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A VEHICLE TRAJECT'ORY METHOD FOR INTERCEPTING
AN ALERTED, EVADING CONTACT

1. INTRODUCTION

Various military and nonm-ilitary applications involve vehicle control systems that include
functions such as detection, tracking, classification, localization, vehicle employment (i e., contact
prediction, vehicle setting, and launch), and situation assessment (reference 1). The vehicle
employment portion often includes the computational elements for determining the vehicle
trajectory that will intercept a designated contact (evader) (reference 2), or place a vehicle
(pursuer) in the vicinity of that contact, so that its internal seeker can then operate. The intercept
trajectory has always been of primauy importance in the delivery of a vehicle to a contact, partly
because this path results in the minimum time to impact. Essential parameters associated with this
vehficle employment problem are

i. The deflection angle or gyro angle (for a situation where the pursuer is launched from a
nontrainable launcher),

2. The time to initiate seeker search (when considering vehicles with internal acquisition
and homing systems), and

34. The time to intercept the contact.

The equations that allow for the solution of this problem form the basis for the algorithms
required in the vehicle control portion of many systems. Although the equations are nonlinear,
rapid solution convergence is required when used in real-time applications. Combat control
system weapon-order generation assumes that the contact velocity states remain fixed from
vehicle launch to intercept (reference 3). Because advances in contact (evader) sensor capabilities
have made it ,,nlikely that a vehicle would remain undetected by the contact until vehicle
intercept, advanced concepts should focus on the alerted, evading contact scenario.

devet d,



2. PROBLEM DEFINITION

The general problem entails determining those parameters that are necessary for
employment of a, veh6cle on an intercept trajectori. For the acoustic torpedo employment
problem, this requires determining the straght-line trajectory that results in the laminar point of
the weapon intercepting the target. Wherein the standard approach assumes that the con tact
being pursued maintains a constant course and speed, the approach presented in this report deais
with a contact that is alerted and takes evasive action. It is presumed that infornation, with
regard to the expected alertment range of the evader, is available, and that an alertment strategy is
selected (references 2 and 4) A key aspect of this fonmulation is that alertment time is not
required to be known apriori. The main torpedo parameters to be determined include gyro
angle, alertment time, and intercept time. Other parameters such as vehicle run and enable nin
(run-to-seeker turn-on) are related and are readily computed. Provision is made to account for
both evader reaction time and dynamics. Further, this formulation enables a new, more
meaningful, error criteria to be introduced that results in the minimum computation time (number
of iterations) for particular desired placement accuracy.



3. FORMUtLA'ION/SOLUTION OF EQUATIONS

FORMULATION OF EQUATIONS

Figure 1 is an overall block diagram of the systemi being considered. Sensors obtain
intformation, such as bearing, on the contact ow" target of interest. This information is used by state
estimation techniques (extended Kalman filter, maximum likelihood estimator, etc.) to compute an
estimate of the contact's range, course, bearing, and speed. This contact state information, along
with those parameters chosen to model the contacts alertment capability and evasion strategy, are
also provided to the evading contact intercept computational unit. T'his unit contains the pursuer
evader weapon order generation (PEWOG) models that determine gyro angle, alertment time, and
intercept time; and it is this unit that is the subject of this report.

A functional representation of the evading contact intercept computational unit is shown in
figure 2. The basic elements of the unit include a contact model, a pursuer model, an alertment
model, an error unit, and a control unit.

The contact model is a mathematical description of the contact trajectory from launch to
intercept. The trajectory is segmented into two major components. The first segment is from
launch to the alertment point (see figure 3), and the prealertment estimates of contact dynamics
are used over this segment. The second segment is from alertment to intercept. Because the
contact undergoes a delayed (due to reaction time) evasion maneuver during this segment, the
propagation of its position to the intercept point is based on both pre-maneuver and post-
maneuver dynamics (i.e., evasion strategy) as well as vehicJe characteristics.

