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PREFACE

This abridged Memorandum contains the text of a paper presented
by the authors at the 19th Military Operations Research Symposium,
Fort Bliss, Texas, April 25-27, 1967. The abridged text of a compan-
ion paper by the same authors surveying methods for studying air-to-
air combat in use from World War IIL to the present is contained in

RMr5351/3—PR, December 1967.







SUMMARY

A three-dimensional, three-body computer simulation model is being
developed at The RAND Corporation for the analysis of air-to-air combat.
The characteristics of this simulation are designed to permit analysis
of close-in combat between highly maneuvering fighter aircraft armed
with missiles and/or guns. Input techniques stress the ability to ex-
amine selected portions of well-defined combat situations; the output
is designed to reveal in detail the operation and interaction of the
vehicles. Examples are discussed, resulting both from the three-dimen-
sional simulation and from simpler two-dimensional simulations that are

used in support of the larger model.
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I. INTRODUCTION

The study of air-to-air combat between fighter aircraft has re-
ceived considerable attention in the last few years, and a variety of
analytical methods have been and are being employed (Note 1). Because
of the complex nature of the problem and the need for new and better
analytical tools, a number of interested agencies have developed or
are developing detailed computer simulations of air-to-air combat.

One such effort is under way at The RAND Corporation as part of a more
general study of tactical air operations.

The characteristics of a simulation program tend to reflect di-
rectly those aspects of air-to-air combat that are being emphasized
and the nature of the results that are desired. The current program
of work on air-to-air combat at RAND focuses on the duel between two
maneuvering aircraft and particularly on that phase of fighter-versus-
fighter combat that might be described as close-in combat. We define
close-in combat as the aggressive and evasive action that occurs after
an initial engagement has begun within visual range.

Restriction of attention to close-in combat leaves a wide enough
study area to satisfy the average analyst's need for a challenging
problem. Close-in combat tends to be characterized by large and rapid
changes in altitude and speed. The limits on altitude, for practical
purposes, are from the ground up to, say, 40,000 ft, above which the
ability to maneuver or accelerate falls off rapidly. Aircraft speeds
may vary between Mach 0.5 and 2.0, although in most cases of interest
the speed will be transonic or lower, since even high-performance air-
craft tend to lose speed or to accelerate only slowly if they are ma-
neuvering near maximum lift coefficient. Maneuver-induced load fac-
tors up to aircraft structural or human physiological limitations must
be considered for manned aircraft, whereas a much larger range of val-
ues is typical of missiles. Three-dimensional maneuvers of consider-
able complexity must be taken into account in analyzing a duel between
skilled pilots. Missile maneuvexrs, on the other hand, tend to be
fairly simple and can be represented by well-behaved mathematical for-

mulations. Fortunately, the complexity and duration of sequential



maneuvers by manned aircraft tend to be limited by the combat time
available and by the large turn radii involved at high speeds. Fuel
available will generally permit the equivalent of relatively few com-
plete circles, and the combination of high separation rates and large
radii suggests that typical combat sequences may be represented by a
series of short engagements and disengagements.

The RAND study of fighter-versus-fighter combat is influenced by
these considerations and by our desire to make as explicit as possi-
ble the interaction between missile and aircraft performance parame-

ters and their over-all combat effectiveness.



II, CHARACTERISTICS OF THE THREE-DIMENSIONAL
SIMULATION PROGRAM

The approach that we are taking is to examine the processes and
events of fighter-versus-fighter duels in considerable detail. We want
to look closely at the mechanics and geometry of realistic engagements
so that we can formulate design criteria for aircraft, sensor, fire-
control, and ordnance systems that will be relevant to the combat envi-
ronment. The description required for an engagement includes such fac-
tors as the time history of range, range rate, attitude, bearing, angu-
lar rate, altitude, and load factor for each of the vehicles involved.

To obtain such a view of aerial combat we need a simulation that
portrays the motions and spatial relationships of the vehic¢cles in a way
that is realistic with regard to the kinematics of the vehicles them-
selves and with regard to the combat tactics simulated. In addition,
we need a sizable amount of data describing what is going on in the
simulated combat from the point of view of each of the vehicles. An-
other necessary property of the simulation is that it must permit wide
parametric variations in the conditions of combat and in the perfor-
mance characteristics of aircraft and missiles. The following discus-
sions of the computer simulation program that we are applying to the
study of close-in air combat does not involve details of programming
but deals instead with characteristics of the program as they relate
to the problems being examined.

