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ABSTRACT

To  solve  the extended  two-dimensional
pursuerfzvader problem, a strategy muost be
idendified by which an evader {such as an F- 1&C
fighter aircrafl) may mancuver o sucosssfully
evade pursuers (such o surface-to-air missiles)
launched from a wide range of poentially lethal
relative initial positions.  Uncerainty about the
type of posser  nroduces  a degree  of
complexiy that is difficult o moedel wsing
wraditional — analytic o controldheonstic
approaches. This paper  describes  dhe
implementation of a  goenetic  programming
system thal uses training populations reflecting
specific  probability  distributions 10 evalve
aptimized solutons d0 the exended o
dimensional  pursuerfevader  problem  under
conditions of wnoerainty about the type of
[pursuer.

1. Imtroddoction

The two-dimensional pursnerevader problem
{Hamalainen and Ehiamo 194900 5 a competitive
zero-sum game in which a fasier, mone agile
pursuer is given a lmited amount of dme 1o
capiure an evader s both are raveling across a
plane. The game ends Favorably for the evader il
il manages o siay ouiside the bl rodies of
the pursuer {the maximum distnoe at which a
caplure is considered o have oocumed) for the
duration of e encounter. A solution bo the bwo-
dimensional  pusuerfevader  peoblem  musi
inconpEsrale an oypebribed geategy B
maneuverning the evader in a manner thai
sucossifully escapes the pursuer, regandless of
the imitial conditions of the system.

iMoore and Carcin 19973 described a
genctic  programming (G solution 1o the
exferded  rwo-tllmensional  pursienfevader
problem (E2DPFE).  For this siudy, the sysem
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incorpsrated physical data {including mass) and
performance characieristics {such as maximum
thrust, maxinmum wming ate, fwel consumption
rate, and drag ooelficients) of an F- 16O aircrafli
evader {Lamben and Munson 1994 and various
types of Soviel swiace-w-air missile {SAM)
pursuers {Cullen and Foss [995), Each best-of-
run program was evolved using o iraining
population of purswers of a single SAM iype,
lsunched from o variety of potentially  lethal
positions. The resulting G system was capable
af evolving optimized programs that successful by
evalod clements of the iraining  population.
Subsoquent iesting against pursuers of the same
type demonsizated that the resulting best-of -ron
progams  were  also capable of evading a
significantly high percentage of pursuers from a
lar gie, represe niati ve test population.

Best-ol-nun programs opimized against one
type of pursuer generally do not  perform
optimally when tested against other types of
pursuers. This rescarch investigates the ingpaci
of wncertainty about the rype of purswer in the
EIDPE  pooblem. We are imerested in
determining o methodology  for evalving
programs that exhibit optimized pefomance
against multiphe purswer typses, by using training
populations  that  reflect  speciflic probabiling
distributions over those fypes.  The mesulis of
this investigation are summar ed in this paper.

2.0 An Owerview of the Extended Two-
Dimcnsional Porsuce Evader Problem

As shown in Figure |, E2DPE modie kb purswer I
and evader E as point masses whose molions
across a plane are controlled by thrusting Fonoss
dapplied in the direction of the veloscily veclor)
and turning Forces {applied ina direction that &
pempendicular io the velocity veclor). Boh P
and E are affecied by drag fowces and
momenium; instantnesus changes in direction
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Figure 1. The Extended Two-Dimensional Pursuer/Evader Froblem | Inital O omditionss.

ane nol possible.  Since acceleration {a), Fosoo
{F), and muss {m) ane relaed by the equation a =
Fim, the accelerstion of Por E depends on its
current miss, as well &5 the magnitude of the
applied thrusting and tuming foroes. The effecis
af these foroes depend on the curnent state {ihe
position, welecity, and accelemtion veclors) of P
of E. The maximum distance over which P
pursues E depends on the type of pursuer. P
caplures E @ soon as the distance beweon them
becomes less than a purswer-spocific  lethal
radius.