ESTIMATED Ie EVADING

F C O N T A c c
CONTACT LOCATION -b- INTERCEPT -- VEHICLE

S ON[rK)orIN COMPUTATIONAL
PARAMEW.RS UNIT

CONT AC• PARA IMETrS
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CONTACT MODEL
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Figure.2. Functional Block.Diagram cof the Evading Contact Intercept Computational Unit

Similarly, the pursuer's mathematical representation 'Is dividea into the samve two trajectory
components. Because the pu~rsuer :ýar be launched from a piatforrn without trainable tubes and at
any depthk the pursuer has to transition to a runout de-pth a.id turn to the 'intercept course. Thus,
the propagation of vehicle position over the first segment is a function of weapon settings anid
characteristics as well as launcher charactenistics. lDuring ýhe second segment, aleritmeni ýo
intercept, thle pursuer attains opt imumn search def, 'I and activates!its sensor Pursuer position Is
propagated over this segment based on weapon SAttings, chiaracteristics, and sensor parameters.

The alertmient Ifl(.iC I's actuall-N a coflS trait that is Impo~ed ol b~oth thle contact and the
Pursuer tra iectories and is a ftxnction~d reptesentatioli ot the a!-crirnent range (contact detection
capability), in termis of contact and pur suer prealertment patilamCterS. ThUS, Mt thetimelt Of
alerflnent, the range betwveen thte conllcl and pursuer haS to eqJthe ~iiftneitI range for a valid
Intercept solution to exist.

Fifos are, 'in ied betkveeri tht comin leld idef ilmerit r anIYIe iý10 the coritat.A detect ,1ion Man1,9
!hc ilcre 'AXthe Ifint ofl sight [)os~i~lII, tcoiilt atC and pmtsuet llnutiai pointi at 11ntercept, Mnd thlt
cl orw th j-s.ht ln ();i fc of' le contact cinc p ))ý !Ar 1AInn al potint at lflwf c._pf iHcsý,
er111 d~is ie Ustld by i n cou:, Polpol !1 d e clmni the nc\t set oi updates io he tcd (,()1 .t 114th
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Figure ,L Geoetrey Depicting Various Points in Vehicle Trajectories

Following the development in reference 2, the equations can be written for the contact,
pursuer, and alertment models. These equations take into account

1. A multiple speed pursuer,

2. The ability to specify a seeker turn-on distance or have one computed via specification
of an offset distance from the contact,

3, A dive/clirb segment to optimum search depth,

4. The drilf of the pursuer,

5 Contact reaction time and dynamics, and

b The situation where the cotact is inte ceý-pted in its evasive turn1

[efitrntiouIs of the varlables 14;ecd are given figunes ,la and 4b and the list 'i who1 i•,l M ] j
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Figure 4a shows the contact geometry from launch to intercept Using this diagram, the
position equations for ihe contact are written as

YXc .Scta sin(A) - Sc(fn - ta) sin(A) r 1c tos(A)- rc cos(A-0.) -- sir(A - )

- Y • -Scta cos(A) - So(!m - t,) cos(A) - i• sihrlA) r! . sin(A - 0c) - I cos(A - 0c)

where

tj i c i.1 Scatl - rc), and : Ocm,

{{ r! , ' • ( ~ l t"dand' 0Ill)
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lam~ina point intercept oc the contact, Using this diagram., the equations for the pursuer can be
written as

1'.x P P. sin(8) - P., coo() ~ ~sir(B - Bg) -rp cos(B - Bg) + rp cos[Op - (B -Bg)]

- Sp(ta - tpc) sin[Op (B - Bg) + (IDr/ 2 )(ta . p~

- Sp(t~j ta'I snflp -(B -Bg) -f Dr~ta -tpc) + (Dr'2")(td -ta)11

-Spd(te - id) in[p --(B -Bg) -+ Dr~ta - ±p) D,(td -ta) + (IY/2 )tt td)]

Sps(ti-t() Sý'nf , (B Hg) Ii D ta tp I~ ~ t Aa 1) ~~( d /2)(t1  t~)

i I aaO ~Ug PC~. rt - ta ')( U4(te -tdI'(~

Ld sM10) (1 - -g) Dot - iclý Dv~o 11" ýDI~e -td) t [ ltl..