A three-body, three-dimensional simulation program is being devel-
oped at RAND under the direction of Jerome H. Hutcheson for exploring a
number of tactical air problems (Note 2), We have been involved in the
design of the simulation to the extent of describing the types of prob-
lems of interest; the detail of simulation required; the form and de-
gree of detail for inputs and the variations desired; and the amount,
frequency, and detail of output desired. Continual emphasis has been
placed on the fluid nature of the study and the desirability of being
able to modify the simulation as the study progresses. Instead of try-
ing to specify, beforehand, all the properties that may ultimately be
needed in the simulation, an attempt has been made to keep the struc-

ture flexible and to adapt the simulation to the problems, rather than

vice versa.



The form of the simulation reflects the nature of the problems
that appear most interesting at this stage of the study. Three bodies
maneuvering simultaneously were felt to be essential; each of two air-
craft should be able to maneuver on the basis of the actions of the
other, and in addition one of the aircraft should be able to maneuver
in response to the actions of a missile launched from the other air-
craft.

Although the simulation is restricted to three bodies at any one
instant, the significant flight time of the missile is likely to be
short relative to the overall combat time. After a missile has flown
by (or through) the target aircraft, its flight may be terminated and
another firing of an identical missile can be made from either air-
craft, so that reattacks or counterattacks can be simulated.

No attempt is being made to include any simulation of terminal
ordnance effects in the program. Miss distances can be determined for
the missile and target considered as points. These will be signifi-
cant when comparing alternative missile designs and aircraft design
choices, but they are not intended to indicate absolute kill probabil -
ities.

The detail of the simulation is a compromise between the desire
for realism and the desire to minimize complexity and machine time.

At present, aircraft parameters are input in the form of bivariant and

trivariant tables (Note 3); for example,

Lift coefficient versus angle of attack and Mach number
Drag coefficient versus lift coefficient and Mach number
Thrust versus altitude and Mach number (military or maximum power)

Fuel flow versus altitude and Mach number (military or maximum
power)

Maximum lift coefficient versus Mach number

Maximum Mach number versus altitude

Angle of attack, roll angle, and roll rate are derived from the magni -
tude and orientation of the lift vector; however, direct control of

these angles with time lags in pitch and roll response and with maxi-
mum limits on pitch and roll rate can be included when they appear to

be critical to the problems being investigated.



The performance parameters for missiles will generally be input
using analytical approximations rather than tables. These approxima-
tions tend to be somewhat simpler than is the case for aircraft, and
the programming and execution of systematic parametric investigations
are correspondingly easier. Tracker-head gimbal limits and angular-
rate limits can be programmed explicitly when relevant. The regular
printout indicates when these limits are exceeded.

Although we will tend to be examining discrete portions of com-
bat situations, these will have sufficient duration to encompass
fairly involved maneuvers. One approach to the generation of such
maneuvers is to use a number of simple maneuvers as building blocks
and to include within the program a decision-making routine that will
combine a series of these building blocks according to a set of rules.
The approach we have taken is similar in that the basic program in-
cludes a library of simple maneuvers, but it differs in that we write
a subroutine, referred to as the '"guidance policy subroutine,'" for
each combat situation that we wish to examine. Thus, the input for
each vehicle includes not only aerodynamic and propulsion data, struc-
tural limits, etc., but a policy governing its flight. The policy
consists of a sequence of conditional instructions for each aircraft
or missile: maneuver A applies until certain conditions are satis-
fied, then maneuver B applies, Again, if certain conditions are met
(e.g., speed, altitude, flight-path angle, closure distance or closure
rate of other aircraft or missiles, angle off, or any other single or
combined condition of the three bodies), then maneuver C is called for,
and so on. In this fashion, bits and pieces of simple maneuvers are
spliced together to approximate an involved maneuvering sequence.
Missile guidance policies tend to be relatively straightforward, re-
quiring only such commands as necessary to simulate launch and un-
guided boost followed by, say, proportional nagivation.

