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ABSTRACT 

A corrputational investigation was conducted to quantify the impact of maneuver and maximum speed 
performance on the combat effectiveness of current and advanced design helicopters in one-on-one engagements 
a ga; nst specific threats. A newly deve 1 oped procedure emp 1 oyi ng a stochastic 1 earning method in conjunction 
with dynamic s imul at ion of he 1 i copter flight and weapon system operation was used to derive he 1; copter 
maneuvering strategies. The derived strategies maximize either survival or kill probability and are in the 
form of a feedback control based upon threat visual or warning system cues. Maneuverability parameters 
irrpl icit in the strategy development included maximum longitudinal acceleration and deceleration~ maximum 
sustained and transient load factor turn rate at forward speed, and maximum pedal turn rate and lateral 
acceleration at hov·er. Results are presented in terms of probability of kill for all combat initial 
conditions for two air-to-air threat categories. In the first category the use of maneuverability is examined 
in a defensive role against an anti-tank guided missile (ATGM) launched by a threat helicopter. The second is 
concerned with the impact of maneuverability in both defensive and offensive roles against a gun armed 
helicopter threat. 

I. INTROOUCTION 

In the early stages of military helicopter conceptual design, there is a need for methodology to better 
quantify combat effecti'leness in terms of the major aircraft/weapon system attributes such as design maneuver 
capability and maximum speed, weapon capabi 1 i ty, pass i 'le/act i ve survi vabi 1 i ty equipment performance, detecta
bility, and threat warning. To analyze the maneuver capability contribution to combat effectiveness against 
various threats, the associated models are required to be of high fidelity in terms of the dynamical 
sil!lllation of helicopter flight and yet permit the maneuver contribution to be assessed either singly or in 
concert with the other system attributes in an equally detai 1 ed way. It is necessary for the methodo 1 ogy to 
develop an optimal probability of kill or survival solution for all relative geometries for which combat can 
be initiated. So 1 uti on optimality is important for consistent effect 1 Veness comparisons between aircraft/ 
weapon concepts and serves to minimize the effect of maneuver strategy prejudgments and other preliminary bias 
factors introduced by the analyst. 

Application of modern optimal control and differential game theory methods seems well suited to these 
problems at first sight. However, the pioneering effort of Isaacs (Ref. 1), followed by those of Breakwell and 
Merz (Ref. 2), indicate that there does not appear to be a general systematic method for solution of even some 
simply structured pursuit-evasion games. This difficulty has led applications oriented investigators (Ref. 3, 
4, 5) tcwa rd consideration of discrete game approximations which circumvent the ana lyt i ca 1 prob 1 ems of the 
continuous theory, and still offer some form of suboptimal solution in more realistic combat models. 

This paper presents a part i a 1 summary of recent computation a 1 experience gained in mi 1 itary he 1 i copter 
design applications using variations of a stochastic learning method first reported in Ref. 4. Representative 
corTputational results are presented for two important categories of one-on-one helicopter air combat: the 
first, a study of maneuver capabi 1 i ty in defending against an anti -tank guided miss i 1 e { ATGM) 1 aunched by a 
threat helicopter; the second, maneuverability employed defensively and offensively against a gun-armed threat 
helicopter. An explanation of the maneuver strategy development and effectiveness assessment methodology is 
given in both case studies. The representative results reported here limit helicopter maneuvering to constant 
altitude flight paths; solutions using variable altitude maneuvering with terrain constraints in the air-to
air gun study were not available in time for inclusion in this publication. Geographical terrain features 
have not been considered in these studies; the ground is modeled as a plane. 

The same approach has been extended to problems of land warfare, particularly armored vehicle maneuver 
effectiveness and survivability against anti-tank missile threats. Corroboration of the computer derived 
solutions for specific threat cases has been obtained in inde pendent field trials with the actual systems. 
Additional effort llllSt be dedicated to flight trial verification of the model approximations and computed 
solutions. Continued research is warranted in the application of optimal control, differential game, and the 
stochastic processes branches of applied mathematics to provide effective numerical procedures for helicopter 
combat analyses. 