=y Pc cOs(.B) + Pn irB + R. cos(B -Bg) +- r1p sin(B - Bg) 4- rp sin[Op-(B - Bg)]

± S ~t~-. t) csIp - (B - Bg) + (Dr/2 )(ta - tpe)]

+ Sp(td -t.) cos[Op -(B - Bg) 4- Dr(ta - ±p) (Dr/2 )(td -ta)]

+ S pd(te td) cos[90 - (B3 - Bg) +- Dr(ta -tpc) + Dr(td -"ta) + (DI712 )(te - td)]

+ Sps(ti - te) cos[Op - (B -Bg) + Dr(ta -tpc) + Dr~td -ti,) + D7'(te -td) +- (1)1 /2)(ti - tov)]

+ La COSlIOp -(B -Bg) + Dr(ta -tpc) + Dr(td - ta) + Dr(te -td) + Dr(ti- te)] (4)

Aleriment Model

The alertment model constrains the rangf- between the contact and pursuer- to be equal to
the contact detection range at alertment. Using the prealertment contact and pursuer across and
along the line-of-sight components, the constraint equation is expressed as

Ra 2 = (p 0 sin(B) - Pn cos(B) +- Rg sin(B - Bg) - rp cos(B - Bg) + [p coshiOp - (B --.Bg)]

- Sp(ta -tpc) sin[Op - (B - Bg) 4- (DrI2 )(ta - tpc)A + Scta sin(A) ) 2

+(Rc - Scta cos(A) -* (PO cos(B) -+ Pn sin(B) + Rg cos(B - Bg) +- r~ sin(B - Bg)

* r,, sin[Op - (B - Bg)] + Sp(ta-tpc,) cos4O. - (B, Bg) + (DrI2 )(ta - tpC)j )) 2  (5)

Error Model

The positional. errors are generated f-rom the contact and pur-suer across and along the line-
of-sight errors at intercept.. Equaiing compoacents yields

vXC XXP, or

-Scta sin(A) -Sc(tnm - ý sin(A) 4 ic cos(A) - r. co~sfA - 00) - Ln sin(A, 00

I~( sn(1) ~Cos(43) + R gsin(B*- hig) r* [ cos(B - Hg) f t-p cosIO11 - (ti - Big)]

-pt" sl)Op (B - Bg) + (D 112")o

__d t



Spd(te - td) siflhOp - (.B - Hg) ± (Dr/2)(jte 4ý td - 2tp0 )]

sp.~i- te) si4[Op - (B - g) + (DrI2 )(ti ± te - 2 tp(,i La s~i'tOp - (B .Bg) -t Dr~ti - tprfl, (6)

and R ~ ,,p

Rc-Seta cos(A) - Sc(t 1  +)csA r i()- rc sin(A - 0)- Lm cos(A - c

= P0 co4(B) + P. sin(B) + R,~ cos(B - B)4- r- sin(.B, BHg) + Fp sin[%0 - (B - Hg)]

+S Sp(ta - tpc) COSlIOp - (B3 -Hg) + (Di.I2 )(ta - p)

"+ Sp~td - ta) cos[Op - (B - Bg) ± (Dr/2 )(td -Fta -2tpc)]

"+ Spd(te - td) cos[Op - (B - Hg) + (D1/2)(te + td -2tpc3]

+ S 3 (it)csO (B - Hg) -4- (Dg/2)(ti + te - 2tpc3] + La coshlOp - (B - Bg) + Dr~ti - tpc3]. (7)

Using the relationships of table 1 in equations (6) and (74, flu! positional error- equations are,