This approach seems to be best for our purposes. We are inter-
ested in examining the behavior of aircraft and ordnance in a wide
variety of well-defined and controlled situations. We do not know
enough about the problems, at this stage, to write a general-purpose

decision-making routine that will apply over a variety of aircraft and
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ordnance types, speed and altitude regimes, and attack situations; so
we are content to determine policies case by case. Naturally, we can
run as many examples as we choose, with a given policy subroutine,

making parametric variations in vehicle performance or initial condi-

tions.
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III. A SAMPLE CASE WITH THE THREE-DIMENSIONAL PROGRAM

It is convenient to continue this discussion with reference to a
sample simulation. 1In the sample the following situation is repre-
sented: An F-104C aircraft flying at a speed of Mach 0.92 at 20,000
ft detects a bogey 8,000 ft ahead on a parallel course and about 30
deg off to the left. The bogey is flying at a speed of Mach 0.87 at
22,000 ft. The F-104 goes to afterburner power and turns onto a pur-
suit course. One second after it has achieved a pursuit course, it
fires a heat-seeking missile at the bogey and presses on in for a gun
attack. The bogey reacts, at the time of missile firing, by a hard
turn into the F-104. In this particular case the missile misses by
some 63 ft, and the bogey continues its hard turn until the F-104
overshoots at a range of 3705 ft, then reverses with a 3-g turn, seeks
a pursuit course, and fires a countershot with a similar missile, as
the F-104 climbs away. This shot misses by 29 ft.

In all these maneuvers both aircraft fly according td their input
aerodynamic and propulsion characteristics, including CLmax and struc-
tural load limits when applicable. (Our example uses F-105D data for
the bogey airplane.) The nature and severity of the various turns are
specified. For example, the bogey's evasive turn is made in such a
manner that it holds Mach number constant while pulling 5-1/2 g's, div-
ing to acquire the energy needed for the maneuver. (If it should be-
come Cp limited, it would pull as many g's as it could while holding
constant Mach number and diving.) The F-104's climb, after overshoot,
is made at constant Mach number. Overshoot, incidentally, is defined
as occurring when the acceleration commanded to maintain pursuit ex-
ceeds the capability of the aircraft to respond, because of CLmax or
structural-load-limit restrictions.

A portion of the policy subroutine for this example is reproduced
as Fig. 1. Figure 2, another portion of the policy subroutine, in-
cludes a list of the basic maneuvers that were available for inclusion
in the policy statements.

Figure 3 illustrates a typical printout page, again taken from the
example case. Print intervals may be varied but will tend to be no
greater than 1 sec. The amount and character of the data appear diag-

nostic in nature, and this is intentional for a number of reasons:



Crasassasess FIGFTER COMMANCS 433532388

[2¥aXa)

C

11¢

12C

13C

14C

19C

CC TC(116,412Cy13Cy14C),4JPCL
CCNTINUE
FIGHTER FLIES STRAIGHFT FLIGHT CN MILITARY POWER
FCR 1.5 SEC - THEN BEGINS PURSUIT.
STORE=1CO0.
IF(TIMEL.GE.1.5)G0O TC l2¢C
CALL STRFLT(1,2,2)
CC 1C 190
CCNTINUE
FIGHTER GOES CN AFTER-BURNER ANC TURNS TC GET CN
PURE PLRSUIT CCLRSE. VMISSILE IS FIRED 1 SEC
AFTER FIGHTER ACHIEVES PURSUIT CCURSE.
CALL PRSUITI(14241)
JFOL=2
IF(ARS(ACCM(1)/G-AOLT(1)/G)eLT.C.01)STCRE=TINME
IF{ABS(ACOM(1)/G-ACOUT(1)/G)elLT.C.01)JPOL=3
GC TC 190
CCNTINUE
FIGHTER CLCSES FCR GUN ATTACK UNTIL STRUCTURAL
CR CLMAX LIMITEC - THEN BREAKS CFF ANC CLIMBS.
IF(ACOM{1).GT.ASMAX(1) .OR.COLIFT(L1).EC.CLMAX{1))GC TO 140
CALL PRSUIT(1,2,1)
JFOL=12
GC 1C 190
CCNTINUE
FIGHTER CLIMBS AT CCNSTANT MACH.
IFLAG=1
CALL CLIMB2(14241)
JPOL=4
CC TC 190
CCNTINUE