2. PERFORMANCE IN AIR-TO-AIR MISSILE ,AVOIOANCE 

2.1 MISSILE THREAT 

The threat is an optically tracked, wire guided missile employing a semi-automatic command to line of 
sight guidance system. This threat was primarily designed as an anti-tank guided missile (ATGM), but has air
to-air application as well. It, is asst.med to have a 245 m/s sustainer velocity, maximum range of 4 km, and 
maximum flight time of 16.3 s. ln addition, it is assumed to have a ~ g maximum lateral maneuver capability, 
and that the launch aircraft is at co-altitude with the target. The low combat flight altitude of the target 
(dictated by detection and masking considerations) allows the survivability results to be safely extrapolated 
to ground launched cases as well. This threat is normally equipped with a shaped-charge contact fuze warhead 
for armor penetration. However, proximity fuze warheads employing expanding rod or fragment kill mechanisms 
are also indicated to be adaptable to this missile airframe, and two of these types were considered in this 
investigation. The contact fuze warhead lethality model utilizes a probability of kill, PK = 1.0 for missile 
contact anywhere on the helicopter fuselage envelope. Two proximity fuze warhead models are described in Fig. 
1. Warhead A denotes an expanding rod warhead as used in short range air-to-air missiles. Wdrhead B is the 
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largest blast/fragment warhead that can be accommodated by the missile 
configuration. The· kill effectiveness, PK, of these two warheads is given as 
distance Ron {from the target cg). The data shown represent an average of all 
aspects; however, functional dependence upon aspect is considered in the studies. 

2,2 THREAT WARNlNG AND MANEUVER STRATEGY 

airframe and 
a function of 
warhead/target 

propuls on 
detonat on 
detonat on 

Earlier investigations have postulated the need for evading aircraft to be equipped with a threat 
warning system in order to achieve a reasonable measure of survivability against missile threats. The 
aircraft in this investigation is asslJlled to employ an active radar warning system supplying relative range 
and azirruth information regarding the incoming threat. The baseline configuration for this warning receiver 
model employs 12 azimuth gates and 7 range gates from 0.25 km out to a maximum detection range of 5 km, as 
shown in Fig. 2. This configuration is indicative of the warning receiver performance levels that are 
projected for operational systems in the near future. 
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Figura 1. Warhead Lethality 

At each threat warning contingency {represented by one of the 7 x 12 = 84 range/azimuth cells), the 
aircraft is allowed a choice from a finite number of elemental maneuvers. Five elemental maneuver choices are 
shCMn in Fig. 2. The choices may be co~rised of maximum performance turns, longitudinal acceleration, 
deceleration, and a straight ahead constant speed policy. In vertical plane maneuvering studies climb and 
pushover maneuver choices would be added. An aircraft evasive maneuvering strategy is the selection of an 
elemental maneuver for each threat warning cell. An optimal strategy is a strategy which maximizes aircraft 
survivability for all launch initial conditions. 

2.3 STOCHAST[C LEARNtNG METHOD 

The stochastic learning method is comprised of two phases: a reinforcement learning phase, in which the 
optimized evasive strategy is ultimately derived, and a statistics phase. The 1 earning phase involves the 
develo!Xflent of a decision table that consists of a probabllity distribution used in the selection of an ele
mental maneuver for each warning contingency. That table is shown in its initial form at the upper right of 
Fig. 3. The column indices 1, ••• , 5 under the control caption are the five elemental maneuver choices. The 
rat~ indices, labled R, ranging from 1, ••• , 84 represent the threat warning-contingencies. Initially, the 
choice of maneuver for each contingency is governed by sampling from the equally likely discrete distribution, 
as shown. 

LEARNING l'tiASE: OITAIN OFTIMIZEO STRATEGY 

I. TRAJEC.TOIIY SIMULATION CONTROL 

RANDOM 
I. C. 