Lxi-L c-rpcosQ1 i) + rc cos(A - 03) + S5 4d sin(A) ± Lm sin(A -. -0 rpcs((-

-P Spta - [Rgb, + p (0 p)]'8 pt} Sifl(&fp - B, + (Dr/2 ){ta - [J~g +p(A/W

-p(te - ta - Ld/Spd) sirK0p -HBI + (.D&,2 )(ta ± te -Ld/Spd - 2 U(Rg + r(p]St)

-Ld sin(Op- 3 + (Dr'12 )(2 te - LU/Sd - 2{f!iRg -4 rp(0p).i/S~t)

-Sp 5 (ti - tr)sn0,-B D' 2 (i±t {ig4

La sinQ( O + Dr/t2t[([Rg +- rp(Op)]/St1) 0.(8

,-,Ir - L-ye -+ ]fp sin(81) - r. sin(A - Oc) 4-Scta cos(A) f I.,, cos(A- Oc 0 + r sin](0~ . B1

8 p tA1 rp)(Opfl/.SptlS (B3j) (DJ2.) tj/ - I1R1; p()I'Sr)

c ta - Ld/Spi9 cosWbp 13, ()/)t 2I~ ~ 0 )IS

1.6~~~~~(' WSAn. h () V [(I.prt ~g



A- Sps(ti te) cos'Op -. ,8 (D '2)(t 1 + te- 2!IRg 4- rp(Op)/Spti})

"p -acsO Bi + Dr~ti -IR' + , rOP)/Spt1))= 0 (9)

In equations (8) and (9) when Lst 0 is Selected,

te --(LS to -Ld)/Sp + Ld/Spd ,

and when L~t. is not selected,

te = ti - LOY'Sps .

Substitutinig the re'ationships of table I in equalion (5) yields the alertment range error equation,

(LXX rp COSjB 1) + r p cos(Op - BI

-Sp(ta - [Rjý + rp(Op)]/Spt) sin(Op B, + (Dr/ 2 )(a - [Rg A-+ (p)/p)

"FScta sin(A))Y + [Rc Scta cos(A) -(Ly,. + rp Sin(B) + rp sin(O~ 1

+S Sp(ta- [Rg trp(OpYI/Spt} cOsK0p- 81 "F (Dr/ 2){ta [Rl A-i-rp(Op)]ISnt}))I -. a= 0. (10)

7 abik 1. Sy-mbols Defined

Symvjbol Definition___

B, (B -Bg)
B2  (LO/Sp 5 + Ld/Sp~d)

L-X.7 Po) sin(B) - Pn cos(B) + Rg9 sin(B -, Bg)
LYC RC- rc sin(A) - Sc(tst) cos(A)

J'yr PO cos(13) + Pn sindi) + Rg9 Cos(13 -.

IC-td (Ld)ISpd
ti IT t tst

411C~ [A Ist (Ofp/I
tpc RgI/Sp(Jp)/ij

tscrh' l ps~

12



Control Model

The errors in equations (8), (9), and (10) are used to generate the control updates required
to converge to an intercept solution. The derivation of the control is given in the next section.

SOLUTION OF EQUATIONS

The solution of equations (8) through (10) is now addressed (references 2 and 5). The
equations are transcendental in nature and do not lend them:;elves to solutions in closed form. A
numerical solution that exhibits rapid convergence characteristics and accurate estimates is
required.

Expressing equations (8), (9), and (10) as general fiuctions of the problem unknowns and
performing a Taylor series expansion yields

e(tati,op) = e(taitii,opi) + hae/Atali + jcae/c-tk;i + kW'ei3pli +. 0, (11)

f(ta,ti,Op) = f(taitii,0pi) + hff/aali + jif/ctiti + kftYta9pli +...- 0, (12)

g(ta,ti,OP) g(tai,tii,Opi) + hag/aali +*JgiaWtji "• kag/00pji . 0, (13)

where

ae/0thaii = ae/0talta.7-ai, ti---tii, Op----pi,

and
ta = tai + h, ti = tii +j, 0 p = OPi + k.