Cosstss 4% TARGET COMMANES #5528 0%%3%

C
C

[aNaNaXal

[aNalNal

[aXaXal

31cC

32¢

33C

34C

39¢C

CC TC1310,32C»33C,34C),LPCL
CCNTINUE
TARGET FLIES STRAIGHT FLIGHFT CN MILITARY PCWER
UNTIL FIGHTER LAUNCHES MISSILE.
IFCILAUNCEC.2)GO TO 32C
CALL STRFLT(3,2,2)
CC T1C 3sC
CCNTINUE
TARGET GCES CN AFTER-BURNER AND MAKES EVASIVE TURN
" TC RIGHT.HOLCING MACH NC BUT LCSINC ALTITUCE AS
RECLIRED. MAX G IN TURN IS 5.5. CCNTINUES TURN
UNTIL FIGHTER BREAKS CFF ATTACK (I.E. IFLAG=1l).
IF(IFLAC.EC.1)GO TO 33C
CALL RTRN2(3,5.5,2+1)
LPOL=2
GC TC 390
CCNTINUE
TARGET BEGINS CCUNTER ATTACK WITK 3G TURN TC LEFT.
WHEN HEADING IS WITHIN 60 CEG OF FIGHTERS,
TARGEY BEGINS PURSUIT CCURSE.
IF(VI195).GE.VI(3,5))RELHEDC=VI(1,5)-V(3,5)
TF(VI345)eGT.VI1,5) IRELHED=V(345)-V(1,5)
IF(RELHED.GT.18C.C*RACIRELHED=36C. C*RAD-RELHED
IF(RELHFED.LE.6C.O0*RAC)IGO TO 340
CALL LTRN3(343.92¢1)
LPCOL=3

GC TC 13S0
CCNTINUE
WHEN TARGET HAS ACHIEVED PURSUIT COURSE AND IS

WITHIN 55 DEG CFF FIGHTERS TAIL, TARGET FIRES
MISSILE.

LFLAG=1

CALL PRSUIT(3,2,1)

LPOL=4

cC 7C 23S0

CCNTINUE

Fig. 1—Control statements for fighter and target (extract from

policy subroutine for sample case)
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MANEUVERS

PURSUIT
LEAC COLLISICN

STRAIGHT FLIGHY ~ STRT. FLIGHT PATH
IN FIXEC CIRECTICN.

STRAIGHT ANC LEVEL - ATTAINS ST.FLT.

AT CCNST. ALT.

LEFY TURN 1 -~ NO OF GS SPECIFIED.
RIGKY TURN 1 - NO CF GS SPECIFIECD.
cLIMBgl - NO CF GS SPECIFIEC.
DIVEL1L - NO CF GS SPECIFIED.
LEFT TURN 2 - HOLCS MACH NC CONSTANY.
RIGHT TURN 2 - HOLDS MACH NC CONSTANT.
cLIMg 2 - HOLDS MACH NC CONSTANTY,

LEFY TURN 3

HCLCS MACKE NC CCNST.
ANC TRIES TC HOLD
GS SPECIFIED.

HOLDS MACH NC CONST.
ANC TRIES TC HCLC
GS SPECIFIEC,

RIGHT TURN 3

LEFY TURN 4 HOLCS GS SPECIFIED
AND TRIES TC HOLC
CCONSTANT MACH NC.

HOLCS GS SPECIFIED
ANC TRIES TC HOLD

CONSTANT MACH NC.

RIGHT TURN 4

SPLIT S SPLIT S wITH SPECI-
FIED ENTRY RATE,
OIVE ANGLE, AND
PULLOUT CCNCIYICNS.

BARREL ROLL - EGLIN BARREL RCLL.

BARREL ROLL - RAND BARREL RCLL.

CAPTIVE FLIGKY - MISSILE CN FIGHTER
CR TARGET,

LAUNCH - MISSILE LAUNCH _PARAM,

PRCPORTICNAL NAvV.

