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SUPPRESSION OF ENEMY AIR DEFENSE 

(SEAD) AS AN INFORMATION DUEL 

Donald P. Gaver 

Patricia A. Jacobs 

1. Introduction: (Red) Enemy Air Defense and Its (Blue) Suppression (SEAD) 

A group of Blue striking aircraft (the Attackers) is entering a region, denoted as % to 

attack Red assets therein. Within the region are a number of Red air-defense installations, 

generically Enemy Air Defense (EAD) shooter subsystems. These, the Defenders, have the 

capacity to jam and shoot down (via ground-to-air missiles, or, eventually, advanced 

directed energy weapons), the Blue Attackers. They are coordinated by communication 

linkages, elements of which may be subject to attack physically and by Information 

Operations (10) techniques. 

To oppose the above, i.e. conduct suppression of enemy air defenses (SEAD), the 

Blue force can select from various assets and tactics. This report discusses some optional 

combinations of systems and tactics in terms of simple state-space models, both 

deterministic and stochastic. The stochastic models are Markov processes that can be 

solved explicitly in the present circumstances, or, if desired, as object-oriented simulation 

models with stochastic features at a later stage (this latter step is not taken here). First we 

specify some elements of the interplay between Attackers and Defenders. Our presentation 

suggests several alternative/optional models, all of which have the feature that information 

acquisition can be both beneficial and harmful, and that a balance can be struck. Because 

of the stripped-down approach taken it is possible to explicitly characterize "optimal" 

strategies in simple form. For further, more extensive, work in the present area see 

Glazebrook, Gaver, and Jacobs (1998). 



2. Model D-l: An Exploratory Deterministic 2-Sided Model for SEAD 

2.1. The Setting and Modeling Approach 

We study a simplified version of an information duel between Blue Attackers (e.g. 

EA6B a/c equipped with air-to-ground HARM missiles) and Red (Area) Defenders, 

equipped with anti-air missiles. The latter are arranged in defense of a region, and are 

composed of a system of Early Warning Radars, R.Ew(t) in number at time t, and a further 

system of radar-equipped anti-air missile shooters, called in our jargon Full Houses, and in 

number RA(0 at t. 

Scenario 

The scenario is this: at time t = 0 

(a) A force of Bu(0) Blue Attackers arrives, or is initially present, at the edge of the 

detection envelope of the Red EW force, of size/capability REW. The number of Blues 

present but undetected at t (in undetected state) is Bu(f) for any t > 0. 

(b) Blues are detected at a rate in time that reflects the number of Red EW units 

available, and the number of Blues undetected at time t > 0. The number detected at time t 

(in the detected state) is denoted byjBo(r). 

(c) Blues detected (by Red) units are placed on a Red Full House system (shooter) 

target list, regarded as a service/queuing system with RA($) "servers" (i.e. missile 

shooters). A service time is a tracking time that terminates with a shot. 

(d) Red shooters have two modes of operation: 

(d-l) extensive radar emissions, in which case the probability of defensive missile kill of 

a Blue is relatively high, but retaliatory response by some Blues is quite likely, and also 

relatively effective; 

(d-2)   minimum radar emissions, in which case Blues are less vulnerable (smaller kill 

probability of/? on B), but Red Full House units are also less detectable. 

Here next are dynamic equations to describe the above interchange. 



2.2. Dynamic Equations 

*Ml=   A(0   -t;mBv{t)Rm{t) (2.1) 
dt ,—v—'      ' v ' 

Blue arrival Detection rate of Blue 
rate at ( by Red Early Warning 

This equation describes the evolution of the undetected Blue population in the area at 

t, BiAf). It does not model saturation of the Red Early Warning system or its targeting and 

attrition; Blues undetected become detected in proportion to their number and the number 

of Red EW facilities, which for the present is REWÜ) = REW(0) = REW. Next, 

^^ = ^mBü(t)REW(t)-vRBRA(t)-^-(eRIPR1 +0ÄePÄß). (2.2) 
dt        ^-r—r-v———' I + BDU) 

Detection rate of Blue , x ' . 
by Red Early Warning Attrition rate of detected Blues by Red actives, 

either emitting extensively or minimally 

/ 
The complete Blue attrition term vRBRA(t) Bo(t)   } represents the rate at which Red 

l + BD{t)j 

shooters complete acquisition and tracking of detected Blues; the component term 

(BD{t)l(l + BD(t))) represents saturation of the Red forces by Blues in queue (on target 

list) to be shot: here if BD{() much exceeds unity then Red forces can only complete 

tracking at a rate proportional to their own (current) force size; see Filipiak (1988), and 

