANCE ERROR
(SEC) (M/SEC) (M) (DEG)
4oy 6¢0 24,0 =-12.8
“od 700 28.0 '“0-7
4.0 be+0 24,0 oS

Sel) 40 20.0 -76.0
Seu 60 3040 -17.0
56l Ge0 2040 50.5
S50 6.0 3060 36.0
Ssu 5.0 25.0 10,0
O« 4¢0 24,0 “3.1
vel 6.0 36.0 1.9
.U Bsv 48,0 1.0
Geu 60 3640 -8,3
7«0 5.0 35.0 -2.6
Teu Seu 35,0 -4.2
Bey Se0 4040 58,7
Bey 60 48,0 -38.8
bel 5e0 40.0 bl N )
Hel Seu 4040 =240
Bey deu 2ho s -117.¢
Beu Gou 3240 'O
Yeu 6Geu 54,0 8.5
Geu 5.0 45.0 0«9
lue bsU o0.0 ol
11l.y G0 44,0 -5
ileu B6e 6.0 -8.3
1l.v 40 44,0 -21.,7
lael 5.0 5500 b
leol 4.0 48,0 9.0
loed 80 104,0 )
1b.0 7.0 98,0 3.5
14.0 60 84.0 db.b
loey Yol 64,0 -4 .3
L0 Sel 80.0 3.5
16U 50 80.0 =-2.8
loey Hed) 80.0 29
lo.u Jeou 4840 =-7.1
17.u 3.0 S1.0 2.0
170 40 68.0 =-3.7
l8eu Qe 7240 -l.2
189 60 108.u N
Lded Seu 900 -18.1
160 S 90.0 =-l.4
loey 30 54,0 K I
19y Seu 95.0 9.c
190y 60 114.0 4.4
1940 S0 95.0 =5.08
Vel 5.0 100.0 -23.2
20«0 e 120.0 okt
PATRY(] 7.0 140.0 -2.2
2u+0 60 12040 lec
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HEL ID.

31c0003
9UYuy13
2140005
409u0ud
27150001
4U04u0u8
90uLyye
YukuQyo
ILuLQle
31iugo?
9luugu?
Qualuve
SusLoU2
4ULYUYUS
Yualgue
1lu5u00u?
2l4uyusé
S5iuvoll
Jiluoud
2080009
obL70pue
osivlgue
subuyud
< /150yud
9090y02
slougyul
9uvipnle
2i40ypue
SUY0YUd
Qu7up0e
2UcGoul
2U300u7
QUIGYLD
YU4UGUS
9uouyu?
Jaluuue
bUbupub
2Tibupud
110400u6
3110005
27050001
avu0006
Yusupud
oValyul
$U0QuU?
11U8V0U4
9luupud
25190¢u2
8000003
9090¢0u3

PREDICTION TARGET HEADING
TIME SPEED DISTANCE ERROR
(SEC) (M/SEC) (M) _(DEG)
2U.0 S.u 10040 -10.6
U0 4.V 80.0 -62.5
2U.U 4.0 80.0 1.7
cle0 5.0 105.0 lesb
210 5.0 105.0 6.7
ele 8.0 168.0 5.6
2l.0 5¢0 105.0 =16,9
cleu SeU 10540 -5.1
2l 600 132.0 =-3,2
2l 40 88.0 2.t
22eV 60 132.0 3.7
2c el G4el 8840 2e¢6
22y 500 110.0 -4 .U
2240 HeO0 110.0 -5.7
22+0 5.0 110.0 “0.d
clel 6ol 132.0 -1
2940 5.0 115.,0 T WU
Z23.u 5e0 115.0 -42.7
dSoU 600 138.0 -Soj
P 50 115.0 4,7
230 bel 115.0 oL
Pyt 50 115.0 -2.9
c4el bel 144,00 28
240 600 144,40 4.7
2% e U Jeu 7240 =-3,0
24%eu Yeu 96,40 -.8
2“.0 5'0 12000 7.U
el 5.0 120.0 2.2
e4%.0 8.0 192,0 2.3
FL YV 6l 144,06 7.3
clhou 6+0 144,0 5.5
c4o i 540 120.0 =1.5
2440 4.0 96.0 -5.9
€9 ( 4.0 100.0 41.3
€Dl Sel 125.0 2eb
250 60 150.0 l.v
PV 40 100.0 7.9
Zbou 60 150o0 -.9
29U Se0 125,.,0 -l
¢540 5.0 125.0 =52,
€6+ 0 840 20840 JeY
20y 6.0 156.0 =l.2
cboy 4.0 104.0 =-23.6
Zbou 6.u 156.0 -
cbe 0 60U 15640 7.0
¢bey Seu 13040 -3.9
F{-X3v! S50 13040 =26.0
cbeu 6V 1560 ol Y4
coel 6.V 156.0 ~-ec
eTeu 4e0 108.0 =-9.0
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S0%0U01%
du7uoul
4U300L7?
Sluvuuk
ludeloue
luuouuud
21000US
1yubupus
+uoloul
SUSL0U4
Juvu001
luvl2uuvo
Jiyduuo
2ud0uul
CIVRIVITI R
busluud
5usuou’
2400002
Jui7uyud
cucioue
8U7G6uU3
Susuuld
CYRIIV)
+uUsU0UL
ludaivulo
909LUUb
311000Y
guauu’?
91lu0003
4iulOULY
11040001
4UYU0OUY
QUHLULS
Yipuouvse
uuuoUul
27150uUb
4uUDUOLY
luliuguo
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4090009
4luugub
aLdlvue
1lusuyue
2713upu2
«UY001V
10120001
U400uUs
dU30003
YuoLuUd
“wuY0uuoL