Prior w0 the start of the encounter, ihe
pursuer uses the initial stabe {position, velscily,
and scocleration) of the evader 1o prodici an
Gitfepeapr podpt. The pursuer is then launched ai
ma s imum theast inothe direction of the interozp
point IF the evader faik to maneuver, the
pursuer capluses the evader atl jor very close o)
the indercept point.  IF the evader maneuvers, the
pursuer  relies wpon  the  highly  effective
oo iioeeel sreningatowt technique {Ball [985)
i pursue the evader. Proportional navigation
causes the pursuer o acceleraie in the direction
pempendicutar 1o the line-of-sight  from  the
pursuer o the evader: the magnitude of this
accelermion & caleulated by the equation

ne=M" Y {dhidt)

where N' & a wnitless designer-chosen  gain
known as the effecrive moed garion rarie, and W,
i% the purswer-cvader closing vielocity vecior {ihe
negative mmie of change of the distnce Tom the
pursuer to the evader). The time dervative of
ihe line-of-sight angle & is knownas the Bie-of-
sight rare.  For practical guidance sysiems,
aptimal valees for W' range between 3 and 5

(Ramo and Pocket 1959 for this siudy, each
pursuer used an effective navigation ralio N' =
4.

The evader mancuvers by executing specific
combinations of thrsting and wming forces in
spacific soquences. The op ol srare gy Tor the
evader is 1o manedaver in a manner  that
ms imnizes the likelileod of evading the purswer,
regandless of the initial state of the evader and
the melative launch position of the purswer
(Zarchan 194900, MNole that by rotating the
referenc: coprdinate sysem at the launch site of
the pursuer, the inital pursserfevader line-of-
sight angle &, may be considerad constant Tor all
pursuerfevader pairs. For this reason, the only
vanables necessary b0 describe  the  initial
configuration of each confronistion ane the He-
af-sight digance between the evader and ithe
pursuer, and the velocin vecser of the evader ai
the time the pursuer is launched.

For cach pursuer type, the minimom and
maximum efective range of the purswer defines
the range of possible  initial  line-of-sight
distances.  The agoregaie lines of a specific
progam  efllecs s fness when  execoied
against each of these initial pursuer positions.
The opiimal evasion program considers ihe
curmend state of the evader and pursuer, and
ouiputs  commands that assen throsting and
twrning forces @ appropriaie momens in ooder
1o accomplish maneuvers that oplimize evader
survivability:

THRIIST - 5 the thrusting foros 1o
the specified percentage of the
evader s maximum thoost.

TURN — Apply a turning force equal o
the specified peroentage of the



evader' s maximum tuming foroe,
in a direction perpendicular o the
evader's current velocity veciorn
negaiivie valwes indicae a lefi wrn,
while pesitive values indicaie a
right tum.

3. Prior Research

{Maoore and Gearcia 1997 described a genetic
programming  § Koea 992 solution 1o the
EXIDPE problem. During each generation of the
genclic programming approach, each member of
a population of programs For maneuvering the
evaler wis irainad against each member of a
training population of pusuers. Each genciic
programming un optimized maneuvers against
a  single iype of  pursuer. Prrospenti i
mavigation was wsed byoall pursuers.  The
pursuer and evader had complete knowledge of
cach other's coment stale {relative  position,
velocily, and accelemtion). A fines funciion
wias used io qualitadively evalusie each evasion
program during & simolated  encounter;  the
aggnegaie  finess of o panicular  program
reflectad its Ainess when independently trained
against all of ithe pursuers in the training
population.  Fitness-propsoriionate reproduction,
together with crossover, was used 0 creaie each
new generation. Each run was terminated afier
a Mixed number of generations.

A whleaw for the E2DPE problem is shown
Figure 2. Canesian coordinmes wene usod 1o
represent components of position, velocily, and
accelerstion for both the evader and the pussuer.
This simple se1 of terminals proved 1o be
sufficient 1o allow the genetic poogramnning
ayslem i converge i a solution of this peoblen.
This two-dimensional pusuerievader problem
fimes the origin of the comndinate system {x = (),
y =0 at the position of the pursuer. PX and PY
thus continually  designate  the  relative
displacement Trom the purswer to the evader.