Gaver and Jacobs (1998). Saturability at a larger value can be adjusted by adding a 

parameter, and provisions for loss of Red track on Blue can likewise be made in the 

model; Blue decoys can be added. The term (6RIPI + ORQPQ) represents the kill probability 

of a Red shooter system that either chooses to shoot using extensive emission (probability 

of this choice is 6fe/), in which case the kill probability is PRI', otherwise Red utilizes a 

"quiet" mode, i.e. with minimal emission (probability of this choice is 6RQ = 1 - ßy), so as 

a result the kill probability is PRQ. It is anticipated that PRI is greater than PRQ. Although 

mode I leads to higher kill probability it also exposes the Red shooter to Blue detection 

and more effective retaliation. The parameter 6RI is thus a Red decision variable. We shall 

furnish simple rules for choosing its value. 



For Red actives (Full House systems), RA(t), we stipulate the following. 

^=\y,,R,(t)^^\(BD(,)+B„(,)yB,Pm 

Rate at which extensively emitting Red 
leads to retaliatory kills by Blue 

rv^R4t)^^-\(Bo(t)+Bu(t))vBRPBRQ 

(2.3) 

l+BD(t) 
Rate at which minimally emitting Red response 

leads to retaliatory kills by Blue 

Note that in (2.2) and (2.3) detected Blues are immediately targetable in this model; a 

realistic delay-prone communication network is not explicitly modeled here. The first 

term, 
rv»RA(?{B°Wu" , represents the (saturable) rate at which the current Red 

l + BD(t), 

force terminates preliminary tracking and emits extensively while prosecuting (probability 

6RJ) Blue targets; this rate translates into a rate of counter-fire proportional to all live Blue 

forces (BD(f) + Bu(t)); kill/attrition of the extensively-emitting (illuminating) Red by those 

Blue forces is at rate VBRPBRI. The subsequent term is the same as the last, but accounts for 

the occasions on which Red emits minimally ("is quieter") and hence is killed at a smaller 

rate, VBRPBRQ. Although a mixed policy is available, and can well be time and state- 

dependent, it may turn out that a Red policy will be to set 6RJ (hence 8RQ) to either one or 

zero; ie. adopt a pure strategy. An occasion when this is so follows. 

2.3. Analysis 

Suppose the "combat clock" is started at t = 0, with all Blues assigned for SEAD 

initially present at that time. Equations (2.1)- (2.3) can be explicitly analyzed in closed 

form if Mf) = 0 and Rnv(t) = REW, a constant. The solution to (2.1) is 

Bvif) = BuMexpi-ZRwt}. (2.4) 

Let OR — (ORJPRI +6RQPRQ)VRB 



and OB — \ORIPBRI +ORQPBRQ)VBR- 

Adding equation (2.1) and (2.2) results in 

dt l + BD(t) 

where B (t) = Bv (t)+BD (t); of course B (0) = Bv (0). 

Equation (2.3) can be rewritten as 

LdRM._Ut)7MLBit). (2.6) 
eB    dt K'\+BD{t) 

Divide equation (2.6) by (2.5), which results in 

Thus, 

m-im <2-7) 

B(t)dB(t) = p-dRA(t). (2.8) 
e B 

Integrating results in 

[B\t)-B2(0)] = 2t-[RA(t)-RA(0)l (2-9) 

Notice that the solution is essentially parameterized by an exchange ratio, 0R[ÖB • Further, 

Blue may have the advantage since Red is vulnerable while it is prosecuting targets. 

Since A(f) = 0, if f-»°°, then either lim5(f) = 0   or  \xmRA(t) = 0.  In fact, if 

£(0)>J2|^(0),then 

72 /A\    rs OR 
BH = JB

2
(0)-2^-RA(0) and^(oo) = 0; (2.10,a) 

Blue wins, killing all Red AD units/shooters; if B (0) < J2 =^-RA (0), then B (°°) = 0 and 
V   OB 



RAH = RA(0)~=
L
B

2
(0); (2.10,b) 

2 UR 

here Blue loses all forces, with Red AD survivors available for countering later attacks. 

