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SUMMARY

The objective of this study was to determine the operational delivery accuracy of the I -
AH-IG (COBRA)/2.75-Inch Rocket System through analysis of data from Phase C of the Baseline
Accuracy Test Program. A secondary objective was to investigate the differential effects on

accuracy due to pilot experiences, adjustments of aim in the process of attack and pilot learning due
to multiple attacks against the same target.

Delivery error was defined in terms of three distributions: (a) the distribution of
pass-to-pass variable bias, (b) the distribution of ripple-to-ripple bias, and (c) the distribution of
round-to-round error. Estimates of the standard deviations characterizing these distributions were
derived."fhese estimates, applicableto attack slant'ranges between 1300 and 3000 meters are:

a. -For pass-to-pass variable bias; 9.4 mii, in pitch, and 9.3 mils in deflection.

b. For rTpple.to-ripple variable bias; 9.1 mils (at 3000 meters) to 20.6 mils (at 1300

meters) in pitch, end 9.9 mils in deflection.

c. For round-to-round error; 7.6 tc 10.0 mils in pitch, and 8.7 to 11.3 mils in
deflection.

These estimates apply to rocket delivery by experienced pilots. Analogous estimates
applicable to nonexperienced pilots 'are statistically slightly higher but for practical purposes the
same as those given above. The essential differences among pilot groups are:

a. Pass-to-pass learning resulting from multiple attacks against the same target
results in progressively smaller delivery error only in cases of experienced pilots at close (less than
2000 meters) range.

b. Fixed biases of nonexperienced pilots are significantly larger than those of
experienced pilots.

c. Successful aim adjustment over successive ripples launched in a given attack can
be accomplished only by experienced pilots.

Procicitg pgo Mik 3



PREFACE

This study was authorized by the Director, US Army MUCOM Operatiotns Research Group,
pursuant to a program for general systems analysis support requested by the Project Manager for the
2.75-Inch Rocket System.

This task was part of a study program to quantify operational delivery accuracy of the
currently configured AH-IG (COBRA)/2.75-lnch Rocket System and to determine the relative
o t%..,,wt effectiveness benefits of frie control for hellcopter-rocket systems. These analyses relate
to delivery accuracy. Further analyses based on estimates originating in this report and related
to on-target effectiveness are contained in ARMCOM SAO Report "Comparative Effectiveness and
Rocket Expenditures of Selected AH-IG (COBRA/2.75-Inch. Rocket System (U)", September 1973,
CONFIDENTIAL.-

This repot has been prepared from the standpoint of providin6, a record of the rationale and
scope of the analytical effort as well as tVi information derived thereform. Work was begun in June
1973 and completed in August 1973. Ewscntial results were transmitted to the Office of the Project
Manager in the course of analysis. Study was completed by the US Army MUCOM Operations
Research Group. Finalization of the study report was accomplished by its successor, the ARMCOM
Systems Analysis Office.

...4
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INTRODUCTION

OBJECTIVE

I. The primary objective of these analyses was to determine the operational delivery error
budget for the curtenl Ily coilfigured Al!- l(;/2.75-Inch Rockel System. Subordinate nbjec Iives were
to determine the effects on accuracy due to pilot learning over successive passzs at the same target,
pilot experience, and aim adjustment over successive ripples launched during a given nass.

BACKGROUND

2. The Project Manager for the 2.75-Inch Rocket System initiated the Baseline Accuracy
Test Program to identify and quantify components of helicopter/rocket delivery error and to
determine the operational delivery accuracy of the currently configured AH-IG/2.75-Inch Rocket
System. The test program consisted of three pha-i, denoted A, B, and C. Tasked by the Project
Manager, the Ammunition Development and E,,gineering Directorate (SARPA-AD-D), Picatinriy
Arsenal, Dover, New Jersey, identified and quantified error components using data from phases A
and B. The Project Manager subsequently requested the MUCOM Operatio-ts Research Group to
quantify operational accuracy of the AH-IG/2.75-1nch Rocket System. In filfilling this objective,
use was made of data from Phase C1 of the Baseline Tests, along with sunimarized estimates of
inherent rocket dispersion from Phase B data ana!yzed by Picatinny Arsenal.

SUMMARY OF TEST CONDITIONS

3. Rocket impact coordinates used as the basis for analyses summarized herein were
obtained by processing the published flight test data for Phase C of the Accuracy Tests. The Phase C
test utilized an AH-I G/2.75-lnch Rocket System with standard MK40 motors and XM230 practice
warheads. Test firing procedure consisted of the firing of up to four pairs of rockets per pass by
each of the fourteen pilots at nominal slant ranges of 1000, 2000, and 3000 meters. Two pasnes
were executed oy each pilot at each nominal range. The initial pass for all pilots was at the nominal
range of 2000 meters. The time between launch of pairs and the number of rockets per pass were
the pilot's option. The pilot was restricted only by the instructions to launch rockets in pairs (i.e.,
one rocket simultaneously from each of two pods and to maintain an altitude of less than 500 feet.
Each pilot was vectored by radar into the firing zone and was released to fire upon identification of
the target. Aircraft position and velocity at launch were measured by radar. Impacts over the target
area were recorded on film by an overflying aircraft. Attack geometries used in the test are
summarized in. Table 1.

TABLE !. Attack Geometries Used in Phase C of the Baseline Accuracy Tests

NOMINAL AVERAGE LAUNCH CONDITIONS
SLANT I
RANGE Slant Range Alt LOS* Velocity NO. PAIRS
(meters) (meters) (ft) (degrees) (kts)

1000 1322 435 5.8 99 106
2000 2065 485 4.1 95 97
3000 2905 560 3.4 95 94

Line of sight aagle from taiget to launch point.