Z. STORE: SEOUENC~ !II,CI; 185,41153,21, •.•. 
OUTCOME • MIS$ 

3. MOOIFY DECISION TABLE (:> 
0413·00JP 

I 2 3 4 5 

Sl~b:.2.2.2 
n 6;5 :1::~: 

'L;:.J.::.J-"-'-=-'-=-1 

' 
" R ' 
',' 
' 

CONTROL 
I Z 3 4 5 

.16 .16 .16 .18 

.16 .16 .16 3 .16 

' 'O......L-'-1--'--' 
Fig:ure 3. Stochutic Learning: Method 

12.3-2 



A random i nit i a 1 condition for the combat is se 1 ected and both aircraft and threat trajectories 
dynamically simulated. The aircraft employs a selected maneuver within the initial contingency cell until a 
second cell is entered and another maneuver choice is made. Threats may be launched outside the range of the 
warning space. In this case, the aircraft maintains its current speed and heading until the threat first 
enters the warning space at which time the control selection process begins. This simulation process is 
continued until warhead detonation or flyby, and a kill or survival event is calculated using the probability 
of k i 11 di stri but ion derived from the warhead 1 etha 1 ity function. In the process of s imul at i ng the trajec
tories, the sequential contingency/control pairs employed by the aircraft are temporarily stored. Based upon 
the kill/survival event, the probability associated with those control choices made for each contingency are 
modified by a rei nforj:ement rule. For the survi va 1 event, the probability of employing the same e 1 ementa 1 
maneuver for each stored contingency is increased, and is decreased for the kill event. The trajectory 
simulation and table modification process is repeated over all possible threat launch range and azimuth 
initial conditions using a random selection method. Approximately 100 launches per warning cell or 8400 total 
trajectories are numerically simulated to produce a converged decision table. The 8400 trajectories require 
approximately 20 minutes CPU time on IBM 370/168 systems. 

In the statistics phase the converged decision table is fixed. Random starting conditions are then 
selected and trajectories dynamically simulated. In a manner typical of Monte Carlo approaches, the averaged 
probability of kill and missile warhead detonation distance statistics are computed for each warning (or 
launch) cell. 

2.4 ELEMENTAL MANEUVERS 

In this paper, the helicopter maneuver choices are restricted to those which maintain a low constant 
altitude. The maneuver vectorgram, labeled control set I in Fig. 4, is aimed at quantifying the impact of 
longitudinal and turn maneuver capability in constructing an effective evasive maneuvering strategy throughout 
the whole speed range from hover to maximum level flight speed. At forward speed, the helicopter can command 
maximum transient (or sustained) 1 oad factor turns, 1 abe 1 ed {1) and {S); maximum 1 ongitudi na 1 acce 1 erat ion. 
(2); or maximum longitudinal deceleration, (4); as well as maintaining the current speed and heading, (3). At 
very low forward speeds including hover, the load factor turns are replaced with maximum rate pedal turns. 
The maneuver vectorgram at the right in Fig. 4, captioned control set II, is aimed at quantifying the impact 
of lateral acceleration (sideward flight) and pedal turn capability in constructing a maneuver strategy at or 
near hover speeds only. Choices (1) and (S) represent maximum performance pedal turns; choices (2) and {4), 
maximum performance lateral accelerations; and choice {3) maintains current lateral speed at the current 
aircraft heading. Similarly. vertical or composite vertical/horizontal maneuver models can be constructed and 
investigated without change in the basic methodology. 
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Figure 4. Elemental Maneuvers 
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2.5 HELICOPTER MAXIMUM MANEUVER CAPABILITY 