Neglecting the higher order terms, the solution of this linear set of equations is expressed as

h [C22(gir'13 eiC33) + C23(eIC32 - gl.! 2) -4 fi(03312 -'I3C32)]/A (14)

j = '(C 31C I1 -3 - I C33) 4 C22;(g;C i I - eiC3; ) 1- C21 (ei(C33 - giC I 3}/A, (15)

k .C22(iC31 g&C L0+ fi((32C I -C!2C31).1 C2.1 (gi{.12 - e-C32)J/A (16)

aiUd

A (: '1 •(C ;2{'-Y- 2 4••( ) ÷- (121`2( A {3 1 • 1),(" :2, 1) 1• 1 { 2 ' 1( 2 +,: 22• (17)

wicw c-1, f' [, anrd gi, are: givenu hv eqc::uV -ýi (8), 10 )) {., ,,esf)Ce Uively. ... .

!~
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The partial derivatives are

Cl I I5-c~ta = rc(aoj/ata) sin(A - O)+ Sc sin(A)

-Lm(a
3Oc/o-la) cos(A -Oc) + (()Lm/ata) sin(A - c

-Sp(ta4[Rg + rp(6p)]/Spt)(DrI2) cos(Op - B i + (Dr/2){ta - Ii~g + rp(OP)JSPt})

-Sp, sin(Op - B I + (Dr/2 ) (ta 4kRg + rp(Op)]/Spt})

Sp(te -ta -Ld/Spd)(DrI2) cos(Op B I + (DE/2)(ta + te - Ld/Spd - 2 {([Rg + rp(Op')]/Sptl)))

+ SP sin(Op -B I + (Dr/2 )(ta + te - Ld/Spd - 2 ([Rg + rp(Op)]/SptD)). (18)

C 12 &/ýi =rcl(8Oc/at sin(A -O)-Lm(aOc/Oti) cos(A - O)+ ()L1 n/Glti) sin(A - c

- Sps(ti - te)(Dr/2 )(I + ate/Oti) cos(O P - BI + (D,1 2)(ti + te - 2 {[Rg +- rp(Op)]/Spt})))

-Sps(1 01e/&tj) sin(Op Di +4 (DrJ2){ti + te - 2 [Rg + rp(Op)I/Spt})

-La(Dr) cOS(OP - B I + (Dr)(ti - {[Rg + rp(Op)]/Spt)))

Sp(te -ta - LdISpd)(Dil2)(&teliti)

0 CO(OP- B~ I (.Dr/ 2 )(ta + te - Ld/Spd - 2{IiRg +rp(Op.)]/Slt})))

- Sp(ate/ati) sin(Op B- 13± (Dr/2 )(ta + tv Ld/Spd 2 {t[Rg + r,)(OP)i/Sptl),)

-Ld(Dr)Qte/i~ti cOs(O)p BI(i (t4 e - Ld/Spd -'2rg±rp(Op)J/Spt})') (

(13 4-Oci p z sifl(O p -, B)

Sp(ta - [Rg 4 rp(O,)]/S,,1)(l Drrp/2 Sp~t) cosý'OJ) B (1 r1/2 ) ta -1Ikg + pOj/jt'

f spr1 IS, '0 BIlO UI t(Dj./)t 1 !Rg f r (0
IA p- P ~~ 5



*cos(e~p - B I + (DrI2 )(ta + te- Ld/Spd -2{(17Rg + -(pI~t)

-Ld(t - DrrplSpt) cos(,3p - Bi I (Dr/2.)(2 te - Ld/Sp~l - 2{iIN + rp(Op)I/Spt})))

Sps(ti te)(I -Drrp/Spt) cos(Op -13- + (Dr/2)(ti + te - 2[g+ rp(O)p)]/Spt})))

La(l - DrrplSpt) cos(Op -B I + (Dr)(ti -{IRg + ± (p]St) (20)

C2 1 a3fl = rc(DOc/ota) cos(A - 0) 4- Sc cos(A)