7i



APPROACH

ASSUMmPIOrz

4. The following assumptions governed the analysis of accuracy data:

a. During testing, the pilots attempted to adjust fire toward the target center by
obscrving the rockets burning in-flight, making estimates regarding their expected points of impact,
and offsetting the aim point (i.e., the sight reticle.and the target) accordingly.

b. Test conditions from pilot to pilot were sufficiently similar to preclude
introduction of appreciable nonrandom bias.

c. When projected into the plane normal to the line of sight and converting to
angular measure, the mean points of impact (MPI) of pairs of rockets are normally distributed In
both pitch and deflection.

d. When statistical iests indicate no significant effect of flight profiles on accuracy,
associated estimates can be combined, via statistical pooling, into a composite estimate applicable to
till the component profiles.

C. Impact dispersion about the ripple mean point of impact (MPI) is dependent on
the number of rockets in the ripple. However, aiming errors are independent of ripple size.

f. During the test, pilots were n(,t given range information, and the
range-estimation error, included here within aiming error, is representative of that encountered in
the operational environment.

MFASURIES OF DELIVERY ERROR

5. The following measures of delivery ertor were employed in the analysis:

a. Fixed bias - The deviation between the overall mean point of impact (MPI) and
target center is interpreted as an estimate of fixed bias.

b. Pass-to-pass variable bias - Variability of this error is defined by standard
deviation of individual-pass MPIs about the fixted bias and is denoted by al. Associated errors
represent deviations between an individual-pars MPI and target center which are constant in effect
[or all ripples of any one firing pass, but which vary in magnitude from pass to pass. Pilot aim
variation over passes is included in 02 .

c. Ripple-to-ripple variable bias - Var;ability of this enor is defined as the standard
deviation of ripple MPIs about the pass bias and is denoted by u2 . Associated errors represent
deviations between an individual-ripple MPI and the pass MPI which are constant in effect
throughout any one ripple, but which vary in magnitude from ripplt to ripple.

I8



i
d. Round-to-round dispersion - Variability of this error is defined by the standard

deviations of impacts about the ripple MPI and is denoted by o3. The magnitude of this error varies
from round to nrund. Analysis of Phase B test data by Picatinny Arsenal showed u3 to be
dependent on ripple qize. Since Phase C was restrIcted to ripples of size two. estimates of VI from
Phase B were prov.ded by Picatinny Arsenal so that more general cases could be represented.

DATA ANALYSIS PROCEDURE

6 Errors were converted to angular measure by two methods, denoted by the
line-ofsight (LOS) transform and by the trajectory transform. The former is the more conventional
method of processing pitch errors. However, while suitkble for internal analysis of data, it does not
have general predictive utility because it does not normalize over attack angle. The
trajectory-transform method does normalize accuracy results over attack angle and allows
generalization of angular error estimates to attack geometries other than those employed in the test.
The methods of translation of error from ground miss distances into angular deviations are
presented in Appendix A.

7. Estimates of system errors were formed by pooling subestimates based
on different flight profiles and cLrditions. Therefore, the analysis of differ-
ential effects of the flight profile upon acctracy was necessary for determining

overall accitracy. The test data were partitioned into two groups, based on firings by experienced
(F XP) and on firinps by nonexperienced (NONEXP) pilots. Placement into a pilot experience group
was determined by the previous number of rockets fired by each pilot. Composition of these groups
is shown in Appendix B. Within each pilot group, data was further categorized by pass sequence and
nominal slant range. Accuracy estimates were computed, compared and, if applicable, combined
(poolvd) from these categories.

8. The basic "building blocks" for accuracy estimates were the ripple-to-ripple

variable-bias standard deviation (p2) and the mean MPI for each pass-pilot combination of the test.
4l'he- basic data are shown in Appendix B.

9, Initiaily, composite accuracy estimates, pooled over pilots within each experience
group, were determined for each pass at each nominal range. Statistical comparisons were made to
assess accuracy differences over passes. Where no significant difference over pass sequence was
found, composite (pooled) accuracy estimates, applicable to all passes at each range, were formed.
Pitch accuracy estimates were then normalized over attack angle by converting them to
trajectory-transform errors. Statistical comparisons were then made with accuracy estimates over
different nominal slant ranges and, where no significant differences were found, composite
estimates were formed which were considered applicable to all slant ranges encompassed by the test
data. Final accuracy estimates consisted of composite first-pass estimates for the experienced-pilot
group with fixed bias excluded. Accuracy components quantified were a, (standard deviation of
pass-to-pass bias), and 02 (standard deviation of ripple-to-ripple bias). In addition, estimates are
given for u3, the standard deviation of rmund-to-round dispersion. Statistical pooling formulas
applied are shown in Appendix B.

I



1O. The following statistical tests were used, ai indicated, in analyzing the accuracy data. A
0.05 significance level (rejection criterion) was used in applying cach test.

a. The Student 1 test2  This was used for assessing difference between sample
means to compare fixed-bias estimates.

b. The Snedecor F test 3 - This was used for comparing two standard deviations to
analyze differenccs in oa and a2 due to pass sequence (learning) or to pilot experience.

c. The M test4 
-- This was used for assessing homogeneity in a group of sample

standard deviations to analyze difference in ., an, 02 over varying nominal attack ranges.

d. The Central Limit Theorem, as applied to a proportion5 - This was used to
analyze aim (MPI) adjustment over successive pairs.

e. The, Kolmogorov-Smirnov t#,st 6 -- This was used to assess the deviation from
normality of the distributions associated with 02. No significant deviations from normality were
found, thus lending credence to the' use and applicability of statistical tests requiring normal
distributions for validity.