Figure 5 graphica11y summarizes the sea level maximum maneuver capability data associated with the 
e 1 emental maneuver models of Fig. 4, for a conceptua 1 enhanced performance version of a current he 1; copter 
design. The maximum commanded turn capabilities shown at upper left are .employed for choices {1) and (5) in 
control sets I and II. For the case of maximtlll transient turn, the associated longitudinal transient 
deceleration is shown at the upper right. The maximum longitudinal acceleration and deceleration 
capabilities utilized for choices (2) and {4) in control set I, are given in the two lower diagrams. The 
1 at era 1 acce 1 erati on required for choices (2} and (4) of contra 1 set 1 I is given in the diagram at 1 ower 
left. These studies employ first order models for the aircraft transient response to the maximum acceleration 
and rate commands. 
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FigUre 5. Maximum Maneuver Capability 

2.6 EFFECTIVENESS OF MANEUVER PERFORMANCE 

200 

200 

The aircraft survivability or equivalently the missile kill effectiveness results (PK) for the ATGM 
threat for all launch conditions are calculated and presented in the helicopter warning space coordinate 
system for convenience. In this case the maximum effective launch .range of the threat {4 km) was less than the 
maximliTl detectable range of the warning system {5 km). (The results could also be presented in a space 
relative to the launch aircraft and would represent the effective launch envelope for that missile against an 
optimally maneuvered evader.) Threat launches were initiated from 72 of the 84 range/azimuth cells within the 
5 km maximum range in both learning and statistics phases. No launches were simulated from the 12 cells 
making up the inner range ring {range less than 0.25 km) due to severe missile guidance transients at very 
short target ranges. It should be noted that in all results presented. the attacking aircraft is assumed to 
maintain a speed equal to the initial speed of the target. and fly a pure pursuit navigation course toward the 
target during missile flyout. · 

Figure 6 shOfis the kill effectiveness of the ATGi equipped with the expanding rod type ~ar head. 
Because of left-right symmetry considerations. only half of the warning space need be shown. Four levels of 
kill effectiveness {PK) are given to simplify the presentation. The legend at lower center is employed 
throughout this section. The origin of each semicircular plot corresponds to the helicopter position at 
missile launch. and the aircraft initial heading (0°) is shown by the helicopter symbol. Head on launches 
correspond to 0° to 30° azil1llth sectors. and tail aspects launches 150° to 180°. respectively. The kill 
results are presented for four helicopter initial speed condition groups, beginning with hov~r at upper left, 
and progressing clockwise to maximum speed at the lower left. Within each of the four speed groups, the left 
semicircle. labeled nonmaneuver, represents missile kill effectiveness when the aircraft maintains its current 
speed and heading. This case is important for quantifying target speed effects without maneuver, and is 
useful for establishing baseline survivability measures without use of threat warning and optimal maneuver. 
Clearly, a scan of the nonmaneuver cases for the four initial speeds indicates improving survivability in 
1 anger range rear aspect 1 aunches with increasing speed, but at- the expense of reduced survi vabi 1i ty in the 
corresponding forward launch cases. In addiition, a small window of improving survivability for short range 
beam launch cases can be seen developing with increased speed; this is due to guidance· transients associated 
with high line of sight rate targets. The nonmaneuver cases show that speed alone {equivalent to no threat 
warning) does not provide sufficient survi vabi 1 ity against the ATGM with Warhead A. The semi circles labe 1 ed 
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Figure 6. Helicopter Survinbillty 

OPT I in each of the four speed groups quantifies the survivability improvements that can be achieved with the 
84 cell warning system, together with an optimal maneuvering strategy derived from control set I. In the four 
results labeled OPT I, the helicopter employed its maximum transient load factor turn performance for choices 
(1) and (5). One can see that survivability is still poor with combat initiated at hover, although small 
il!llrovements exist for tail launches at the 4 km range. This is due to helicopter acceleration away from the 
oncoming missile and the missile maximum range limitation. However, at higher initial speeds, optimal 
maneuvering, employing transient load factor performance can provide high survivability. The lack of 
effectiveness of control set I I (1 atera 1 acce 1 erati on and peda 1 turns) i.n constructing an optima 1 maneu11er 
strategy from hover is shown by the shaded semi -circle 1 abel ed OPT 1 I. This result, together with that for 
OPT I to the immediate left, indicate the low survivability afforded by maneuver against the ATGM with Warhead 
A at hover flight speeds. 