It is always to the advantage of Red to maximize the exchange ratio 6RfÖB •' doing so 

either maximizes Blue's losses if B(0) is sufficiently large, or maximizes Red's survivors. 

Differentiation of the exchange ratio shows that 

P       P 
Red should emit extensively (dR/ = 1) if    -—- > ■ 

PBRI     PBRQ 

*Rl        *BR1 
or, equivalently, if —— > 

(2.11) 

PRQ    PBRQ 

Otherwise, Red illumination is held to a rninimum, i.e. in ß-state. See Section 3 for the 

surprising reappearance of the above rule in the context of a seemingly quite different, 

stochastic model, context. 

In words, Red should emit extensively if her relative advantage from so doing exceeds 

the relative advantage to Blue from Blue's capability to profit from/capitalize on Red's 

use of extensive emission. It is noteworthy that in this model the optimal strategy for Red 

holds regardless of the value of VRB, Red's attrition rate on Blue; nor is there dependence 

on IEW, the rate of detection of the Blues by the Red EW system A more subtle model 

would represent Blue and Red reactions to actual occurrences, necessarily modeled 

stochastically interacting stochastically modeled; this step is postponed. 

Blue SEAD planners can clearly make use of the above for planning purposes, i.e. to 

size an attacking force approximately. In a following section the same basic conclusion is 

deduced from a simple stochastic model 

Figures 1-3 display the numbers of Red and Blue alive assets as a function of time. In 

Figure 1, ZEWREWQ:) = 10 per hour; VRB = 10 per hour (service rate for each Red); PRJ = 0.8 

(probability extensively-emitting Red kills a Blue a/c); PRQ = 0.5 (probability minimally- 

emitting Red kills a Blue a/c); VBRPBRI = 0.08 per hour (rate at which an extensively- 



emitting Red is killed by a Blue a/c); and VBRPBRQ = 0.02 per hour (rate at which a 

minimally-emitting Red is killed by a Blue a/c). Figure 1 compares the numbers of alive 

Red and Blue assets as a function of whether or not Red is always emitting extensively or 

always emitting minimally. Red emitting minimally results in fewer casualties to itself but it 

takes a longer time to kill specified numbers of Blues. In Figure 2, VBRPBRI - 0.05, with the 

other parameters the same. Comparing the extensively-emitting cases of Figures 1 and 2, 

more Reds survive and any specified number of Blues are killed sooner for VBRPBRI = 0.05. 

In Figure 3, the Reds are always emitting rninimally, VBRPBRQ= 0.05, and the other 

parameters are as in Figures 1 and 2. Figure 3 displays the numbers of Red and Blue assets 

for differing values of the initial number of Blue a/c. Note that in the present situation the 

number of Blue aircraft needed to kill all the Red AD sites is more than twice the number 

of AD sites. An increase in Blue lethality should have great leverage. 

3. Model S-l: Elementary Stochastic Duel Between One (Red) AD System 
and a Succession of Blue Suppressors 

Suppose a single Red (E)AD unit is in opposition to a Blue force intent on removing 

this obstacle. The Blue force might be platforms that are HARM-launchers devoted to 

suppressing enemy air defense (SEAD); they come within (Red) range so as to have better 

access to the target, but in so doing expose themselves to attrition. Our model yields 

explicit formulas for assessing attrition tradeoffs in the present simple setting. 



Number of Red and Blue Assets Alive at Time t 
 1 1 1 1 1 1  

R(0)=9;B(0)=10 
solid:Red always emits extensively 

v dotted:Red always emits minimally 
parameters:      xiew=10, nurb=10,pi=0.8,pq=0.5 

,    * * -.. pbri=0.08,pbrq=0.02 

0.4        0.5       0.6 
Time(in Hours) 

0.7        0.8 0.9 

Figure 1 



Number of Red and Blue Assets Alive at Time t 

0.1 0.2        0.3        0.4        0.5        0.6        0.7        0.8        0.9 
Time(in Hours) 

Figure 2 



Number of Red and Blue Assets Alive at Time t 
25 T i i i ( i 

Initial Number of Red AD sites=10 

Red AD site always emits minimally 

Initial Number of Blue A/C varies: 

Solid:B(0)=15; Dashed:B(0)=20; Dotted:B(0)=25 

Pbri=0.05,Pbrq=0.02 

\ Parameters:      xiew=10; nurb=10; pq=0.5 
\ 
\ 
\ 

\\ \A v 

\ 
\ 

- -I- 

0.8 1 1.2 
Time(in Hours) 

1.4 1.6 
-IT.. 