BIASED PRC.NAV.,

TAERC OPTICNS FOR MANEUVER SUBRCUTINES

CALL
CALL
CALL
CaLL
caLL
caLl
CALL
CALL
CaLL
CaLL
catL

caLtL

CALL

CALL

CaLL

CALL

CALL

caLL

CALL

CALL
CaLL
CAaLL

TAERO=1 - ANALYTIC FUNCTIONS FCR CDo,CL4ALPHA

TAERO=2 - TABLE VALLES FCOR CD,CL,ALPHA
IAERO=3 - VDOT=Q

THRUST OPTIONS FOR MANEUVER SUBRCUTINES
ITHR=1 ~ A.B. (TABLES)

ITHR=2 ~ MILITARY (TABLES)

ITER=3 - A.B. THRUST=CONSTANT

ITHR=4 - MILITARY THRUST=CCNSTANT
ITHR=S - TERUST=0,0

ITHR=6 - A.B. (ANALYTIC FUNCTICON)
ITHR=7 - MILITARY (ANALYTIC FUNCTICN)

PRSUIT(ILIAERC,ITFR)
LEACCL(I,DELV,y [AERC,ITHR)
STRFLT(I,TAERC,ITHR)

STRLVLUILZIAERC,ITFRyLEVEL)

LTRNL(IGFCRC,y [IAERC, ITKR)
RTRN1(I+GFCRC, IAERC,ITFR)
CLIMBL(IGFCRC,IAERC,ITHR)
CIVEL(I,GFCRC,IAERC, ITHR)

LTRN2(I,TAERC, ITFR)
RTRN2(I,IAERC,ITHR)
CLIMB2(I,IAERC,ITHR)

LTRNI(T+GFCRCHIAERC,ITHR)

RTRN3(I+GFCRC,y IAERC, ITHR)

LTRN4{I,GFCRC, IAERC, ITHR)

RTRN4 (1 GFCRC, IAERC,ITER)

SPLITS(IRCLLLRCLRE,PKI],
OPHI1,L0T1,C72,
GFCRC,IFIN, 1AERG,
ITHR)

BRLRLLI(I,RCLLS,IRCLL,
GFCRCoRCLLRT, IAERC,
ITHR)

BRLRL2(I,RCLLSIRCLL,
GFCRC+RCLLRT, 1 AERC,
ITHR)

CAPFLTY(MODE)
LAUNCH{I 4DELV, IAERC,ITHR)

PRCNAV(IZIAERC,ITHR)
BIASPN(I,DELV. IAERC,ITHR)

Fig.2—Library of maneuvers available for use in control statements

(extract from policy subroutine for sample case)



-10-

ENYLY
31SSIn
LINS¥d

YIANINYA

Aabog je ajIsSiw payoune|
sey p01-4 Jaye 298S ¢ awl) Je ased

a|dwes 10§ ynojulid —¢ 614

d*Letl LeLet s°8 3VISSIA-1394v1
£°6el 1°93%1 s°3 Y3LHI14~139YvL
s°9Ll s°9Ll 1°0- 4314914-3TISSIN
8°01 1°6€ 13%uvi LoET~ 1°€el- 8°¢ 139uvi-3TISSIAN
5°6€- 1°22 3VISSIA 8°2 0°1 9°2- 130¥vi-4314914
L°6~ €°2Zy 4314914 s°8 s°8 1°) 3TSSIW-¥314914
(235/930) (937) INI¥vV3H HINWIZYV A373 (933)S379Nv 30018111V
Jivd 170V 170¥
686°1 Ly11°D- Tyy1°)- 33320 9112°) 13%uv1
BI¥°S6Y S¥E0°0- $860°0- 0322°) fo 0 2 Rt 31ISSIn
LI1AEA $6€0°0~ $%50°)- 0033°0 88s1°0 4314314
(233s/14) (J3S/0vy) (335/70avy¥) (23S/3vy) (2I3S/3vy)
1J3A (14d)SJ23+12041 1331 Hd CIREL B ¥VI3W0
1986°0 90°6026 *El10EE “1yesl cLzLee “89LLYl (A0 A ¢ 9351°0 0%5L°0 13%yvl
o Jo oo Rt Ec°y92¢ ‘6¥1 *€s0¢ caLL *ZLs BE*¢ BEEL®T1 . 1658°1 3TISSIA
LS16°0 65€°065 *8%991 °65201 *1092 *ZszZ1e €Lee 1%22°0 JL51°0 4314914
Xvdl)d (14057879 (31} 4HO13M (3N 1sniAL (31 9vud (aniin VHd IV a2 Lk SIIAVNAJOYIY
065°Y LOT*y- 6I2°€- 6%2°5 552°S 139dv1l
€25°9 SEJ°L~ €9%¥°2- YysH°L Lye°t 3VISSIN
90¢e°1 965°1- 031°1- El6°1 EL6°1 ¥314914
34349 ¢1d3A Z1d40H WVIO01L 1320
Wil “T13JIVCANINYA-03LDI3X3 G3INVANDD
°s *ott ceysl- °sys1 “%099 1304v1-371ISS1IA
°y *801 *Lee- °6y3 *19s8 139¥v1-¥314914
*Z- *201 *09¢€1 *96¢c1 *2861 FVISSIA-YILHOLAY
(337) (937) (335/714)31vd (23S/14) (1d)
(IONVE° I3} (IONVY*IIY) JONVECI3Y *T3IACTI3Y IONVECIY
144 Vi3HL
333°)- $83°) *8Z- “e8 *816 *e9ele *eLIL *9s 13%4v1
033°0 1222 ‘s~ °00t °00¢e2 *05L02 °686 *0822 3TISSIA
2oLt €16°) °s *5J1 11 ‘66Ld2 L5~ *olLe 4314914
*1v v *ON (330) (93] (J3s/713) ALIJIT3A (14)27 (1L3)A (14)x NOILISId
HIVAX VYA HI%A 1H1d Vi34l  3JINLINIVA
66666630°0 = IZIS d31S NIILVYIILNI 335 00J0°8 = 3dll