The sensitivity of sur11ivability of the enhanced performance helicopter to variations in ATGM warhead 
type and lethality is shown in Fig. 7. The three warhead types: contact, proximity Warhead A, and proximity 
Warhead B, have been examined at the helicopter minimum power required initial speed. \he helicopter employs 
control set I with maximl!TI transient turns for elemental maneuvers (1) and {5) in the optimal strategy 
development. The nonmaneuver and optimal survivability results for Warhead A are repeated at lower left. 

AIR TO AIR THREAT /WARHI<AD COMPARISONS 
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Figura 7. Helicopter Survivability 
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Corresponding survivability results for the contact fuzed warhead are shown upper center; those for Warhead B 
are shat~n at the lower right. The nonmaneuver results are statist; ca lly equiva 1 ent ; n a 11 cases and typify 
the sma 11 miss distances ach i evab 1 e by the missile guidance system against constant ve 1 oci ty targets. The 
he 1 i copter can be made comp 1 ete ly survi vab 1 e against the contact fuzed ATGM using optima 1 maneuvering at this 
initial aircraft speed. However, the corresponding result for Warhead B indicates that optimal maneuver would 
be co""" 1 ete ly ineffective. These results indicate the strong interplay between miss i1 e warhead 1 etha 1 i ty and 
guidance, and the need for carefully timed deployment of the aircraft 1 s maximum maneuver capability to 
generate adequate miss distances against this threat. 

Three optimal evasive trajectories from hover using maneuver set I against the contact fuzed warhead 
are shown in fig. a. The survivability results for nonmaneuver and optimal maneuver are presented at the 
upper 1 eft of the figure. For each case i 11 ustrated, only the termi na 1 portion of the miss i 1 e path and the 
entire helicopter path are shown because of scale effects. The head on case at upper right and beam aspect 
case at 1 ower right i 11 ustrate peda 1 turns immediately fo 1 1 owing 1 aunch, fo 11 owed by straight acce 1 era ted 
flight and finally, a maximum performance load factor turn near termination. The tail aspect launch at lower 
left employs only the acceleration segment followed by the load factor turn at termination. In all cases 
shewn, the aircraft maneuvers to achieve a tail aspect to present its minimal fuselage envelope dimension at 
missile flyby. Launches within 2 km cannot be made highly survivable because the missile flight time is too 
short to permit adequate forward acceleration and load factor turn maneuvers to avoid fuselage hits. 

3. PERFORMANCE IN AIR-TO-AIR GUN COMBAT 

This section concerns quantifying the impact of aircraft maneuverabi 1 i ty, gun capabi 1 i ty and ba 11 i st; c 
hardening in air-to-air visual range gun combat. Three blue (friendly) helicopter design concepts are 
separately eva 1 uated against the same red (threat) he 1 i copter. The first b 1 ue aircraft, ca 11 ed the base 1 i ne, 
is representative of a current operation a 1 attack he 1 i copter design, and the second, an advanced 1 i ght 
helicopter concept (LHX) having greater maximum maneuver capability and level flight speed. The third concept 
aircraft is a variant of the second; employing equivalent maneuverability but with improved ballistic 
hardening. 