RESULTS AND DISCUSSION

IRROR VARIATION OVER PASS SEQUENCE

I I. The first step leuding to formulation of the system error budget was a comparison of
accuracy estimates over firing-pass sequence to determine whether pooled composite estimates were
applicable to both passes at each nominal slant range. A reduction of error with pan, sequence could
be induced by learning effects due to inc:easing familiarity with the flight profile environment.

1 2. Estimates of pass-to-pam variable-bias oa and estimates of fixed bias are shown in Table
2 by pass sequence. No significant differences over passes exist in the nonexperienced pilot group.
For experienced pilots, the only statistically significant difference exists in the pitch dimension at
1000-meter nominal range. In this case, a, of the first pass exceeds that of the second pass.
Similarly, comparisons of fixed bias over pass show a significant difference with pass sequence only
for experienced pilots, in pitch at 1000 meters. The average second-pass fixed bias is generally less
in absolute magnitude than that for the first pass. These difference. suggest learning; however, the
tendency is not statistically significant in the cases of 2000- and 3000-meter nominal range.

13. The a2 (ripple-to-ripple variable-bias) accuracy estimates are displayed in Table 3
according to pass sequence. The - are no statistically significant differences in 02 over passes in the
nonexperienced pilot group. Fot experienced pilots, the only significant differences are in pitch at
nominal ranges of' 1000 meters and 2000 meters. In these cases, 02 estimates for the second pass are
naller than those for the first pass.

10
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of Pass.

_ _ _ _ _ = , _ 1m
PILOT NOMINAL ORDER PASS-TO-PASS VARIATION oI FIXED BIAS /MPL'

GROUP RANGE (m) OF PASS Pitch Deflection PITCH DE(L SIZE)(mils)
(mils) (mils)

EXP 1000 First 7.24 11.66 -4.88 4.40 9
Second 3.14 6.89 2.25 .92 9

2000 First 5.75 9.37 -2.16 .59 9

Second 4.18 10.65 1.86 1.72 9

3000 First 3.45 7.54 .79 1.54 8

Second 3.34 8.59 ..73 .26 9

NONEXII 1000 First 6.36 3.78 6.33 12.68 5
Second 9.77 15.-1 -1.03 7.52 5

200v First 5.54 14.62 2.97 13.27 4
Second 6.25 4.69 5.68 12.72 5

3000 First 3.46 14.75 -2.21 12.96 5
Second 5.16 18.72 -1.05 1.0.84 5

NiNumber of pt,%w.' In tile ,umply.

TABLE 3. Standard Deviation (0o2) of the Ripple-to-Ripple Vsriable Bias by Sequence of Paas

PILOT NOMINAL ORDER RIPPLE-TO-RIPPLE VARIATION u2 NO. OF
GROUP RANGE (m) OF PASS Pitch Deflection PAIRS

___ __•__(tails) (mils)
EXIP 1000 First 16.02 10.14 33

Second 9.49 10.98 36

2000 First 7.61 11.33 33
Second 4.59 10.14 34

[ 3000 First 3.06 7.32 28
Second 3.10 7.39 32

NONI-XI' I (x)O First 10.92 8.48 19
I ý.28 8.07 18

2.1•00) Firsh 7.72 I O.77 12
S'ccmd i,650 7.1 2 18

3000 First 3.25 8.00 15
Second 5.62 13.45 17

II



1 4. AN'cciracy estimates o),tained by pcoling (to the extenl pcrmrit.cd by slatistl l•,l0t)
arv sliown in Tabl, 1. Where a sinalc estim-ate is shown, data could be pooled into a COml, lSitl valiu,
independent of' pa.s. It should be noted that pooling over range can be accomplished only in the
case of deflection.

TABLE 4. Composite (Pooled) Accuracy Estimates Alpplicable to All Firing Passe.,

MAGNITUDE OF ERROR (mils)

PILOT ERROR COMPONENT SLANT --_I
RANGE (n) Pitch Deflection

EXP UI: Pass-to-pass variable 1350 b 9.50
bias 2100 5.03 10.00

2900 3.39 8.12
1350-2900 u 9,30

U2 : Ripple-to-ripple 1350 h 10.60
variable bias 2100 b 10.74

2900 3.08 7.36
1350-2900 a 9.90

Mean MPI: Fixed bias 1350 , 2.58
2100 -.09 1.17
2900 .12 .33

1350-2900 a 1.40w

NONI'XII 0 ,: Pass-to-pa;s variable 1300 8.24 11.15
bias 2050 5.96 10.21

2900 4.39 16.85
1300-.2900 a 13.18

02: Ripple-to-ripple 1300 11.10 8.72
variable bias 2050 6.99 8.70

2900 4.70 11.31
1300-2900 a 9.00

Mean MPI: Fixed bias 1300 2.75 10.17
2050 4.59 12.94
2900 -1.59 11.83

1300-2900 a 11.55

SRatige depelindent; cttil o lie pooled ovei range

Patss dependcnt; cannot be pooled ;ver pass.
Incltudes MPI result toi two %ingle-paitr Itings which weft not suitable ti;i t1 her estimatem.
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E-RROR VARIATION OVER RANGE

15. The second step toward formation of an error budget was a statistical comparison of
accuracy estimates over nominal attack ranges to determine whether composite estimates applicable
to all test ranges could be formed. Statistical tests of homogeaeity indicated deflection estimates of
Table 4 to be independent of target slant range, thus justifying their pooling into a com'iposite
estimate for each pilot group. Pitch-error standard deviations from Tables 2, 3, and 4 were
statistically heterogeneous over range, showing a tendency to decrease with increasing slant range.