1.8 

Figure 3 
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Model Functionality 

(a) Each time Red fires it is in quiet mode (emitting minimally) with probability 6RQ, 

and otherwise in extensive emitting!radiating mode with probability 6RI = (1 - ORQ). Here 

6RI is a possible decision variable; see Section 2. 

(b) Given that Red is in the extensive emission mode (is emitting), Red is killed by a 

Blue with probability PBRI. If it is in the quiet (minimally-emitting) mode, Red is killed with 

probability PBRQ. 

(c) Given that Red is in extensive emission mode, it kills a Blue opponent with PRI; if 

Red is in quiet mode its Blue-kill probability changes (presumably drops) to PRQ. 

(d) Assume shots occur one at a time: Red fires at some Blue, and a Blue responds; 

this is an elementary transaction. These are repeated until Red is killed; in the meantime 

many Blues may be killed. 

Questions: 

(3.1) How many shots does Red complete, and how many Blues are killed, before Red is 

eliminated (by a successful shot; cumulative damage is not modeled). 

(3.2) What is a good ("optimal"!) strategy for Red to follow so as to decimate the Blue 

force as extensively as possible before itself being eliminated? 

Let KB be the random number of Blues killed before Red is killed. Then 

0 with probability 6KQ(l- PRQ)PBRQ +6RJ(1-PRI )PBRI 

with probability 6RQPRQPBRQ + QRI PRI PBRI 

KR = (3.1) 
0 + K'B     with probability dRQ{\- PRQ){\-PBRQ) + 6R,(1-PRI){\-PBRl) 

\ + K'B     with probability 0*eP*ß(l-/W) + 0*/fiw(l-^*/) 

where K'B is a random variable having the same (unconditional) distribution as KB', it is the 

result of "starting over". 

11 



or 

Now take conditional expectations as in (3.1) to find 

E[KB] = \\eRQPRQ+dmPRl] + [dRQ{l-PBRQ) + em{l-PBm)]E[K'B] 

rT„ ,                 [BRQPRQ+ORIPRI] 
E[KB\=   

l-[eRQ(l-PBRQ) + öla(l-PBR1)] 

_   QRQPRQ +6RIPRI 

QRQPBRQ +QRIPBRJ 

(3.2) 

since E[K'B]=E[KB]. 

If0Äß = l,then 

E[KB]^E[KB(Q)] = ^- (3-3,a) 
~BRQ 

If0Ä/=l,then 

If_^L>^L,then 
PBRQ     PBRI 

E[KB]^E[KB(E)] = ^-. (3.3,b) 
P, BRI 

E[KB]=e*üP*Q+eR'P*1 <—     forO<Öfiß<l 
ORQPBRQ +QRIOE     PBRQ 

For Red, the policy that maximizes the expected number of Blues killed before it is 

eliminated is determined by a simple transaction kill ratio 

„     . •      i    -r fill   ^   fio Emit extensively if      —— > 
"BRI     "BRQ 

(3.4) 

„   .     . .    „ .f         PRQ .   fit 
Emit minimally if         >• 

PBRQ     PBRI 

(Extensive and minimal emissions are equally effective if equality holds.) 

This is exactly the condition (2.11) found for the deterministic model. 

12 



Model S-2: 

Assume there are / types of Blue targets: i=l,... I. Let PRQ(I) (respectively ftw(O) be 

the probability of a quiet (respectively extensive emitter) Red killing a type i Blue target. 

Let Ob be the probability a Blue target is of type i;i=l, ...I. 

E[KB ] = X«i {[0*e OOftß (0 + Ö« (Oft/ 00] + [**ß 00(1 - /W) + 0„ (iXl - ft*/ )]£[**]}     (3.5) 
i=l 

where fty(0 = 1 - 6RQ(S). 

Solving, 

X «•■ [0*e OOftß 00 + e u (Oft/ 00] 
i=i 

l-£a1[0*ß(O(l-/W) + MO(l-ftA/)] 
i=i 

i 

1 
i=i 

(3.6) 

5>,[0*eOOftß(O + MOft/00] 

Since ^00^00 + ^00^00<max 
^«e 0)ft*e + ^«/ 00ft« 

Xa'[ö«?00ft«e + M0ft»] 

ftoOO ftiOO for /=!,...,/, O<0Äß(O<l, it 
PBRQ     ft«/ 

follows that Red would like to follow a strategy that maximizes the expected number of 

Blue kills; a convenient heuristic is analogous to (3.4), applied to individual target classes. 