3.1 VISUAL MODEL 

The visual model employed in the gun combat studies is displayed in Fig. 9. Each combatant is assumed 
to have a visual contact volume extending to a maximum range of visual detectability. Within this volume each 
combatant is permitted to select a maximum performance tactical maneuvering strategy for flight path control 
of the aircraft. For these studies the maximum range has been arbitrarily set at 3 km for both combatants. 
This is consistent with line of sight visual capabilities at low altitudes in typical rolling terrains. 
Aircraft size. paint/camouflage, and background contrast factors have been neglected. A helmet mounted sight 
operational tracking volume associated with a turreted gun fire control system is also considered as 
illustrated. Gun firing opportunities exist only when the target is within the tracking volume limits. 
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The maximum maneuver volume of each combatant is decofll)osed into a finite set of tactical contigencies 
by an assignment of thresholds involving the relative positions, velocities, and other observables during the 
combat. For the constant a 1 t i tude maneuvering mode 1, each combatant is assumed to measure re 1 at i ve range, 
angle off and relative heading as depicted in Fig. 10. Relative range has been divided into 5 cells from zero 
to 3 km; angle~off into eight 45° sectors from 0° around the compass to 360°; and relative heading divided 
into the four quadrants as shown in Fig. 10. These thresholds divide the maximum maneuver volume into 160 
contingencies for the constant altitude combat case. 

3.2 GUN MODEL 
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Figure 10. Maximum Maneuver Volume Thresholds 

Both blue and red aircraft are assumed to be equipped with a turreted gun with target tracking 
accomplished by a helmet mounted sight. Fire control lead prediction employing target range, range rate, 
angular rate in flight data together with specific projectile ba·llistics is considered in the armament 
simulation. Depending upon the gun and projectile, a firing opportunity requires satisfaction of the 
follCJHing: target entry into the tracking volume; a "pipper" settle time delay associated with entry; and 
target range within a prespecified maximum firing range. 

The probabi 1 i ty of k i 11 associ a ted with an N~ shot gun burst is deve 1 oped from single shot 
considerations as follows: 

SINGLE SHOT 

p 
Kss 2'11'" (TERMX · TERMY)112 l 1 [ dx

2 
dy

2 
] l 

• exp - 2 T'Efi'MX + Te'R'M'Y ~ 

2 2 Av 
e TERM X= o0 + OTX + 21T 

2 2 Av 
e TERMY ""0o +oTy+ 27r' 

e Ay GIVEN FOR SPECIFIC VIEWS 

N-SHOT BURST 

PKN = 1- (1-PK )N 
ss 

12.3-7 



In the above cr0 is t~e dispersion error of the projectile; crTX' crTY the composite target trac~ing errors in x, 
y coordinates; and Av the ballistic vulnerability of the aircraft to the threat projectile (measured in terms 
of vulnerable area). Other N-shot vulnerability models {such as the salvo fire model) have been employed in 
these studies without alteration of the basic methodology but are not reported here. In the computational 
results to follow both blue and red aircraft were assumed equipped with a 25 mn gun. The respective 
vulnerabilities of the aircraft are given in Table 1 for that threat projectile. The areas have been 
normalized by the numerical value of the vulnerable area in the side aspect for the baseline aircraft. TheN
shot burst probability of kill for each combatant is employed at each step in the trajectory numerical 
integration process to determine the termination event; kill by red, kill by blue, mutual kill, and no kill by 
either. 

Table1. Aircraft Relative Vulnerability 

~ 
T 

c FRONT SIDE REAR BOTIOM TOP 

BASELINE .18 1.0 .22 .64 .59 

LHX .25 .76 .27 .71 .72 

LHX/VR .088 .27 .096 .26 .26 

RED .24 .75 .17 .47 .77 

3.3 MANEUVER STRATEGY DEVELOPMENT 

The constant altitude maneuver strategy for both combatants employs the elemental maneuver set labled 
control set t in Fig. 4. The, associated maximllll maneuver capabilities of the blue and red aircraft are 
sllllmar1zed in Fig. 11. The transient response of all combatants to maximum commanded rates or accelerations 
is represented by a family of first order models as shown at the lower right of Fig. 11. The time constant 
associated with longitudinal commands is given by TAUPIT; load factor turn corrrnands by TAUROL; and pedal turn 
commands by TAUYAW. 
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Each combatant's maneuvering strategy is represented by a choice of an elemental maneuver for each 
contingency cell of the maxim~.~n maneuver volume shown in Fig. 9, The stochastic learning methodology is 
easily extended to the two combatant case as depicted in Fig. 12. In contrast to the single decision table 
described in the missile avoidance application of Fig. 3, a blue and red decision table are now sequentially 
modified to produce optimal maneuver strategies for both combatants. 