This dependence is chiefly due to the influence of changing attack angle with range, in conjunction
with the use of line-of-Aight (LOS) transform errors in pitch. As explained in Appendix A, the LOS
transformation of pitch crror is dependent on attack angle because it implicitly approximates the
trajectory by a straight line.

16. Normaiaation over attack angle was performed on the pitch-error estimates of Tables
2, 3, and 4 by converting them to trajectory-transform pitch errors, which are angular deviations of
trajectory quadrant elevations. Results appear in Table 5. After normalization, the first-pass u2
pitch estimates and the second-pass oa estimates for experienced pilots are the only instances of
residual dependence on slant range. This dependence is in part attributable to learning since the test
conditions generally had target slant ranges in the same firing sequence for all pilots. The nominal
target ranges for the first three test passes were generally 2000 meters, 1000 meters and 3000
meters, respectively. The succeeding three passes had the same order of target ranges. Thus, a
learning factor which was transferable over target range could have caused smaller first pass errors at
3000 meters. In such an instance, the first-pass test error estimates at 1000 meters and 2000 meters
might be more representative of actual operational conditions.

OPERATIONAL SYSTEM-ERROR BUDGET

17. Using composite accuracy estimates derived from the preceding sections. integration
with round-to-round dispersion values yielded an error budget for operational accuracy of the
AH-1G/2.75-Inclh Rocket System. The resultant estimates were based on first-pass conditions
disregarding fixed bias. The implied total-system error budget was derived from estimates in Tables"
2, 3, 4, and is presented in Table 6 and Figure 1. All pitch errors are trajectory transformed, there-
fore, they are normalized over attack angle. Estimates for round-to-round dispersion were provided
by Picatinny Arsenal Ammunition Development and Engineering Directorate (SARPA-AD-D),
Picatinny Arsenal, Dover, New Jersey from analysis of Phase B baseline data.

18. Use of Figure 1 to obtain o2 pith estimates is necessitated by the residual dependence
on slant range after normalization for Ltt; ' angle. As noted earlier, this is probably due to learning
acquired during the first sequence of firing in the test.

ACCURACY DIFFERENCES DUE TO EXPERIENCE

19. While the experienced pilot group served as the basis for final optrational-systern
accuracy estimates, a subordinaite study purpose was to assess accuracy differences due to varying
experience. Such examination coold reveal areas in which incorporation of improved fire-control

13



TABLE 5. Angular Estimates of Error Components in Pitch Derived from Trajectory Transform

MAUNI'I'UI)lI O1F ERROR (mils)
PILOT FRRCMOET SLANT

GROUP RANGE (m) First Second Pooled
Pass Pass

EXP 01: Pass-to-pass 1350 9.3 3.9 a
variable bias 2100 10.3 7.5 9.0

2900 10.2 9.8 10.0
1350-2900 9.4 b -

02: Ripple-to-ripple 1350 20.6 11.8 a
variable bias 2100 14.0 8.0 a

2900 9.0 9.1 9.1
1350-2900 b 9.7 -

Mean MPI: Fixed bias 1350 -6.3 4.8 a
2100 -3.9 3.3 -.2
2900 -2.3 2.1 .3

1350-29n0 -4.2 3.4

NONEXP u,1: Pass.to-pass 1300 7.9 12.1 10.2
variable bias 2050 9.6 10.8 10.3

2900 9.9 14.8 12.6
1300-2900 9.1 12.7 11.1

01: Ripple-to-ripple 1300 13.6 14.0 13.8
variable bias 2050 13.3 11.2 12.1

2900 9.3 16.1 13.5
1300-2900 12.2 13.8 13.2

Mean MPI: Fixed bias 1300 7.9 -1.3 3.4
2050 5.1 9.8 7.9
2900 -6.3 -3.0 -4.6

!3,G .2990 2.0 -1.8 -2.0

" Pan dependent; cannot be pmoled.
b Range dependent; cannot be pooled.

14



I

TABLE 6. Operational Delivery Error Estimates for the AH-IG/2.75-1nch
Rocket System

RIPPLE STANDARD DEVIATION (mils)
ERROR COMPONENT SIZE -

(Pair/Ripple) Pitch* Deflection

al: Pass-to-pass All 9.4 9.3
variable bias

02: Ripple-to-ripple All 9.1-20.6b 9.9
variable bias

13: Round-to-round 4 7.6 .8.9
dispersion

7 7.3 8.7

19 10.0 11.3

P Pitch errors basd on trajectory intercept in perpendicualr plant; deflection errors basd on
line-of-sight intercept.

h Range dependent; see Figure I for evaluation. The composite pooled estimate over this

interval is 15.5 mils.

15
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SLANT RANGE TO AIMPOINT (METERS)
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systems might be especially ueful as a substitute for certain aiming skills learned otherwise through
practice or trial and error. The data of Tables 2, 3, and 4 were used to compete pilot experience
groups with statistical tests. f

20. The pooled composite 02 deflection estimates were not significantly larger for the
Snonexperienced group. Firt-pan 02 estimates in pitch were larger for experienced pilots at O000

meters, not significantly different at 2000 meters, and significantly smaller at 3000 meters than 2
* • corresponding estimates for nonexperienced pilots.