For a target of type i, 

p  •*    .    •   i •*      ft/00 ^ ftßOO £mtf extensively if      —— > —S£-LjL 

ftw        ftflß 
(3.7) 

Emit minimally if       Mi>Ml 
PBRQ       PBRI 

The suggested heuristic policy for Blue that approximately minimizes the maximum value 

of E[KB] is to always present those targets of type iB to Red where iB is 

13 



iB = argmin max , . 
'  ^      v. PBRQ     PBRI ); 

This model gives Red credit for being able to perfectly distinguish different types of Blue 

targets (certainly optimistic for Red), focusing on a priority list related to vulnerability of 

Red. It implicitly simply omits any attention by Red to valueless targets, such as decoys; 

prosecuting decoys both wastes the Red ammunition inventory and betrays Red presence. 

Subsequent models will rectify this simplification. 

Another, and related, missing feature is the assumption that all Reds can correctly 

classify the different types of Blue Attackers. This unrealism may also be rectified. 

Model S-3. Allowing for Red Misclassification of Blue Target Types 

Suppose there are / Blue target types. Let Od be the probability a Blue target is of type 

i, i = 1,...,/. Let yij be the probability Red classifies a Blue type i target as a type; target. 

E[KB] 

= EX a>r* {d*Q ti)p*Q (0+o» U)P« (0+[Q»Q C/X1 - ft«)+e" C/Xi - ft» )]E[KB ]} 
'    j 

XZai7»[ö*O)fie(O+e»ü0MO] 
'•    I : - (3.8) 

i-ZEa^#[e*c/X1-'w)+ö»o,xi-/,«f)] 

Z2a<r#«ßO)MO+M70M0] 
'    J 

ZXa'-r*-[ö*ß(/yw +eR,u)pBRi] 
' J 

To find the values of 8RQ(j) that maximize E[KB], note that the value of ORQ(J) can be 

determined for each j independent of the other values. Fix the values of dRQ(i) i *j, then 

E[KB] can be rewritten as 

14 



Cx (0) + X <XiY u [0*Q ÜWRQ (0 + 0» Ufa (0] 

*(fM;)) = c2 (o)+X «,r v [ö* ÜVW+e »C/)fi» ] 

ci (1) + X 4'l4ö*e C/)fte (0 + Ö« 0')^/ (0] 
Ä I  

c2(i)+x*(Wö*ßC/yw+e« 0')^«/] 

(3.9) 

where 

^|;) = ^L_ (3.i0) 

* 

the conditional probability the target is of type * given it is classified as type,/; Ci(0), C2(0), 

Ci(l), and C2O) are constants not involving 6RQ{J). 

Let 

A0) = 2>W^ 
i "BUI 

(3.11) 

and 

M(;) = max(/0(y),/£ (;))• (3.12) 

Since 

X^Xö*(/)p«(0+*»c/)M0] 
i  

Xff(4/)[0«?0')flwe +eRI(j)pBRi] 
<M{j) 

for j = 1,...,/, 0<6kß(0^1, it follows that the heuristic/approximate strategy to 

maximize the expected number of Blue kills for Red is as follows: 

15 



For a target that is classified as type; 

Emit extensively*      Z^W^>Z^W^ 
,=i PBRI      i=i "BRQ 

Emit minimally if        2>0|/)%© < £*(i|;)M> 
i PBRI        i "BRQ 

(3.13) 

where (3.10) gives n{i\j). 

Finally, in an Appendix, we consider a more ambitious but again deterministic model 

that allows for presence of Blue decoys introduced to economically deceive Red into 

firing, and hence revealing itself. 

References 

Bailey, M.D. "Measuring peformance of integrated air defense networks using stochastic 
networks," Operations Research, 40 (1992) pp. 647-659. 

Filipiak, J. Modeling and Control of Dynamic Flows in Communication Network. 
Springer-Verlag, Berlin, 1988. 

Gaver, D.P. and Jacobs, P.A. "Analytical models for battlespace information operations 
(BAT-IO), Part 1," Naval Postgraduate School Technical Report, NPS-OR-98-001, 
Monterey, CA, 1998. 