+ Lln(8 (c/&a) sin(A - -$) (aLin/ota) cos(A - c

-S pta --[Rg + rp(Op)]/Spt)(Dr/2) sifl(O p - B I + (Dr/2){fta - [Rg + rp(Op)]/Spt})

+ SPp cos(Op - Bi ± (Di42 ){ta -[Rg ± rp(Op)]/Spt})

-S Sp(te - ta - Ld/Spd)(Di.2) sin(O p - Bi1 4- (D~l,2 )(ta + te -Ld/Spd - 2 {[Rg + r,(Op)]/Spt})))

-Sp cCs(Op - Bj I± (DrI 2 )(ta te - Ld/Spd - 2 11 Rg + rp(Op)1/Spti) (21)

C22 of/Ofti r.,(a-Oc/I-t) cos(.A - O)+ Lm(aoc/&ti-) sin(A .- Oc) + (aLm/Oti) cos(A - c

-sps(ti - te)(IDr/2)(1 + at./Oti) sin(op -B I + (Dr!2)(ti + te - 2 [g+ rp(Op)]/Spt~)))

+~~~~ S-( Bt/ai Io(O +i (Dr/2)Kti 4- te - A
2 [R-g, + rp(Or)I/Spt;)

-La(Dr-) sin(O p - Bi I± (Dr)Kt] - {IIRg + t P(Op)i/St1)))

Sp(te -ta -Ld/Spd)(Dr/2)U)iAj,/li) sl~n(0 p 13

+(Dl'I2)"t ~ -t dS 2 ý [R8 rp~,(O)J/St

a -l,- l~/pdp

i~d( D r )((-k(O 'B~ I ~i (L I/-) U)2! TP (22)



C23 -- fdoO = irp cos(Op - 13 )

-Sp~ta, - [Rg -+ rp(Op)]/Spt}(l -Drrp/2Spt) sio(Op .- Bi + (DrI2 ){ta - [Rg + rp(Op)]/Spt})

- (S rp/Spt) cos(Op - B I + (Dr 12 ){ftar - [Rg + rp(Op)Ip.1>S~et dSd( D rrp~

*sin(op B I + (Dr!2)Kta -t2 (dSp - {Rg + r~p{op)]/SptD)

-Ld(1 - Drr plSpt) sin(o p - B± (Dr/2 )(2 te - Ld/Spd - 2 [g+ rp(Op)]/Spt})))

-Sps(ti - te)(1 -Drrp/Spt) sin(Op BI + (Dr/2 )(ti ± te - 2 ffRg + rp(Op)I/SptJ))

-La(i - D~rrplSpt) sin(o p -B I + (Dr)(ti - {IiRg + rp(O p)]/Spt})) (23)

C31 =aglata =2 (PARI ) [Sp (ta -[Rg + rp(Olp)]/Spt) (Dr/2)

*COS(@ p Di B± (Dr/2 ){ta -f IN + rp(O)p)]/Spt})

-Sp sifl(Op 13B1 + (Dr'2 ) Ita - ERg + rp(Op)]/Spt}) + Sc sin(A)]

+ 2{PAR2}L[,Sc cos(A) -(ý- Sp~ta [Rg + rp(Op)]/Spt}(Dý/2)

* sin(O p - B I + (Dr/2 ){ ta, [Rg + rpQ3()i/Sp}))

+ Sp cos(Op - Bj I± (D, 12 ) fta. - [R~g + rp(Op)]!Spt)] (24)

C32 =~ og/at, 0. (25)

(:33-ohk =2(PARI }(- rp sif(Op 13j)

Spta - [Rg frp(0J))]/Spt)(I- Dri pI2 Spt) cosK0, - BII (Dr/2 )jta. 1kg 1 rp(pp)]/Spt 0

SPrIP po SM1(IOp " 1311f (1)rJ2)( taj 9 - Pgr(J)/1 t2 A2I~pCst~

sp{ ta - r1)(O1, /Spt) 0 -1.1 1 -r'p'S,'t ) sinK() 1 fl (L)r/2) J1, Rv [ f (01)p)I'/'Sl)t))