21. The pooled fixed-bias estimates in pitch for nonexperienced pilots were signifiandy
larger than for experienced pilots at I000 meters and 2000 meters. but were not sipnificantly
"different 'at 3000 meters. In deflection, overall fixed bias for the nonexperienced group was
significantly larger than that for the experienced group and showed a strong tendency to hit to the
'right of the target. The overall deflection fixed bias for experienced pilots was not significantly

, different from zero. That for the nonexpedenced group was significantly greater than zero. 'thus, kii

operational terms, these data indicate that the major benefit of experience is the ability to correct
for deflection relative wind and keep tlia HPI on the target.

ADJUSTMENT OF AIM DURING ATTACK I
22. If the pilot can adjust fire successfully, the angular separation distances of the MPI and

the target will decrease with successive pairs of rockets launched during the attack. For each
nominal range and pilot group, cll angular deviations of consecutively fired pair MPIs were
compared to determine those instances in which the second (successive) MPI was closer to the
target. This enumeration yielded the data of Table 7. Enumerated instances were converted to
relative frequencies which served as estimates for the probability of successful (closer) aim
adjustment between pairs.

TABLE 7. Sample Prob-ibilities of Successful MPIa Adjustment
Over Consecutive Ripplesb

PILOT NO. MPI PROBABILITY ADJ. MPIc IS CLOSER
GROUP PAIRS Pitch Deflection

EXP 143 .51 .59

NONEXP 69 .54 .48

a MPI locations wete defined by apalaur ulta (mill) is fte piaw peqandialur, at target, to the line

orsight.
Analysis was for all consecutively fled pairs from Ither C of the uelne tesL

c "Adj. MPI" deiiotes the second MM! of a consecutive pair.
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23. If only random adjusttient occurred between pairs, theb idjusted MPI should
theoretically have no more than a 50 percent chance of being ciosci to the target. A probability of
greater than 50 percent would be consittent with successful aim adjustment, Since, most

probabilities displayed in Table 7 are not significantly dfferent from .50 in a statistical sense,

random adjustment prevails. However, there is an exception in deflection results for the experienced

pilots, which show an overall successful adjustment probability of .59. This ample probability is

sigificantly greater than .50.

24. Further analysis was conducted with the experienced pilot group to determine whether
time between firing of successive pun was related to the likelihood of successful adjustment or

not. The data for successitve pairs were divided into two categories, based on the inter-pair tiring
interval. Associated probabilities of successful aim adjustment are shown in Ttble 8. Reults
Indicate significant success in deflection aim adjustment for pair firings separated by Intermediate
time intervals of 1.05 to 1.65 seconds. However, firings separated by dsorter or longer intervals
showed only rapdon (- .50) probability of successful adjustment in aim. Pitch adjustment was not
significantly different from random In either firing-Interval caelgory.

TABLE 8. Effect of Time Between Ripplesa on Probability of
Successful MPI Adjustment - Experienced Pilots

PROBABILITY ADJ. MPI IS CLOSERTIME BETWEEN NO. MPI

RIPPLES (sec) PAIRS
Pitch Deflection

1.05 - 1.65 70 .57 .67

<1.05b or >1.65 73 .45 .52

a Obtained from trigger pulse generator meaqurements recorded during the test. A fhins point is a time at which

ripple firt was initiated. Precision of measurement was estimated at 1/60 or. second, but final data were
tabulated only to the nearest 1/10 of a second.

b The shortest record time interval between consecutive pabs in Phane C was .8 second. The lonaet was 6.2 seconda.

CONCLUSIONS

25. Effects on accuracy due to learning over passes appear to be significant only in a small
porioLn of 6,. &.,nple data, and then only in the pitch dimension. Test procedures which generally
used a fixed sequence of firing ranges in ihe data studied, may have introduced learfing effects into
final estimates.

26. The major accuracy difference demonstrated between experienced and nonexperienced

pilots was in fixed bias, wilb the nonexperienced-group bias being significantly larger, especially in
deflection. In addition, analysis of effects of aim adjustment during attack showed only random
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adjustment from pair-to-pair for nonexperienced pilots while experienced pilots denmnstratcd
successful aim adjustment.

27. The but estimates of operational AH-IG/2.75-inch Rocket Systems accuracy are those
based on data for experienced pilots. These estimates, obtained by pooling applicable data from the
test, are presented in summary form in Table 6 and Figure 1. Residual dependence of one error
component on attack range was chiefly attributed to learning over a fixed firing-range sequence..

fI
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APPEND)IX A

'R ROR TR ANSFO(RMATIONS

LIN4i-OF-SKItHT TRANSF~ORM

A-1. As proceued by the China Lake Naval Weapons Center, all ground plane test data were
transformed into. angular (mil) error in the, following ways:

a., Errors of the MPI. The ground miss distances were projected, using line%~ of

-ight, into the plane pcrpcndicular at the target to the line of sight (LOS). The subtended angular
svrc.',r:&on oif the LOS intercepts in this plane was the associated angular error. A diagrammatic
representationl is shownt in Figure A-1.

M IMPh1

T ITARGE1ID
FIRERE 06ECTIOtd AXIS

a -ANGULAR PITCH E RROOR OOP MWMI

__ 3 p-EPLECIION
1uOal OF MPR

PICH AXIS

-- -- T V
ITARGET) OmniR

FIGURE A-1. Line of Sight Transformation of Error df the MPI

b. Errors of impacts about the MPI. The procedure was the same aus above except
that the projecticn plane was perpendicular a! the MPI to the LOS from firer to MPI. A
diagrammatic representation is gien in Figure A-2.