-11-

1. During the debugging phases of the program this amount of data
is useful in localizing problems. Because this is essentially a re-
search tool designed to treat a continually varying set of problems,
rather than a production tool to crank out answers to a large set of
similar problems, the debugging phase may never be over.

2. The output is helpful to the analyst writing both maneuver
programs and policy statements; he is able to satisfy himself that the
vehicles performed as he expected, both with respect to the final
flight path that was generated and the behavior with time of the aero-
dynamic parameters, thrust levels, etc.

3. We want to be able to understand in detail what occurs during
critical portions of a combat situation. It is important to identify
just what is controlling or limiting the performance of each vehicle
during an engagement if we are going to relate performance parameters
to overall system effectiveness.

Some of the entries in the printout are self-explanatory, but

others require definition:

X, ¥y, and z are orthogonal coordinates with the origin on the
surface of the earth and with z representing altitude

@ is the angle between the horizontal component of the velocity
vector and the x-axis (heading angle)

@ is the angle between the velocity vector and the x-y plane
(climb or dive angle)

Maneuver refers to the particular basic maneuver being called for
by the policy at the instant of the printout

OMEGAR refers to the angular rate of the line of sight

OMEGAB is é bias term added to OMEGAR for biased proportional
navigation

Elevation and azimuth are measured with respect to body-centered
axes

Bearing, the vector sum of elevation and azimuth, is measured

between the body center line and the line of sight

To readily interpret the data produced, it is usually extremely

helpful to have plots of the aircraft paths in all three projections.
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By employing the SC-4020 high-speed automatic plotting program, we are
able to subsequently generate such plots. .In addition, we can produce
a crude line-printer simulation of the plots as an immediate part of
the output of a run on the IBM 7040.

The SC-4020, designed and manufactured by General Dynamics, is a
system that reads a magnetic tape on which the data to be plotted have
been recorded, in SC-4020 instructions. The desired lines and charac-
ters are displayed on a specialized cathode-ray tube; sensitized paper
or film is exposed to the display and the results are developed.

Because of the size of the simulation program, the generation of
the SC-4020 output tape occurs after the completion of a case. During
the execution of the program, the x, y, z coordinates and maneuver of
each of the three vehicles (fighter, missile, target) are recorded on
a reserved magnetic tape for each time at which printout occurs. After
a run is completed, the program to produce the SC-4020 tape is loaded.
The coordinates, maneuver, and time data recorded on the reserve mag-
netic tape are then read and also printed. From the maximum and mini-
mum values of the coordinates, the required scale of the plots (to the
nearest 10,000 ft) is automatically determined, and the instruction to
produce the correct size grid is specified and recorded on the SC-4020
magnetic output tape.