For each of the functions used by this GP
syslem, an Cargument” may  consist of any
symactically valid composition of funclions,
varahbles, and constanis thai reiwms a Noating-
point valwe in the range [-10 0 +10]

function: if the x-displacement of the evader
relative 1o the pesition of the purseer is negative,
then the first argument is evalomed:; oherwise,
the second arpumenti & evaluaied.  Function
MY is a two-argument  selection  funciion
defined in a similar manner for e -
displacement of the evader. Funetion ifD stance
i5 a threc-argument selection function: i the
curmen distanoe between the pursuer and evader
i5 kss than the percentage of the maxinuwm
pursuil distance specified by the absoluke value
af the st argument, then the second argument
i5 evaluaed; otherwise the thind argument s
evalusied. Funetions iMPX iMY, and il stance
cachremm the valoe of the evaluated argumentd.
Functions seiThmust and hardTum are single-
argument functions. Funcion seiThrust canses
the thust owipud of the evader io be sl to the
percentage of s maximom thrust specified by
its argument: for exanuple, seiThrust @009 will
sl evader throst s 90% of s maximuwm
poasible valwe, SetThrust ignones the sign of i
argument; thrust abways acls in the direction of
the cument evader selocity vector.  Function
hard Turn cavses the evader to execule a luwm
whose g-force equals the porcentage of the
maximum  allowable fuwrning  force of  the
evadenpilv system spocilied by i argument,
For example, iF the maximum tuming foree is 4
gravities {g's), then hardTorn §0.5) will cause
the evader 1o execute a 2g turn in a direction
which is perpendicular and 1o the right of the
cumen evader velscily vecton the Tunction call
hard Turn -0.5) would resuli in a 2g evader tum
i the left Both setThrust and hardTurn are
asamed 1o act nstantaneously, and both reium
the valwe of their input argumend.

The follywing example illustrales a program
that might be automatically created by the GP
system used For this project:

{iMDistanee (0.1
{ heawr d T m f s Thawst -0 T57)
§ e Tharust { hard Turn 5.9 7)

Thi program will cause the evader io thrust al
% of it maximom throest valee, and wm o
the right at 9% of s maximum lurning raie,
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Dretermine an optimized evasion srategy for the exiendad
twi-dimensional pursuerfevader problem.

PA ihe displacement in the s-direction from the pursuer 10 the evader.
Y, ihe displacement in the y-direction from the pursuer 1o the evader.

R, the ephemeral random Aoating-point constant ranging fromn - 10O do 10
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Numerpus finess cases which differ according 1o the distanoe Trom the

purswer o the evader at the start of the encounter, a5 well a5 the acute

angle between the mitial velocity vecwr of the evader and the line-of-sighi
veclor from evader 1o pursuer,

The numbser of times the distance betwesn the pursuer and evader is less

than or equal ioihe lethal envelope of the purswer.

Standardized Fitness: Same as Raw Fiiness Tor this peoblen.

Hits: The numbser of Fitness cases that resull in capiure of the evadier prios 1o the
s i pus s time of the pursuer. {The encounter is alsoteminated i
the distance between the evader and the pursaer excoads a posswer-spocific
valwe, at which time the pursuer & considened o have missed the evader )

Wrapper M

Parameters: Population Size M= 100, Maximom Nuamber of Generations G =21,

Swocess Predicate:  Naone.

Fitness Cases:

Raw Fiiness:

Figure 2. A Tableau for the Extended Two-Dimensional Pursuer/Evader Problem

uniil the pursuer has closed o within 1% of the
maximum pursuil range; it will then cause the
evader o wwm lefi at 75% of its maximuom
twrning rae, and st thost o 5% of s
s i thrust value,

Fiiness cases were identiflied by two valwes,
The Fist valwe, denoted 1. idendifies the initial
line-of-sight distane: from the pussuer 1o the
evader, IF [, and D denote the minimum
and maximum efTective launch distances Dor the
pursuer, then the initial line-of-sight distanoe d,
may b calculaied o follows:

iy = Dy + {1 {Dvree - Dy )

Dhrin and Dy depend upen the type of purswer,
The second walue, denoted K, identifies ihe

angle thai the initial velocity vecier of the
incoming evader makes with the line-of-sight
from the evader to the pursuer. Lei &y denode
this angle. If &y and & denoie the
minimum and maximum initial valoe of €, ithen
8, my b caleulated in the following manner

By =B + LK T {8, - B0

To maintain the welaive geometry ilustrated in
Figure 1| for the pursverfevader problems
addmessed by this research, B, and By
described a range of valees betwoen 1 and S0
degrees.  For this study, the magnimde of the
evader's velocity vector {its “spoad™ ) @l purswer

lauwnch time was msumed o be the same Tor all
cnopuniers. Each Miness case comresponded 10 a
apecilic combination of 1 and K.