PREDICTION TARGET

TIME SPEED DISTANCE
(SEC) (M/SEC) (M)

27.u 5.0 135,0
c¢leu Se 155.0
ctel 6.0 l168.0
Qe l S50 140.0
cBel 50 14040
P4-X3V] Gl 112.0
cBeV 5.0 140.0
290 Ged 116.0
29U 60 174.0
294V 8.0 23240
29U 3.0 87.0
c9el 6.0 17440
JusU 540 15040
SUeu 5.0 150.0
dued 60 180.0
SUsu 6eU 18040
30U Bo) 12040
3ley TeU 21740
cha 5'0 155'0
Sleu 740 217.0
32U Sel lo0.u
32U 4ot 126.0
dc el 50 160.0
32V 60 192.0
RY- LRV 66U 192.0
32U Hel 19240
KY3 3.0 9640
320 50 160.0
33.0 “'U 13200
3940 40 132.0
33U 70 23140
3360 Goll 132.0
S4ev beu 204 .0
Sl S50 17060
kel SeU 170.0
S4ed el 20440
d4 e v bel 20440
oleU Sev 170.0
DU beU 21040
39.0 5.0 175.0
35 Oel 21040
3oeU bl 2100
3Deu 5e0 17540
Y-T3 Sel 17%.0
350 bel 21040
35.0 6.0 2100
30U 40 14440
360 6V 21640
dbeu 4ol luy.0
300 40 14440
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-
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1
o=~N¥FEt N
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HEL ID.

S0900u4
4duloud
51luvoud
1ullo0ud
9luloud
4luuoud
Suo0007
1vilooue
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2030¢yu6
4040000
4Usgyue
11040003
ludivgud
UYUD LY
91y0001
1vloupu2
Siuvoul
9060uUb
Yu7uyul
Slouvuld
Slevugul
civuuuid
271uvuoud
Slauuué
1uls00ul
2519008
lufouyul
100%0002
QuUIULD9
27140001
YUouUuub
@Ud0uud
25190005
11050001
slaloul
2l4gou?
LRI
27i40uue
2705000
CSURTIITIRS
WUv0oiLl
SUYULuUb
4USL005
ou70004
9040009
susloUd
271uu00R
S1100us
11050004

PREDICTION TARGET HEAD TG
TIME SPEED DISTANCE ERROK
(SEC) (M/SEC) (M) _(DEG)
Y0 U 5S¢0 18040 5.5
3740 4.0 14840 ~8.0
3Te0 6.0 22240 =10.c
38.0 5.0 190.0 -,
380 60 22640 1.6
Sbe0 4ol 15240 -22.4
39.0 6.0 234 e 6.5
39.0 60 23440 -.1
4Uel 440 160.0 -8
400 4.0 160.0 -49,3
4ueu 6.0 24040 b
4leu 6.0 24640 =c2.8
Gi1.0 5.0 20%,0 l.0
42U 6e0 252.0 47,2
Y42 5.0 21040 1.3
4.0 6.0 258.0 5.8
4350 Sel 215,0 =-2.&
45¢V T.0 301.0 3.4
43,4 4.0 17200 14,7
43,0 SeU 21540 4a.0
430 6.0 258.0 3.7
4400 6.l 2ok 0 =-5.0
Lol S.u 2200 nd I
[TY TPV 6et) 26440 =-2.2
4440 Geu 17640 19.4
Y l) 4ol 17640 -37.5
450 SeU 225.0 ~18.6
45y 5eL 22540 ol
4540 5.0 22540 S56.2
4560 4.0 18040 -18.7
L6+ 5.0 23040 3.2
4oeu 5.0 230.0 -55,0
Lboeu 6eU 2760 -3
o) Sel 2300 10.9
46eu Sev 23040 6.4
400 4.0 184,.,0 -1,9
“700 5S¢l 23540 -6.7
470 560 23540 -9,6b
4840 5.0 240.0 -1.7
Y« Te0 336'0 2.0
49y bel 29440 =2.6
49y G4eu 196.0 9
49.0 SeU 245, 0 23.5
52U 6eu 31260 1.7
5240 Teu 364.0 9,9
53.u Se0 26540 -1.1
SYeu 6.0 324 40 l.u
S4ry 8e0 43240 -,b
S0.uy TeU 392.¢ 1.7
S6.0 6.V 3360 -5
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PREDICTION TARGET HEAD [Ny