Plots of the flight-path projections on the x-y plane, the x-z
plane, and the y-z plane are recorded as circled points connected by
straight-line segments (see Figs. 4, 5, and 6). At present we usually
plot only the fighter and target tracks, but missile tracks can also
be plotted if desired.

When the required data for producing the SC-4020 plots have been
recorded on the tape, it may be sent out to be processed by the SC-4020
system. However, in order to have an "instant replay' of the plots to
see how things look, a program has been developed which reads the
SC-4020 output tape and produces a simulation of the plots on the 1403
printer. For our use this occurs automatically after the 4020 tape has
been generated, and the simulated plots are printed along with the rest
of the output data., Figure 7 shows the plot in the x-y plane corre-

sponding to Fig. 4.
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Fig.5—SC -4020 plot for sample case: x -z plane
(hand lettering added)



-15-

>0 POSITION AT MISSILE LAUNCH
ssa00.0 [« POSITION WHEN MISSILE MISSES
25060.0 T‘4"5 m
T=0 2

TARGET

m’-‘;m o
.?;K,d "—_—% T“ 05

15600.0

FIGHTER

$0000.0

&

-30000 .8 - 5000.0

5000.0 10000.0 15000.9 20000.9

Fig.6— SC - 4020 plot for sample case: y-z plane

(hand lettering added )
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Before leaving this example, we want to make it clear that this
case is presented simply to illustrate the capabilities of the simula-
tion program and to demonstrate some aspects of its employment. No
analysis of the results has been attempted and no conclusions should
be drawn from the example. It should be pointed out that the example
does not necessarily represent optimum tactics for either vehicle.

For example, the F-104 would probably be better off in its gun-firing
pass if it executed a high-speed yo-yo instead of continually flying
pursuit. If the F-104 simply accelerates away in level flight after
breaking off its gun-firing pass, it can achieve sufficient separation
distance to deny the bogey a countershot. Also, it should be noted
that a lead-pursuit course would be required for a successful gun at-

tack, whereas in the example a pure pursuit course was flown.
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IV, SIMPLE TWO-DIMENSIONAL SIMULATIONS USED AS STUDY AIDS

A simulation program of the type we have described can be an ef-
fective research tool, but its efficient use depends on our ability to
identify interesting problem areas and to define critical situations
fairly accurately within these areas. It is not an economical tool
for a blind, shotgun approach. Simpler analytical approaches are use-
ful in this regard. Of particular interest is the use of considerably
less elegant and less realistic simulation to help define problem ar-
eas for more complete treatment. One example will be discussed| here
because it was useful not only in defining problem areas but also in
determining the preferred level of detail in the primary simulation.

Two-body simulations have been performed on the JOSS system (Note
4). JOSS refers to an open-shop computing system at RAND that Ena-
lysts use directly through remote consoles, communicating through the
use of conventional mathematical expressions and normal grammar (Notes
5 - 8). Fairly reasonable approximations in two dimensions can| be
made with relative ease; however, the example shown here will be of
the least elegant form attempted in order to illustrate more clearly
the way in which the larger simulation is complemented.

The general area of interest was the interaction between target-
aircraft maneuvering capability and overall missile responsiveness.
Aircraft and missile were described in the simplest terms possible.

The aircraft traveled at constant speed and constant altitude, fturning
at constant g-loading and reversing its turn instantaneously at| regu-
lar intervals (its flight path describes a succession of tangent circu-
lar arcs). The missile flew at constant speed, using proportional nav-
igation; it was characterized by the parameters that specify guidance
constant, maximum g-loading permitted, and overall system time con-
stant. For maximum effect the aircraft accelerations should occur ap-
proximately normal to the line of sight, so the missile was initially
positioned directly aft of the aircraft.

As the aircraft reverses course the missile lags slightly [in its
response, and if the reversal should occur just prior to impact, a

finite miss would result. Because it appeared that the timing of this
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turn reversal was probably critical, a series of runs was made with
variations in this time. The result was a nearly sinusoidal variation
in miss distance as shown in Fig. 8. (This two-dimensional simulation,
in a greatly simplified way, resembles the comprehensive simulations
that the Air Force Armament Laboratory has used to investigate target-
aircraft tactics.)