The mesearch described in (Mopee and
Cearcia 1997 identified & metodology  for
evolving optimized evasion srmegies {in the
form of prograns) For a varietly of porsoer
el ati s We  began with  the  two-
dimensisnal problem o reduce the sequired
amount of computation as much o possible.
Inaplicit in the model described abowe is the
assumplion that the magniiude of te furning
force is independent of the welocity of ithe
evader., Additionally, limitations  on the
maxinum sustainable g-fonce of the evader wene
imposed by mesiricting  the magnitude of the
evader's luming force; the contribution of thous
i currend evader g-force wos ignored.  We alo
asaumed that the evader stalled if its gpead f2ll
bezlonw @ specifiod minimom valee, resulling in a
“kill” for the pursuer. For the purposes of this
study, all evaders were assumed o be traveling
Gilsmend flowards the pursuer) al the stan of
cach confrontation, with lead angle | = A, m
shown in Figure |, The best-of-mn poog ram
represenied an optimized e vasion echnique For a
specific type of evader and a specific iype of
JTEETT

The evader wsed in (Moore and Garcia
1997y was modeled using physical data and
performance characieristics of an F- 16C aircraf
evader. Pursuers were modeled wsing physical



data and performance charactenstics of an 5 A6,
SEA-13, or BA-15 swrface-1o-air missile {(SAM)
pursuer.  Programs were ewplved wsing a
iraining populaion consisting of a single type of
pursuer, lsunched from a variety of poentially
lethal positions. Filleen separaie raining runs
evolved bes-ofrun progams for each type of
pursuer.  As shown in Figure 3, these mns
differed in the training population of pursuers
fdescribad by 1 and Ky, as well & the random
number seod uwsed dwuring the creation and
subsequent evolution of the program population.
The bes-ofqun  programs  prodwcsd  in
Training Runs [-10 wene capable of evading
[0 % of the pursuers in the iraining poqolation,
Becouse small valwes for both 1 and K were used
in Training Runs [1-15%, presenting  these
programs with more difficult sijustions  than
cposuntered  during  Training  Runs |-,
Training Runs  11-15 mequired significantly
greater compuiaiional rescurces W oonverge 1o
an aptimized solution o the E2DPE problam .

4. Introducing Uncertainty About the
Tyvpe of Pursoer

Uncertainty introduces a degree of complexity
i the E2DPE problem that is difTicult o
medel wsing waditional analytical and contnol-
theornstic  approaches  {Shinar and  Steinberg
1977, Farchan 190, This siudy is comosmed
with determining a methodology o using
genclic programming 1o evolve programs that
exhibil optimized pafomance against unknown
of unoerain pursuer iypes. For this study, each
af the best-of-run programs evolved for a single
type of pursuer {SAM) wis subsoquently tested
against  three tesi populations. Each test
populaton consistod of 128 pursuers of a single
type (5A-0, 5A-13, or SA-15), deseribed by the
following valwes for Jand K@

Je fin L, 02, 0.3, 004, 05, 06, 0.7, 08}
Boe (0010015 02, 025,003, 0L35, 004, (.45,
0.5, 0.55, 0.6, 0.65, 0.7, 075, 0.8, 085}

The resulis of these lests ane iabulied in Figure
4. Each value represents the nomber of s ers
successfully evaded by the coorespond ing best-
af-run program.  As illusitaied by Figure 4, the
bes-ofrun programs optimized against one npse
aof pursuer generally do mod perfoom opdineal by
whentesied against other ypes of pursuers.,
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12 s GO O304, (L4505, (LA 0.7.05]
13 & FOLZ O3, 04, (45,005, (La (L7005
14 4 fOL2 05,04, (45,005, (La, (L7, 004
15 02 B2 O304, (L4505, (LA 0.7.05]

K

§ 205, 304, 40, 59

§ 205, 30, 40, 5145

{275, 304, 4%, 515

§ 20, 304, 45, 559

§ 205, 304, 40, 55

20, 30O 4 Ve 5A G0, DAL R
20, 30 4 Ve 5A G0, TR R
20, 30 44 Ve SA 6P, TR, B
200, 300, 44 Ve 5A 6, TAL RO
20, 300 4 Ve 5A G, DAL R
§ 205, 304, 40, 59