Glazebrook, K.D., Gaver, D.P., and Jacobs, P.A. "Developing scheduling and planning 
'index' policies for aspects of JSEAD in a stochastic uncertain environment." 
Research paper in preparation, 1998. 

Joint Chiefs of Staff. JTTP for Joint Suppression of Enemy Defenses (JSEAD), Joint 
Publication 3-014,25 July 1995. 

Keaney, T.A. and Cohen, E.A. Gulf War Air Power Survey, Vol. IV Weapons, Tactics 
and Training and Space Operations, U.S. Government Printing Office, Washington 
DC, 1993. 

Macfadzean, Robert H.M. Surface-based air defense system analysis, Artech House, 
Boston, 1992. 

Powell, J., CAPT, Personal communication, December 1997. 

16 



APPENDIX 
MODEL D-2: 

DETERMINISTIC INFORMATIONAL DYNAMICS WITH ATTACKER DECOYS PRESENT 

Suppose that at time t after campaign initiation there are B/uit) active Blue Attackers in 

region % within reach of any Reds (EAD units); let BSi(t) be the number of Blue attacker 

counterfeits (decoys or surrogates); these can attract Red missile shots and are vulnerable. 

Here / = UOTD, signifying undetected or detected. 

Red States, and State Transition 

Red EAD units are present in the region 91 at t = 0; some can leave, and others can 

enter. Those within the region can either be fixed in place and potentially active against 

Blue intruders, or in motion from one location (hiding place and launching spot) to 

another. 

Assume that when a Red is in motion it may be detected by Blue "overhead" assets, 

e.g. JSTARS or possibly satellites, but not immediately nor with certainty, and assume 

that such detections are corrupted by Red deliberate false targets/decoys and/or by 

involuntary false targets. Importantly, and as before, when a Red launches a missile against 

a Blue Attacker, it reveals itself and its location: if the anti-Blue missile is quietly guided 

(emission is used minimally) the probability of its detection is positive, but if the launcher 

emits extensively to perform guidance its presence is revealed with much higher 

probability. It is assumed that such Red (EAD) presence is recorded on Blue memory data 

bases and acted upon: the locations may be attacked, or observed and stimulated to fire 

again to reveal presence. Of course if the Red has moved, any Blue attack at a (former) 

location is likely to be useless (unless another Red has moved into the locality). Thus a 

Red unit can be in a moving and undetected/detected state, a fixed and 

undetected/detected state, with an additional recorded history of recent emission or none. 
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Model D-2 

The following variables enumerate the numbers of Red EAD units in the various states 

at time t. By rights, these are discrete-valued (counts) random processes. But we describe 

them generically in terms that might be known, and unknown, to the Blue forces. 

RAFIAJ) - number of active Red units that sit fixed in location and undetected 

RAFD(!) = number of active Red units that are fixed in location and detected. These can 
have been detected by general Blue surveillance, e.g. ground observation or 
UAVs, or have revealed themselves from a recent missile shot at a Blue: 
either Attacker or Decoy. These Red units are subject to Blue 
attack/prosecution. They can change status by moving; during such a period 
they can be detected, possibly targeted, but cannot themselves launch 
missiles. Those that go into motion have obliterated the identity and location 
information given by a previous shot, especially one that utilized 
emission/illumination. 

RAMu(f)= number of active Red units in motion and undetected; 

RMU)(f)= number of active Red units in motion and detected. 

Also define 

RsFtAt), RsFDif), RsMuit), RsMD(t) = number(s) of Red Decoys (Red Surrogates) in the 

above categories at time t. Finally, 

RAKCO = number of active Reds killed by timef 

Rsx(f)  = number of Red Decoys killed by time t 

BAIAJO = number of undetected active Blues 

BADW = number of detected active Blues 

Bsuif) = number of undetected Blue surrogates 

Bsüit) = number of detected Blue surrogates 

BAKÜ) = number of active Blues killed by time t 

18 



Parameters: 

^e(f) (respectively A&it))   =   arrival rate of active Red (respectively Blue) shooters to 
area 

hs(t) (respectively Xnsit)) =   arrival rate of Red (respectively Blue) surrogates to area 

ß~u   =   mean time an active Red shooter moves 

ß~p   =   mean time a Red shooter stays in a fixed position 

PMF(D, U) = probability a detected moving Red shooter that stops is lost from track 

a(B\R) (respectively a(R\By)   =   rate at which a Red (respectively Blue) detected Blue 
(respectively Red) target is assigned to a Red 
(respectively Blue) shooter 