(pi . oO)P it1 (i) 1 021t. F4 1o)



where

PAR I [Lxr - rp cos(B 1) + rp coS(Op - Bi)

- Sp ta - [Rg + rp(0p)]/Spt} sin(Op- BI+(Dr/2 ){ta [Rg + rp(Op)]/Spt)) + Scta sin(A)]

PAR2 [Rc - Scta cos(A) - {Lyr + rp sin(Bl) + rp sin(Op - Bi)

+ Sp{ta- ERg + rp(Op)]i/Spt} cos(Op -BI + (Dr/2 )(ta - [Rg + rp(Op)]/Spt}, }]

and for

ti>tmc: Lm = Sca(ti - ta - tst - Rc(Ocrt)/Sct); Lm/0ta = -Sea, and 0c/lata = 0,

ti • tmc: Lm = 0; 5 Lrn/ata = 0, and 0c/&ta= -0cdot,

and when Lsto is selected

te = (Lsto - Ld)/Sp + Ld/Spd; )&Sti = 0

and when Lsto is not selected

te = ti - Lo/Sps.; i&ti = 1.

Figure 5 is a flowchart of the PEWOG algorithm used to determine the estimates for gyro,
alertment time, and intercept time for an evading target scenario. Three logic conditions are
included in this block diagram. The first decision point addresses the change in the computations
dependent on whether the contact is intercepted in or after completion of the turning maneuver.
The second decision point accounts for whether the seeker turn-on (STO) distance is specified or
computed based on a seeker offset distance relative to the pursuer position at inte:cept. The third
decision point determines if the computations have converged sufficiently ttc satisfy specified
criteria.
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4. RESULTS

Figure 6 is a generic geometry for t1:e pursuer/tvader problem in which the key problem
parameters are indicated. The parameters for each run are specified in table 2 and were used by
the PEWOG algorithm to cnmpute a gyro angle, alertment time, and intercept time, as given in
table 3. The pursuer vehicle is then launched, in the simulation, and uses the computed gyro angle
to establish its course. The simulation continues to propagate all vehicle models until the
specified alertment range is reached. At this tinme, the contact executes its evasion maneuver,
taking into account the reaction time and contact dyramnics specified. Al vehicle modeis continue
to be propagated until intercept. The resulting along and across the track errors are given in tabie
3. Figures 7 through 12 are the trajectory plots corresponding to the geometties/solutions given
in tables 2 and 3.
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Table 2. Run Parameters

B A Ra STO STO
Run #(deg) (deg) Ocm ScaSc (kyd) Sp/Sc Spd/Sc Sps/,5 c Mode Value

-90 90 -- 1 4.0 3.1 2.7 2.3 Yes -1000
-90 90 -180 2 4.0 3.1 2.7 2.3 Yes -1000

3 -90 -90 J80 2 4.0 2.3 2.0 2.3 Yes -1000
4 -90 90 -180 2 3.7 3T1 2.7 2.3 Yes -1000
5 90 90 45 2 4,8 3 6 3.3 3.1 No 700

166 90 45 2 4.5 3.6 3.3 31 Yes -2000
Rc = 10,000 yards (Runs #1 through #4); Rc = 5000 yards (Runs #5 and #6), La = 1000 yards,
rc = 80 yards, rp = 128 yards, Sct = Sc, Spt = Sp, I = 4.3(10)- 3 deg/sec (all runs)
Note: Run #1 is a contact nonmaneuver case.