§ 205, 30, 40, 5145

{275, 304, 4%, 515

§ 20, 304, 45, 559

§ 205, 304, 40, 59

Prorgrann Vi SoAefE

Vi A= 13%

Si-0 Tea ] i 750K ) 116 {h 5D
Sh-6 Tea 2 127 {UE 24) 113 (88 3%
Sh-6 Tea 3 112{ 57 5%) 54 {db 1%

Sh-0 Tea d 127 (4R 2%) 113 (88 3%
Si-0 Tes 5 95 {T4.2%) 113 (88 345
SiA-0 Tes b 127 (SR 24D 115 (5 H5)
Sh-6Tea? 127 {UE 24) 113 (88 3%
ShA-0Tea ¥ 112 {857 5% 54 {db 1%

Sh-0 Tea Y 127 (4R 2%) 113 (88 3%

T R
v 5Al S5 Ceymhi nizcd Scome
2922 M) 241 (a2 X%)
1 1Ek {85 25 3500 U 1%
52 (4iLa%) 223 {58 1%)
112 (%7 5% 352 (9 %)
13125 221 {57 0%)
1012 M%) 44 (5 AT
1 1Ek {85 25 3500 U 1%
52 (4iLa%) 223 {58 1%)
112 (%7 5% 352 (9 %)




A6 Tea 10 127 (4R 2%) 113 (88 3%)
A6 Tea 11 125 (U7 4% 114 (5 1%
A6 Tea 12 128 MK 115 (¥ 5450
EhAef Tea 13 128 WK% L1085 S45)
Shef Tes 14 127 (% 2%) T01EH S 24%6)
A6 Tesa 15 128 WK% 112 {87 5%)
SA-13Tenl 127 (e 24) 115 (& A%
EA-13Te2 127 (4 245) 113 {88 3%)
SA-13Tes13 127 (3R 2%%) 113 (88 3%)
SA-13Tend ]25[‘%’.‘%] 113 (88 3%)
HEA-13Tes 'Hi-{':'!.ﬂﬁl 113 (88 3%)
EA-13Tenh 94 {77 3% ) 116 () 6%%)
EA-13Te? 127 (4 245) 113 {88 3%)
HA-13Te s G207 L¥E) L1085 S45)
SA1 3Ty ]25[‘%’.‘%] 113 (88 3%)
A3 T 10 G5 (74.2%) 113 (88 3%)
SA-13Test 11 ]261"!&'.4%] llﬁlﬂb.ﬁ'ﬁn
EA-13Te12 128 MK 115 (¥ 5450
SA-13Ten13 GI{T2TME)D 1200493 H45)
SA-13Ten 14 10k (51 3%) 115 (549 H45%)
SA-13Te 15 112 {857 5% 1200 {3 5%
EA-15Ten ] 125 (U7 ) 113 (88 34%)
EA-15Te 2 127 (4 245) 113 {88 3%)
HA-15Tes13 128 WK% 112 {87 5%)
HA-15Tend 128 MKF% D ]]ﬁ[‘!ﬂhﬁ'ﬂ'ﬂ
SA-15Tes 5 127 (e 24) 113 (88 3%
EA-15 T 128 IKFED 113 (88 34%)
EA-15Te? 128 1R L10H RS B4
HA-15Tes s 128 WK% 112 {87 5%)
HAC15 Ty 57 1_5-15'.“%] 110H 45 M)
SA-15 T 10 127 (e 24) 113 (88 3%
EA-15Tesn 11 ]2-]1%.'.‘%] 112 {857 5%
EA-1S5Tes112 ]2-!['!5.'.‘%] 113 {88 3%)
HA-1I5Te113 128 WK% 113 (88 3%)
SA-15Te=1 14 ]ﬂ':‘[ﬂ.ﬁ'ﬂ'ﬂ 115 (549 H45%)
SA-15Tes 15 124 1_%.'.‘%; 115 (& A%