8/tQ (respectively 6BQ) =   probability a Red (respectively Blue) shooter emits 
minimally when shooting at a target (is quieter) 

dju (respectively 0Bj) =   probability a Red (respectively Blue) shooter emits 
extensively when shooting at a Blue (respectively Red) 
target 

SQ(R\B) (respectively 5Q(B\R)) =   probability a quieter Red (respectively Blue) shooter is 
detected while shooting and put on Blue's 
(respectively Red's) targeting list 

SJ(R\B) (respectively 8](B\R))   =   probability an extensively-emitting Red (respectively 
Blue) shooter is detected while shooting and put on 
Blue's (respectively Red's) targeting list 

SF(R\B) =   probability an undetected fixed Red is detected by Blue 

8M(R\B) =   probability a moving Red is detected by Blue and put on his targeting list 

PQK(B\R) (respectively PQK(R\B)) =   probability a minimally-emitting Red (respectively 
Blue) kills a Blue (respectively Red) target 

PEK(B\R) (respectively PEK(R\B)) =   probability an extensively-emitting Red (respectively 
Blue) kills a Blue (respectively Red) target 

VM(R\B) =   rate at which a detected moving Red target is lost from track 
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V(B\R)   =   rate at which a detected Blue target is lost by Red 

pc(R\B) (respectively pc(B\R))    =   probability Blue (respectively Red) correctly 
classifies the detected Red (respectively Blue) target 
as active or surrogate 

dt ' y— ■ '      ' «r—T^       '     ,     '   .. .' 
rate it which detected 

moving active Reds stop 
and are lost when fixed 

rate at which rate at which 
undetected active       undetected fixed 
moving Reds stop     active Reds move 

«W)^w1+(M0+ÄÄ(0)J^(0+Jliro(/) 

x(9gQSQ{R\B)+eRl8l(R\B)) 
\ y. ' 

rate at which detected Blue targets are assigned to undetected Red shooters and shooters are detected 

(A.1) 

-8P{K\B)pc{R\B)RAPu(t) 
> „ ' 

rate at which undetected 
fixed Reds are detected and 

classified correctly 

dRAFD(t) _ 
dt 

a(B\R) RAFU(0 

x 

RAFD{t) + RAFv{t) 

{BAD(t)+BSD(t)) 

RAFUU) 

im^)Mm+e"5im). 
> „ 1 

rate at which detected 
fixed Reds move 

RAFD{!) V 

x{ORQpQK{R\B)+dRlpEK(R\B)) 

RAD(t) + Rsp(t) 

l + RAD(t) + RSD(t) 

rate at which detected active Reds are killed by Blues 

(A.2) 

+ßuRAMD{t){i-pUF{D,U))+8F{R\B)pc{R\B)RAfv{t) 
rate at which detected moving Reds 

stop and are still detected 
rate at which Blue detects and 

correctly classifies active Red targets 
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where R/vif) = R/uv(f) + RAIM and Rsoit) = RSFDW + RsMp(t) 

dR, AMD 

dt 
@-=A.R{t)+öM{R\B)pc(R\B)RAMv(t)-vM{R\B)RAMD(t)- PMRAMD(*) 

rate at which undetected active moving 
Reds are detected and classified correctly 

rate at which detected 
moving active Reds are lost 

rate at which detected 
moving active Reds 

become fixed 

RAMD(I) 

rate at which detected moving active Reds are killed 

(A3) 

dR, AMU 

dt 
^- = -dM(R\B)pc{R\B)RAMV(t) + VM(R\B)RAMD(t) 

rate at which undetected moving active rate at which detected 
Reds are detected and correctly classified      moving active Reds are lost 

+ßF(RAFu(t) + RAFD(t))-   ßuRAMuit) 

(A.4) 

rate at which fixed active 
Reds move 

rate at which moving 
active Reds stop 

dRsFu{t)_ 
dt 

=     PMRsMU\t)     —     PFRsFU\t) 
rate at which 

undetected moving Red 
surrogates stop moving 

rate at which 
undetected fixed Red 

surrogates start moving 
(A.5) 