3.4 MANEUVER PERFORMANCE AND ARMAMENT EFFECTIVENESS 

The one-on-one gun combat problem requires that one determine the domains of combat initial conditions 
(positions, velocitie"s) for which each of the combatants has a unilateral capability in deciding the outcome 
of the combat. The corrparative size of these domains furnishes a quantitative measure of superiority of one 
system over the other. To determine these domains, the computational method is first employed with each side 
maximizing his kill probability, and secondly, with one combatant maximizing kill probability with the other 
max imi zing survivabi 1 i ty. These separate so 1 uti ons determine domains where each helicopter is best operated 
offensively, and where each should operate defensively with survivability as the main goal. Each of the 
computation a 1 results emerging from the stochastic 1 earning solution methodo 1 ogy is presented in terms of a 
discretized initial condition space centered on the blue combatant as shown in Fig. 13. The probabilities of 
k i 11 for each combatant and other important terminal statistics are computed for each di scret i zed initial 
condition region as shown. 
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Two representative computational solutions employing the initial condition polar format of Fig. 13 are 
given in Figs. 14 and 15. The optimal solution in Fig. 14 considers the case of the blue LHX aircraft in an 
unarmed defensive role against an offensive red adversary equipped with a 25 mm, 1500 spm turreted gun. This 
solution considers combat initial speeds of 87 kn (45 m/s) for both combatants with both helicopters employing 
sustained turn for their load factor turn elemental maneuver choices. The four half-polar charts (due to 
initial condition symmetry) give the probability of kill for red in terms of relative range, angle-off, and 
relative heading. The half-polar at upper right corresponds to the coincident heading case. as schematically 
represented by the B and R vectors in the small au.xillary diagram. The remaining three heading cases are 
1 nterpreted with the aid of the rotated R vector in the auxiliary diagrams. The ce 11 s of high kill probabil
ity for Red (PKR) are shaded according to the accompanying legend. The solution in Fig. 15 considers the LHX 

in the offensive role against an offensive red adversary for the same initial speed case of 87 kn (45 m/s). 
The LHX is equipped with identical turreted gun armament and fire control as the threat helicopter. The 
1 ni ti a 1 condition ce 11 s of high kill effectiveness are shown for each combatant using the PK , PK 1 egend as 
indicated. B R 

A more compact bar summary format enabling convenient combat effectiveness comparisons between 
helicopter/armament systems is shown in Fig. 16. The total of high kill and mutual kill area for both 
combatants as a percent of total area within a fixed radius of initial conditions for Fig. 15 is now plotted 
on the vertical scale at the right. The fixed radius is taken as 1.5 km representative of ranges associated 
with chance encounter i nit i ati on of he 1 i copter engagements. The data shown in the circles at top and bottom 
of the bar graph indicate the average shots/kill achieved by each combatant in the high ki 11 and mutua 1 k i 11 
areas. The per cent of total initial area dominated by each combatant is a quantitative measure of his combat 
effectiveness or air superiority. 
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Figure 15. LHX Offensive Solution, 87 kn 
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Figure 16. Bar SUmmary Format 

A comparison of combat effectiveness of the baseline and LHX aircraft including variations in ballistic 
hardening, gun mount, and shot rate characteristics is shown in Fig. 17. All solutions shown are for combat 
initiated at 87 kn (45 m/s) for both combatants with maximum sustained turn capability employed as the load 
factor turn elemental maneuver· choice. The first three bar graphs (from the left) correspond to defensive 
solutions for various blue helicopters against the offensive red adversary. The red threat employs a 25 111TI, 
1500 spm, turreted gun with ± 90 degree azimuth capability. and +21 o and -50° e 1 evat i o.n capabi 1 i ty. The 
reduction in red kill effectiveness achieved by the more maneuverable LHX and LHX with ballistic hardening can 
be compared with the Paseline aircraft. 