I (IMPACT)

M IMPI)
DEFLECTION AXIS

FIRER

ANGULAR PITCH ERROR
uJ ABOUT WPI

-DEFLECTION ERROR
WBUMPI

PIr4CH AXIS

(IMP 1 (IMPACT)

FIGURE A-2. Line of Sight Transformation of Error About the MPI

21



A-2. In the case of pitch errors, the above procedure, called the LOS transform, is often
unsuitabi- for generalization of derived values to other attack geometries becau.is it does not
normalize over attack angle. This occurs because a straight line (the LOSi is used as the line of
projection from the ground, whereas the warhead trajectory should be the line of projection. The
normalized lover attack angle) pitch errors should therýtorc be based on subtended angles of
trajectory intercepts i, the perpendicular plane, not LOS intercepts. The corresponding angular
errors would then be in terms of deviations of trajertory quadrant elevations, not lines of sight. The
LOS transform is implicitly a technique which approximates the trajectory by the LOS. It is
adequate for processing data based on high attack angles because the LOS and trajectory intercepts
in the perpendicular plane ate close together in such cases. However, for low attack angles, suwh as
employed in Phase C of the baseline tests, the LOS transform and trajectory-transform methods
frequently give widely disp:arate values. Application, via ground projection, of LOS-transform
angular ertors at low angles allows impossibly large projected ground-miss distance because gravity
effects, implicit within a trajectory, are disregarded. However, as long as analysis is restricted to the
test-firing conditions (attack geometry, etc.) used to derive them, the LOS-transform errors, being
"equivalent" to ground errors, are meaningful.

RATIONALE FOR A TRAJECTORY-TRANSFORM TECHN!QUE

A-3. The most nearly rigorous method of converting ground-plane pitch errors into
trajectory-transform angular errors is to generate a trajectory for every miss-distance case. This is
considerably more tedious than the relatively simple trigonometric formulas defining the LOS
transform. Compounding the above is the need to use similar trajectoy generation in any on-target
effectiveness model utilizing such errors. However, examination of test data and conditions used
her,!in indicated that individual trajectory generation was generally not necessary since the
test-firing procedures usually produced a relatively homogeneous sample of attack velocities and
dive angles. In addition. the pilots generally tried to fire in a relatively stable wind condition. These A
conditions suggested the use of a single nominal trajectory over the homogeneous samples. A
further simplification was possible by straight-line approximation of a portion of the trajectory.
This enabled use of a fully trigonometric trajectory error transform. Such a simplified.
trigonometric, approximation procedure was derived and used in this report. While it could not be as
precise as individual trajectory generation, comparative results from the two procedures (some of
which are displayed later) indicate that, under certain general conditions, the two
trajectory-transform techniques are nearly equivalent.

PROCEDURE FOR A TRAJECTORY-TRANSFORM TRIGONOMETRIC APPROXIMATION

A-4. The trajectory-transform method employed herein used a single nominal trajectory for
samples of test data which were relatively homogeneous with respect to weapon system, attack
velocity, and relative wind condition at launch. The goodness of the approximation depends on the
following assumptions:

a. Thhe angular errors dealt with are generally very small.

b. The attack angles used are not extremely small.
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AIPPEND)IX A

Assumption it. ,ssentially holds Ior errors of 30 mils or less while assumpticn b. essentially limit-
applicable attack antgle.s t•o •hout 3 dlegrt.'s or larger.

A-5. The basic procedure consists of first determining the conventional LOS-transform
"angiular-pitch error and then multiplying it by an expansion factor. The product is the estimate for
the trajectory-transform angular error. Specifically, if a denotes an LOS-transform angular-pitch
error of an impact (or MPI) about a reference point (the "zero error" point), then the
"trajectory-transform error, 0, is given by:

1
O •' F tan(AT)1 )

. tan (,y)J

where -y is the line-of-sight angle from firer to the reference point and AT is the average angular

difference between the fall angle and the line-of-sight angle.

A-6. To project a trajectory-transform pitch error back onto the ground plane under a given
attack geometry, the following steps are performed in the given sequence:

tan (T) 1

where -T and -,y are as ubove but are based on the desired att'.ck geometry.

h. Using the conventional LOS transform tinder the given attack geometry. project 0'

onto the ground. The result is the ground-mis. distance associated with 0 and the givii alttck
conditions.

A-7. For very small trajectory-trdnsform angular (mil)-pitch error, 0. a quick closd-forin
approxiation for the as&ociated ground pitch-miss distance, z, is:

0 "SR
Z [,Z

sin,) "1019 .[1 ÷ Of)
tan (D)

where SR denotes attack slant range. and i and AT are defined as above.

EMPI RIC(AL CO'MPARI SON ()1: 'I'RAJI,',(ITORY:I'RANSFO'(RM 'rl•.('l INIQUII•,S

A-8. The accuracy of formula (Al) was checked against results derived from individual
trajectory generations. The latter were performed by Picatinny Arsenal, New Jersey on the

ballistic-dispersion pitch errors (03 error) from Phase B of the baseline test. In applying (AI) to the
LOS-transform errors (also computed by Picatinny), a single nominal trajectory was used because
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AI'PFNI)IX A

helicopter attack conditions were similar Over cases. In applying formnula 1A I), a further
approximation wats made by applying it to the standard deviation of LOS-transformi errors, insteaid
of computing the standard deviation of individually transformed LOS errors, which wouldI htivt
been more accurate. Comparative results ame shown in Table A-1. Results trom the two
trajectory-transform methods generally-agree within :k 5 percent. Considering the simplicity t usse
of (AI) it apprea to be a good useful approximation.