-8F {R\B)RSFV if) + ßupMF (D, U)RSUD (t) 
> „ 1    > » ' 
rate at which undetected       rate at which detected Red surrogates 
fixed Red surrogates are become fixed and are lost 

detected by Blue 

21 



^E£^ = dF{R\B)(l-pc{R\B))RsFv(t)+ßM{l-pMF(D,U))RSMD-ßFRsFD(t) 
dt ' „ '    ' .. L v     —: ' 

rate at which fixed 
Red surrogates are detected and 

incorrectly classified as active targets 

a(/?|B)0MO+^W) 

rate at which detected moving 
Red surrogates become fixed 

and are not lost 

RsFD\t) 

RAD(t) + RsD(t) 

1 + RAD {I) + KSD \t) J 

rate at which fixed Red surrogates are killed 

(A.6) 

^^ = 2L*s(t)+pF(RsFu(t)+RsFD(t))-   SM{R\B)RSMU(t)   -ßMRSUv{t) (A.7) 
At                                                                           '                                          ' ' i ' **t yrrz .   ...... ...-, -. =_-       „...<^M 

rate at which fixed 
Red surrogates start 

to move 

rate at which undetected moving rate at which 
Red surrogates are detected undetected moving 

by Blue Red surrogates 
become fixed 

^£& = 8M{R\B){l-pc{R\B))RSMv{t)-   ßMRSMD{t) 

rate at which undetected moving 
Red surrogates are detected 

by Blue and misclassed as being active 

rate at which 
detected moving Red 

surrogates become fixed 

'a^B^+B'^jJ^T) 

X 
(l + RAD(t) + RsD(t)J 

(eBQPQK{R\B) + dBlPEK{R\B)) 

rate at which Blue kills detected moving Red surrogates 

(A.8) 

dt 
arrival rate 

of Blue actives 
to area 

n(r\n\       BAU
^       (R   (A+R   (tW   RAD(t)+&»(*) 

^'MO+M)(ä()    (),i+a)+M0 
x(dBQ8Q{B\R)+dBI8E{B\R)) 

rate at which shooting active Blues are detected by Red 

(A.9) 

+vi (BWBADV)- SM(B\R)pc{B\R)BAU(t) 
rate at which detected      rate at which undetected active Blues are 
active Blues are lost        detected by Red and correctly classified 
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dt 

a(W^(o„ fr? „,+wo- -iMfl- RAFv{f) + RAPD^) 

{l + BAD(t) + BSD(t)\BAD(t) + BSD(t)) 

X{0RQPQK(R) + 9RJPEK(R)) 

rate at which detected active Blues are killed by Reds 

(f 

a(R\B) 

BAv{t) 
BAuW + BADit)) 

\BAu{t) + BAD{t)) 

x RAD(t) + Rsp{t) 
l + RAD(t) + RsD(t) 

(eBQ8Q{B\R)+dBISE{B\R)) 

rate at which shooting undetected active Blues are detected by Red 

-v(£|Ä)£u,(0+ S(B\R)pc(B\R)BAU(t) 
> . 1      > v < 

rate at which detected      rate at which undetected active Blues 
active Blues are lost        are detected and correctly classified 

(A.10) 

dBM(t)_ 

dt 

a(B\R) RAFvyt)- 
RAFV\t) 

RAFutf + RAFoit) 

f  BAo(t) + BSD(t)   Y       JMO 

+ ÄüB)(0 
RAFDW 

RAFuW + RAFDii), 

l + BAD{t) + BSD{t) BAD(t) + BSD(t) 

x(eRQpQK(R)+dRiPEK(R)) 
rate at which detected Blues are killed by Reds 

(A.11) 

^#=   A«(f)   -8{B\R)Bsu{t) 
dt 

arrival rate of detection of Blue 
Blue surrogates surrogates by Red 

(A.12) 
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^ä. = 8{B\R){l-pc{B\R))Bso(t) 
rate at which surrogate Blues 
are detected and incorrectly 

classified as active 

a(B\R) 
r 

RAFV(J)" 
RAFv{t) 

X 

f  BAotf + Bsoit)  Y       MO 

+ RAFD(t) 
RAFD (0 

RAFu(t)+RAFD(t)J 

l + BAD{t) + BsD(t)) BAD(t)+BSD(t)/ 

*(exQPOK(R) + OuPBK(R)) 
rate at which detected incorrectly classified Blue surrogates are killed 

(A.13) 

We do not explore these expressions numerically at this time, although such is within 

the capability of many differential equation solvers, such as MATLAB. 
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