Conditions yielding a miss near maximum were then investigated,
with variations in the missile parameters occurring singly. Results
are shown in Figs. 9 through 11. Neither the magnitudes nor the shapes
can have too much significance here; not only is the model far too
crude but the simple parametric variations in the missile also alter
the optimum maneuver times for the aircraft. However, the results do
seem to indicate that parametric investigations done with a realistic
simulation should be interesting and useful. They also help suggest
areas to be looked at and the ranges of parametexrs to be tried first.

This two-dimensional model was also useful in a more direct way
in determining the desired form of the simulation. The response time
of a missile is due to a number of operations acting in series, each
contributing some degree of lag. It is not uncommon to refer to an
overall system time constant which represents some arithmetical combi-
nation of the component time constants or else results from an empiri-
cal or analytical determination of the time it takes a step input to
result in a specified output level.

Because we were interested in specifying missile performance in
the simplest terms consistent with a useful simulation, it was impor-
tant to determine if the use of such an aggregated time constant would
be acceptable. The control responses to a simple step input are sug-
gested by Fig. 12, which indicates the response of three R-C circuits
with one, two, and three components but with identical total time con-
stants. The multiple systems respond more slowly than the single sys-
tem within time intervals smaller than a single total time constant
but exceed the response of a single system for longer times.

In order to gauge this effect a little more accurately the two-
dimensional model was run with each of these equivalent control cir-

cuits operating., Figure 13 indicates the effect on miss distance when
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Fig.10—Miss distance related to maximum lateral
acceleration capability of missile
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the time lag is represented by a single contribution of 1/2 sec, two
of 1/4 sec each, and three of 1/6 sec each. The effect is marked
enough to require that the missile be described in the simulation in
terms of the major components in the system time constant. (It might
be noted that not all of these components will be "constant.')
Unsophisticated simulations like the one described here have
proven useful as a complement to the larger simulation, both in its
formative phases and in its utilization. We intend to use models
such as this and analytical studies where appropriate as continuing

efforts in parallel with the larger simulation studies.
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V. SOME POTENTIAL APPLICATIONS

While development of the methodology described in this Memorandum
continues we expect to work, concurrently, on applications to fighter
aircraft and armament design. As experience is gained in using the

simulation models, they will be used in investigating an array of prob-

lems such as the following:

o Tradeoffs between aircraft agility and armament flexibility,
in particular with respect to armament launch requirements
o The value, in maneuvering combat, of increasing the angular
coverage of sensors; in particular, the value of increased
tracking capability against close-in targets
o The performance levels required of missiles to be successful
against target aircraft with varying levels of maneuver capa-
bility
Some of these and other problem areas may yield directly to analy-
sis, indicating preferred design choices. In others that do not, the
analyses may still produce valuable insights suggesting further study
areas. As one example, the simulations may be of considerable help in
designing experimental flight tests to yield answers to problems that

lie beyond the scope of computer models.
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NOTES

Greene, Terrell E., and John H. Huntzicker, "p Survey of Methods
for Studying Air-to-Air Combat: World War II to the Present,"
presented at the 19th Military Operations Research Symposium,

April 25-27, 1967; A Survey ‘of Methods for Studying Air-to- V

Air Combat: World War IT to the Present, The Rand Corporation,

[RM-5351/3-PR, December 1967. ; B
In ad&ifiﬁﬁgfalits use for air-to-air combat analysis, the simula-
tion program has applications in surface-to-air and air-to-sur-
face studies.

Data currently in use were furnished through the cooperation of
the Air Force Armament Laboratory.

JOSS is the trademark and service mark of The RAND Corporation for
its computer program and services using that program.

Shaw, J. C., JOSS: A Designer's View of an Experimental On-Line
Computing System, The RAND Corporation, P-2922, August 1964.

Shaw, J. C., JOSS: Examples of the Use of an Experimental On-Line
Computing Service, The RAND Corporation, P-313L, April 1965.

Shaw, J. C., JOSS: Experience with an Experimental Computing Ser-
vice for Users at Remote Typewriter Consoles, The RAND Corpora-
tion, P-3149, May 1965.

Baker, C. L., JOSS: Introduction to a Helpful Assistant, The RAND
Corporation, RM-5058-PR, July 1966.
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