Table 3. Sohltion Pararneters

CornIputer Paratneters Error
GRro ta ti el ecK 1 -ro } 20,.;.6 324. 7 0. 24 0 01I

2- 73.2 20)3.6 32,0. 3 0) 64 0. 06
-9(5) 3.2 -0 53 0 01

4 -66 9 j 2 ! 57 3(6€ I 0.0 12

510>1. l5 1s 5 Oe• 001
I___ 17 0 3 j20.(. 0 1290 ) ) i3 (j 005 _

sptccliicdI i tai.le 2, are sri i inanzed as tlo•'
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2. Run #2 uses the same initial problem geometry as Run #1; however, when the pursuing
vehicle closes to 4000 yards from the contact, alertment occurs and an evasive maneuver is
executed, i.e., a 1800 change in directi3n and an increase in speed. The gyro angle computed for
Run #2 is larger in amplitude than that of Run #1, reflecting the requirement to intercept a contact
moving in the opposite direction from its initial course (or the course of Run # 1).

3. In Run #3 the contact portion of the geometry is a mirror image of Run #2. This
demonstrates the ability of the algorithm to compute an intercept solution in a different quadrant
of the x-y trajectory plane and for a contact with a positive versus negative turn rate, as used in
Run #2. Slower pursuer speed parameters were also selected for both the pre-enable and dive
portions of the Run #3 pursuer trajectory.

4. Run #4 shows the ability of the model to compute a solution when the point of intercept
cccurs during the contact evasion turn. The geometry is the same as that of Run #2; however, the
alertment range is reduced. This allows the pursuer to get closer to the contact prior to alertment,
thereby, resulting in the contact having insufficient time to complete its evasive maneuver before
intercept occurs. Comparison of the computed gyro angle for this run with that of Run #1
(nonmaneuvering case) reveals a small difference, as would be expected.

5. The PEWOG algorithm has two modes of operation to determine the weapon seeker
turn-on (STO) run distance. Run #5 shows the determination of contact intercept solutions when
a STO value is selected as opposed to being computed based on an offset distatice ironm the
predicted evading contact's intercept point (as was the case fbr all other runs). In addition, for
Run #5, the initial contact range at launch, a'ertment range, weapon speeds, and launcher tube
.(starboard) were selected to be different than those of the previous runs.

6. Run #6 examined the ability of the algorithm to generate a solution for an evading
contact that requires a large gyro angle

The PEWOG algorithm takes into account v hicle ditM. ELxcept prI Run 814, in which the drift
)s negative (southern hemisphere), the runs are tor a posiluve drili tate (northern hemisphere).
Examination of the along (el) and across (ec) the weapon track erroos in table 3 reveals the high
degree of accuracy of the algorithm' i. e., all erroi s are less than I yard Figure 1 .3 is a plot that
shows the behavior of the w.louotion parameters as a function of number of iterations of the
algorithin This p!ot is for Run 12 oif table 2. but it is char ,cteristic of the rapid conver gence
(3 io 4 iterations) exhibited in all runs
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5. CONCLUSIONS

The intercept method developed in, this study relaxes the current intercept requirement of
constant contact velocity states for the entire intercept run. This method includes the capability
for computiog the solution for a pursuer undergoing multiple speed changes, various depth
changes, drift, and different sensor activation criteria. In addition, enhancements that account for
contact alertment, reaction time, and evasion strategies are added. Intercept by the pursuer can
be computed for any point in the contact's trajectory, including during the portion of the trajectory
where the contact is turning to an evasion trajectory. Finally, the formulation of the models and
the iterative solution technique allow the intercept parameters to be computed faster than real-
time (i.e., as fast as the previous nonevasion intercept technique).

A high-fidelity simulation was developed to analyze performance. This computer simulation
includes a contact vehicle model, launching platform model, pursuer model, and the PEWOG
equations described hetrein. A large number of pursuer/evader geometries were run, and the
accuracy and iteration performance of the tecknique was examined. An illustrative set of run
geometric s., aloni, with the associated solution data, are included to illustrate the performance of
the technique. The robust behavior of the technique is demonstrated by its ability to generate
accurate solutions rapidly. The along (el) and across (ec) t'ie weapon track errors betweer the
contact and the pursuer guidance point, as de*ermined by the simulation at the computed intercept
time, are also included tlong with a plot that demonstrates the rapid convergence of the method
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