1002 (L5 42 (HL 1D
1015 {82 (P%) 3441 80 6%)
101 {81 3%) 347 (W1
2O HY.5%) 327 {452%)
92 {TL¥E) 328 [R5 A%
1609 {45.2%:) 349 ().9%)
102 {79.7%) 344 (80 6%)
L10H RS B4 R IDL B
16k {81 3% 344 (%0 A%
112 (87 5%) 352 (9.7
29422 ME) 238 (A2 M)
2432 ME) 244 (A3 5%)
L10H RS B4 R IDL B
2315055 225 (58 6%
112 (87 5%) 351 (91 4%
23 {14805 231 (e
02 {71L.9%) 334 (57.0%)
1615 (852 %) 348 (WA
1015 (82 (M%) S1H{H2 B%)
2O {RY5%) 308 (B2
04 {T3.4%) 326 (84 94E)
1100 {85 9%%) 348 (N6%)
1610 {85 25 340 () D)
16 (52 H%) 36 (.15
TEHH {78150 344 (%9 A%
111 {86.7%:) 351 {91.4%)
114 {89.1%:;) 355 (U2.4%)
il TR 328 (45 A%
166 {52 H%) 36 (.15
2T (0805 284 (M0
111 {86.7%:) 351 {91.4%)
111 (86.7%) 348 (W) 6D
113 {88 3%) R IDL B
112 {57 5%:) 353 (9 9%)
113 {88 3% 335 (K7.2%)
1144 89.1%;) 353 {01.9%%)

Figure 4. Hesults of Testing Best-of-Bun Programs Against Different Types of Pursuers

Clearly, the mesi difficuli type of pusuer io
evade in these ests was the SA-15. Programs
traimed against SA-155 wene only 2% less
effeciive than programs opimized against SA-
35 when subsequenily tesied against a lasge
5A-13 population; and actually ouwiper formned
progams  irained  against  SA-6s,  when
subsequently  tested against a large  SA-6
population.  In conirast, programs  irained
against SA-6s and 5A- 135 generally did poody
against the SA-15 test population. 'We attribute
ithe robusiness of the 5A-15 programs io the fact
ithai the pursuers from the SA-15 iraining
population  presented & mwere  challenging
problenn for the GF sysiem 1o solve during
program  evolution. Simply pui, EIDPE
programs generally perform better during testing
when they ane evolved against more challeng ing

iraining populsiions. This observaiion brings
forward the critical question addressed by this
paper

Cee rhe awme of a rrabideg  popsdaiint
reflectng a specifie prolalaliny disreiluint
aver possilble  pierscer rvpes help evolve
programs el perform ear-optimally
digeiiasl et dorlanown oF hceriain Dvpe of
puirsie r?

T begin io answer this question, a new sel
of fifieen best-of-mun progams were eviolviad
under cond itions analogous o those describad in
iMoore and CGarcia 19971 Instead of using a
training population consisting of a single type of
pursuer, however, the new set of programs were
evolved against pursuers thai were equally likely



1o b2 an SA-6, SA-13, or 5A-15. Each of the
resulting best-of-run programs was subsequently
teged against three large, represeniative st
populations {one  for each dype of pussuer)
diescribed by seis of 1 and K valwes that wene
identical 1o those used in previous tests,.  The
resulis of these tests ane sunmarized in Figure 5.
The aggregale soores of programs  evolied
against S5A-6s, 5A-13, SA-15s, and all three
types of pursuers are fabulated in Figure 6.

5. Analysis of Test Results

The resulis this swdy demonswme tha our GF
sysiem was capable of evolving programs thai

maultiple SAM fypes.  The use of training
populations  refllecting  partcular  probabiliny
distributions over possible purswer types helped
cvplve programs that exhibited betier ag greg sie
performance than peograms evoelved against a
single type of purswer, when subsaquent]y tested
againsl large, representative test populations
reflecting similar  distributions  owver  pursuer
type. In addition, programs evolved againsi
multiple pursuer types actually  ouwt-perfomued
progams evolved against a single type of
pursuer, when subsequenty tested against thai
type of purswer. We attribute improved prog ram
performance o the increasod number and fypes
of challenges created by introducing multiple