Bar graphs four through nine consider various blue aircraft/armament configurations in an offensive 
role aga1nst the offensive threat previously described. In the fourth case, labeled (LHX/FLEX) the LHX 
aircraft was equipped with a limited sweep (± 6° elevation and azimuth) gun mount. The composite tracking 
error standard deviation in this case was assumed to be oTX = oTY = 6 mil and the projectile dispersion a0 = 5 
mil. The gun caliber and shot rate were assumed equivalent to that employed by the threat. (Note: for all 
25 mm turreted gun applications, both blue and red, the composite tracking error was assumed to be oTX = aTY = 
20 mil and the dispersion a0 = 5 mil). The low shots/kill by blue reflects the smaller ammunition expenditure 
obtained by the assumed 6 mfl error fire control tracking error performance of a limited sweep HUD system. 
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Figure 17. Helicopter/Armament Combat Effe&:tiwnea ComparitoN 
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The fifth column corresponds to the base line helicopter equipped with the same turreted gun as the red 
adversary. The % area ratio for measuring dominance is nearly 1:1 against red. The sixth column shows the LHX 
capab11ity with the same turreted gun against the threat. The gain in combat effectiveness of the higher 
maneuverability LHX co~ared to the baseline is appreciable, but is somewhat offset by the higher ballistic 
vul nerabi 1 i ty of the LHX. Co 1 umn seven quantifies the gains a chi evab 1 e by the LHX if sup ere 1 evat ion of the 
turreted gun to +50° were permissible {rather than +21° because of rotor clearance). Bar graph eight illus
trate; the impact of ballistic hardening improvements to the turreted gun LHX. Comparison with the standard 
LHX results in column six, indicates an appreciable reduction in the kill E!ffectiveness area of red, while 
in-.>roving the % area of highest kill probability {9% improved to 27%). The last column on the right 

illustrates the high combat effectiveness achieved with a 3000 spm turret gun equipped LHX design 
incorporating ballistic harc1ening. These results illustrate the significant interdependence of 
manewerabi1ity, umament, and ballistic hardening factors for fr1endJy and threat heJ"icopters that enter the 
combat effectiveness evaluation. 

3.5 LHX MANEUVER EFFECTIVENESS 

In the design concept phase, it is often important to quantify the sensitivity of combat effectiveness 
to maneuver parameter variations on a one at a time basis while holding other aircraft and armament parameters 
fixed. As an example of this, the original sea level maximum longitudinal acceleration parameter of the LHX 
(lab.:tled LHX A in Fig. 18) was enhanced to that given by the function labeled LHX B. All other maneuver 
perf()rmance, ballistic hardening, and armament parameters were held fixed. The corresponding improvement in 
combat effectiveness for the blue offensive/red offensive case for the 87 k.n (45 m/s) initial speed is shown 
ln Fiq. 19. The bar graph on the left is the result originally obtained for the LHX turret case first 
illustrated in Fig. 17. 
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Figure 19. Sensitivity of Combat Effectiveness 

4. CONCLUSIONS 

This paper has sketched the development and application of a digital simulation technique incorporating 
optimization and game theory concepts for assessment of helicopter performance in air~to-air combat. The 
numerical experience to date suggests that a respectable amount of detail regarding the integrated use of 
maneuver, threat warning, ballistic hardening, and armament capability can be considered in design studies and 
that combat effectiveness assessments can be accomplished with reasonable computer time budgets. 

Although the results show that combat effectiveness is strongly dependent upon the integrated use of 
the above factors. a maneuver performance advantage can provide si zab 1 e g({i ns in survi vabi 1 i ty in the 
defensive role and kill effectiveness in the offensive role. The results presented here have combat maneuvers 
1 imited to constant altitude, however, similar computational models which include vertical plane maneuvering 
are currently under investigation with results available in the near future. 
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