TABLE. A-I, Comparison ot the Trajectory-Transf~orm Approximation with Actual Trajectory
(sencration

RIPPLE RA .NGE TO AVG Ao BALLISTIC DISPERSION ST. DFV (mails).
SIZE MPI (m) LOS (dg

(No. pairs) ANGLE dg)LOSb TRAIJ ACTUAL
APPROXIC TRAjd

4 23734 70 4.1 3.73 7.5 7.4
1737 66 2.3 4.17 6.7 6.6
1006 67 1.05 5.74 7.3 7.4
2952 92 6.7 3.97 9.0 9_1

7 2353 71 4.1 3.59 7.27.
19M9 60 2.65 4.14 7.3 7.1
943 70 1 .0 5.06 0.3 (.

3018 80 6.95 2.92 7.4 7.0
2952 92 6.7 3.67 8.3 8.6

19 2354 71 4.1 4.09 8.2 8.3
1579 78 1.95 5.86 8.4 8.2
1045 (11 1.1 8.45 '1.1 10.9
2896 80 (1.5 4.47 10.8 1 .i
3027 89 6.95 4.26 10.1 10.6

AT (Vl~l Angle LOS Angle) combputedl for the luatemt~ltd range to MPI from a nominal tiuJov'lriry aetormined by: Mk 40)
niolnr.MI5 I wmaibiuI - 901 ktt launcher velocity - luunvh In trim.

b Computed by conjn.mlionhI method usi1i line or sight I(LOS) derivations,.

11 Tan (Avg LOS)J
d Coptdb cultrajectory generation.
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[.-APPI'tNDIX A

D)ERIVATION OF THE TRAJ ECTORY-TRA NSFORM APPROXIMATION

AAQ. Figure A-3 diagrammatically represents a trajlectory tranlsfo'rm In the perpenlivular
plane anid was used in deriving lornuila (Al1). In thq figure;

I. firvi p sli i

FC= irer alil udc
'T upoint at /ero mniss distance

(iT - pitch axis
TM =n ground-plane pitch-miss distance
FT = attack slant range

LD = plane p~erpendicular to FTj
'7 attac~angle (line of sight)
a =conventional LOS pitch error associated with TM

F

00

FIGURE A-3. Geometric Representation of the Trajectory Transfoirm of Pitch Ertor

Under assumption a. (small errors) and b. (attack angles :0 0) given tarlier, and using a rigid
trajectory, the following arg~ument holds: The trajectory-trawrorm error corresponding to miss
distance TM is denoted by 0. All angies are in radian measure.

A- 10. By the definition of traje'tory-transform error:

0 = angle subtended by TI WA)

AT + -y -angle subtended by TP + angle subtended by PI (ACI

But thle first term of (A4) is the conventional LOS pitch enlor, which is denoted by a. Also, tile

second term Is approximately tan'l ZE ft sinc ..~xxfrsml rdan) n
FT FT snetnixxfrsalx(ain) n.b

assumption a., the errors are small. Therefore, from WA), there follows:

0 PI
FT
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APPENDIX A

Distance P1 is then determined by approximating the portion of tr'joctory from I to M by a straight
line, which is valid by assumption b. Then, triangle IPM is, by assumplion a.. approximately a right
triangle. Therefore:

PI - PM - Tan (AT) WA6)

where AT is the angle formed by IM and PM. Since PM - TP/tan (7) in the figure, it follows, by
substitution in (AM) that:

PI - TP ' tan (AT)/tan (,y) (AW)

where "y is the LOS angle. Combining (A5) and (A7) yields:

TP tan (AT)
o a +- (A8)

FT tan (-y)
T1P

Then, by the same reasoning as in (AS), since a ' , it follows that:

0 - a + a tan (AT)/tan (,y) (AM)

Since AT, the angle formed by IM and PM is approximately the average difference between fall
angle and line of sight at slant ranges FT and FM, formula (A9) is equivalcat to (Al).
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APPENDIX B

STATISTICAL DATA

PILOT EXPERIENCE GROUPS

B-1. The fourteen test pilots and associated test results were partitioned into two pilot
experience groups, experienced, denoted by EXP, and nonexperienced, denoted by NONEXP.
These experience criteria are the number of rockets previously fired by each pilot. Composition of
pilot groups, associated rocket firings, and AH- G flying experience are shown in Table B-I.

TABLE B-I. Pilot Experience Groups - Phase C Baseline Test

PILOT FLYING HOURS NO. ROCKETS • I
CROUP PILOT NAME IN AH-IG PREV FIRED

EXP Broeme 1000 15,000

Johnson 1100 15,000

Evers 1800 25,000

Taylor 1600 10,000

Smithson 1200 7,000

Schrader 700 10,000

Walker 850 10,000

Yarlett 1400 25,000

Landy 1800 25.000

NONEXP Struernke 33 90

Kilker 125 200
Slocum 30 140

Nobel 40 90

Wallace 700 1,200

SAMPLE CATEGORY

B-2. Within each pilot group, the basic sample category was a single pass for a singlh pilol.
For each pilot-pass combination with at least two pairs, fired, a ripplc-to-ripple variable-bias
standard deviation (02) was computed, along with the associated MPI for thu- pass. Table 13-2 %11uws
resulting estimates for pilot-pass combinations used. Composite accuracy estimales used iti Ilhc Ilal
error budget were formed by pooling appropriate entries from this table.
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TABLE B-2. Standard Deviation (( ,) of Ripple-to-Ripple Variable-Bias (Pair Firings of 2.75-
Inch Rockets by #Af--G in Level Flight)

PILOT EXP/ PASS:' NOMINAL NUMBER (2 (I2ik)
NONEXIP RANGE (m) PAIRS Pitchb Defl Pitelib Del