exhibiied opimized survivability  againsi
Preygraan 5, A0 L T T vE, SALSS Loy nisel Soome
A6/ 35/15 Tisn 1 127 (2% 115 (#9545 1013 (80 5% 345 (B9 )
SA6/3575 Tea 2 126 {4 A% ) 113 (88 3%) 111 {#6.74%) 350 {415
SA6M505 Test 3 127 {245 114 5145 102 {45 343 (B3
SAGM505 Test 4 128 { M) 115 {5 5% 102 M5 345 (BU )
SA6/505 Tt 5 127 (2% 115 (8 55 102 M5 3dd (B9 6%
SA6/3575 Tt 6 127 (2% 115 (#9545 114 (59145 356{Y2.7%)
SAG505 T 7 128 { MKPE) 115 (55 1015 H20P5) 345 (W).6%)
SAGM505 Test 8 128 { M) 115 {5 5% 1015 {R2 05D 348 (AW H%E)
SAG/505 T 9 128 { 1D 115 (8 5% 102 345 345 (B0 )
S AGM5015 Test 1 128 { 1D 117 (91 A% 1018H B5 2450 354 {92 2%)
SAO3 15 Tewt 11 127 (2% 114 (59145 114 (59145 355 (U2 A%
SAGM515 Test 12 125 (. 7% 120095 545 L1H{H5 M) 355 (U2 A4%)
SAGM515Test 13 128 { M) 113 {88 3%) 112 {57 5%) 353 {9 95%)
SAGM515 Test 14 128 { 1D 113 (88 3% 100% {3 A% 349 ()15
SAGM515 Test 15 127 (2% 113 (88 3%) 114 (85145 354 {92 2%)

Figure 5. Test Results for Programs Optimized Against Al Three Pursuer Types

Provgr am Se Tenal vi. 8 A-6s
S prcygranme: 1813 (94 4%)
5A-13 proprams 17015 (B8 3%
5A=15 prograns 153 (Y555
SA-01515 programs:.  T9EN (9935 )

Tental vs. 5415
1587 (B2 M%)
1718 (3955 )
1645 (B8.2%5)
1722 (B9 M)

Tental v 5415
1293 (hT7.3%)
1230 (hd 5% )
1607 (B3,
1615 (B0 )

Agmepae Scone
4693 {31 5%)
4662 (1045
5140 {59 2%)
5244 (91 0FFD

Figure 6. Aggregate Test Hesults vs. Pursuers of Each Type

purswer types i the training popolation.

The hbest-of-un programs  evolved by
genclic programming sysiems roeguendy exhibii
optimal  {or  near-optimal)  pedomance  in
compelitive  survival environments  explicitly
reprasented by the trmining population used 1o
evidve the  program. Unfonunstely, ihe
subsequent perfommance of these programs is
aften less than optimal when situations arise that
wene sl explicidy anticipated during program

evplution.  The trmining sos wsed W optimize
evision  peograms  under  conditions  of
unceriainty about the type of purswer ineludoed
both S8A-155 fthe most challenging type of
purswer used in this stedy) and SA-Bs (whose
limited range introduced several shon-distanoc:,
small-angle Fimess cases indo the raining set,
thus presenting more challenging soenarios Ffor
the GPF system). We believe that the added
difficulty of defeating muoltiple pursuer fypes
during poogram evolution resulied in best-of -ron



programs that exhibited bedier Finess with less
brinleness  than  their  countenpans  evolved
againsl single pursuer ypes, when subsequently
tesged against large, representative psoqulations
of multiple pursoer (ypes.

6. Conclusions

The EXIDPE problem is significantly  noose
complex than other pusuerfevader problems
described in the available litersiure.  The GF
system developed For this study was capable of
automatically producing evasion programs that
exhibiied near-optimal  performance  againsi
large, reprosentative test populations comprised
aof different rvpes of pursners.  These resulis
suggest that the use of multiple types of pursuers
during program  evolution may  allow GP 1o
evilve  programs  thai  exhibit  near-optimal
perfomance in compeiilive sury ival
cnvironmens where the type of purswer (e, s
perfomance  capabilities) s wnknown oo
uncenain.  As pan of ongoing dissenation
research, the sysiem described in this paper is
bzing extended 1o investigate metods of using
G do oplimize missile countermensunes wnder
conditions of uncenainty about the srere of the
SEAM. and 1o include the wse of elecironic
countermessures such o chalf, Nares, and
Jamming. This rescarch will ultimately lead o a
GP solution o the three-dimensional missile
e e asures o zation problem.
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