TIME SPEED DISTANCE LRROR

HEL ID. (SEC) (M/SEC) (M) (DEG
40ulpud SbeuU 6.0 33640 -1./
4Uy0QU3 570 Yol 228,40 3.9
<cUduyud S58eU %e0 29040 -1.7
lUODUUU“ 5G.U 5.0 295.0 -L4.8
4UoUyuL 59.0 950 29%.0 =38,
wU40pul oley 6.0 36640 -16.%
2149pul 65.u 5.0 325,0 2.4
Suelgul obsl SeU 3¢5.0 B.8
allilgud bbeU 360 198.0 -56.1
liusugul obey 60 396.0 .t
Glovpul bbeu bel) 4U8.0 =4 .4
9uo0oul 71y 5.0 355.0 6.9
YUoGQu? T4ou 4eu 29640 11.5
YLouUQUD T4eu 6el 44y .0 =-1.L
9030006 759 4.0 30040 -35.4
“lUUUU“ 7oeuy [T 30“.0 7.6
SUY90pul 77.u 3.0 231.0 -35.9
2519uy07 77y UG 308.0 16.5
adolyul 790 Sel 395,00 5.3
2U300U03 79U 440 3leel -4 ,9
sUSugul 9l.u Yeu 364.0 -4 .b
LuUoLpuUd 92e0 He0 460.0 -17.0
vl > GUoUyJY 93.u ASeu T ((1395.0 . =81.9Y
lusaQpul leleuy SeU 605.0 6L.b

38




REFERENCES

Horley, G., W. Dousa, Jr., J. Lenoci; HELBAT 2- Forward Observers {);
TM-17-72, June 1972, US Army Human Engineering Laboratory, Aberdeen
Proving Ground, MD, CONFIDENTIAL report.

Horley, G., W. Dousa, Jr.; HELBAT 4- Automated Fire Direction on
Moving Targets (U); TM-19-76, May 1976, US Army Human Engineering
Caboratory, Aberdeen Proving Ground, MD, CONFIDENTIAL report.

Yorley, G., et. al.; HELBAT 5- Automated Fire Direction Techniques (U);
T™M-1-77, March 1978, US Army Human Engineering Laboratory, Aberdeen
troving Ground, MD, CONFIDENTIAL report.

Chernick, Julian, M. Chernick; Forecasting Ground Target Speeds;
Technical Report No. 111, August 1974, US Army Materiel Systems

Analysis Activity, Aberdeen Proving Ground, MD 21005, UNCLASSIFIED
report.

Goodman, L.A.; On the Exact Variance of Products; pages 708-713,
December 1960, American Statistical Association Journal, (also see
same journal, "Corrigenda", page 917, December 1962).

Groves, A.D.; Handbook on the Use of the Bivariate Normal Distribution
in Describing Weapon Accuracy; MR-1372, September 1961, US Army Ballistic
Research Laboratory, Aberdeen Proving Ground, MD, UNCLASSIFIED report.

Dwight, H.B.; Tables of Integrals and Other Mathematical Data; 4th
tdition, 1968, Macmillan Co., New York.

39




DISTRIBUTION LIST

No. of No. of
Copies Organization Copies OQrganization
12 Commander 1 Commander
The Defense Technical US Army Concepts Analysis
Information Center Agency
ATTN: TCA 8120 Woodmont Averie
Cameron Station Bethesda, MD 200 3

Alexandria, VA 22314
1 Reliability Analysis Center

1 Commander ATTN: Mr. I.L. Krulac
US Army Materiel Development Griffiss AFB, NY 1344]
& Readiness Command
ATTN: DRCPA-S Aberdeen Proving Ground

5001 Eisenhower Avenue
Alexandria, VA 22333

-

Director, BRL, Bldg. 322

1 Commander 1 Director, BRL
US Army Materiel Development ATTN: DRDAR-TSB-S
& Readiness Command Bldg. 305
ATTN: DRCBSI-L
5001 Eisenhower Avenue 1 Director, HEL, Bldg. 52n

Alexandria, VA 22333

1 Commander
US Army Electronics R&D Command
ATTN: DRDEL-AP-0A
2800 Powder Mill Road
Adelphi, MD 20783

1 Director
US Army TRADOC Systems
Analysis Activity
ATTN: ATAA-SL
White Sands Missile Range, NM 88002

1 Director
US Army TRADOC Systems
Analysis Activity
ATTN: ATAA-T
White Sands Missile Range, NM 88002

2 Chief
Defense Logistics Studies Information
Exchange
US Army Logistics Management Center
ATTN: DRXMC-D
FT Lee, VA 23801

40