Broem EXP 1 2000 4 11.40 8.45 -3.55 -5.60
2 1000 3 2.76 9.63 2.80 -10.00
3 3000 4 1.45 10.23 3.85 1.90
4 2000 4 3.43 12.78 -3.82 3.10
5 1000 4 6.03 12.04 2.42 5.37
6 3000 3 3.00 11.83 -4.37 5.07

Johnson EXP I 2000 4 2.92 15.01 7.17 -10.22
2 1000 3 4.61 13.65 7.23 -11.67
3 3000 4 1.80 7.97 2.55 .30
4 2000 4 5.16 8.04 9.12 11.10
5 1000 4 10.47 7.80 6.77 -4.65
6 3000 4 1.69 9.61 3.37 -4.12

Evers 1XP 1 2000 4 5.42 4.82 3.30 -9.07
2 1000 4 2.05 11.17 -2.57 -9.95
3 3000 3 1.77 1.74 4.00 -4.50
4 2000 4 3.18 13.21 4.62 -19.20
5 1000 4 8.51 3.04 -2.70 -2.85
6 3000 4 1.85 4.25 .60 -10.72

Taylor EXP 1 2000 2 14.49 8.70 -1.35 17.25
2 1000 4 24.34 11.21 -7.17 20.40

.100 4 13.55 3.89 -.92 5.82
6 3000 3 7.58 4.48 6.56 2.13
7 2000 4 5.22 13.95 1.47 -1.85

Smithson EXII 1 2000 4 7.26 11.06 .57 6.35
2 1000 4 16.39 3.13 -5.20 6.22
3 3000 3 3.44 5.06 -1.67 -4.10
4 2000 4 7.02 7.94 1.90 11.22
5 1000 4 14.27 5.03 4.20 -1.95
6 3000 4 2.99 6.58 -1.47 2.32

Schlrader EXIP 1 2000 4 1.44 3.76 -1.27 -1.12
2 1000 3 6.89 1.99 1.50 10.23
3 3000 4 4.50 6.88 -1.42 -4.67
4 2000 4 2.04 10.83 -3.97 -7.12
5 1000 4 8.53 4.07 1.15 -1.32
6 3000 4 1.57 10.72 -.97 -13.65

Walker EXP 1 2000 4 9.92 12.02 -5.65 -.40
2 1000 4 !0.88 10.68 -12.45 12.10
3 3000 3 3.00 6.41 -.27 3.77
4 2000 2 3.68 5.31 1.10 15.25
5 1000 4 5.54 7.56 6.32 14.52
6 3000 2 3.46 3.04 .55 4.55
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TABLl1 B-2. Standard Deviation (o,) of Ripple-to-Ripple Variable-Biis (Pair Firings of 2.75-Inch
Rockets by All-IG in Level Flight) (Contd)

PILOT EXP/ NOMINAL NUMBER a2 (mils) MEANMPI (mil•)
NONEXP PASSd RANGE (n) PAIRS P'hb b! , •,[Pith Deft Pitch, Deft

Yarlett EXP 1 2000 3 10.06 19.91 -9.77 8.83
2 1000 4 31.91 11.55 -15.30 3.57
3 3000 4 3.80 8.04 -6.15 3.15
4 2000 4 3.93 5.95 5.30 4.77
5 1000 4 7.91 21.57 2.40 1.95
6 3000 4 1.07 4.36 3.82 8.20

Landy FXP. I 2000 4 2.07 11.68 -10.37 9.72
2 1000 4 1.22 11.27 -6.20 12.55
3 3000 3 3.13 6.79 2.37 18.33
4 2000 4 5.16 5.91 1.10 5.05
5 1000 4 6.96 17.04 .65 -8.65
6 3000 4 2.53 4.65 -1.45 12.35

Wallace NONEXP 1 2000 4 4.02 10.33 5.42 -5.70
2 1000 3 9.37 6.88 8.20 13.73
3 3000 4 3.44 6.67 .45 24.92
4 2000 4 3.59 6.66 14.32 6.50I5 1000 4 3.15 11.77 7.25 20.72
6 3000 4 2.42 7.92 .05 35.55

Struemkc NONEXP 2 1000 4 17.20 8°35 -2.97 7.57
3 3000 3 1.05 5.54 -7.37 4.20
4 2000 3 13.20 6.14 2.13 15.23 5
5 1000 3 5.07 12.91 -5.50 10,13
6 3000 2 2.33 11.17 8.35 20.10

Kilker NONEXP 1 2000 2 3.68 .52 10.10 14.45 I
1000 4 7.03 6.66 9.42 17.32
3000 3 3.83 7.83 .60 22.93

4 2000 4 2.23 4.84 8.70 17.15
5 1000 3 17.14 1.43 11.57 25.93 I
6 3000 3 2.54 7.74 -4.47 16.70 i

Slocum NONEXP 1 2000 2 9.40 11.74 3.35 17.60
2 1000 4 10.52 9.35 3.70 10.47
3 3000 2 99 17.11 -4.80 -11.10
4 2000 3 .90 9.66 -1.07 8.80
5 1000 4 6.01 8.73 Al2.22 -5.65
6 3000 4 9.00 23.06 .3.80 -13.40

Nobel NONEXP I 2000 4 10.43 12.52 -3.25 29.50
2 1000 4 6.50 10.13 13.77 14.55
3 3000 3 4.35 3.85 -1.67 11.83
4 2000 4 6.96 8.05 1.72 15.55
5 1000 4 17.10 4.66 -4.22 -827
6 3000 4 5.78 6.93 -1.67 1.32

" Pastes are numbheed in order of exccution. Aborted passes md paws with only one pair fired are not tabulated.
b Pitch error are in terms of deviations of lines o stight.
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