 ABSTRACT

he advent of new technologies, and
I in particular the development of effi-

‘ cient detection sensors, have pro-
. duced advanced long-range and accurate
- weapon systems. -
One of the major requirements for op-
| erating these weapon systems effectively
" and efficiently js to properly assess the
damage that was inflicted upon the targets
. by previously delivered rounds.
: This assessment process is commonly
called Bomb Damage Assessment (BDA).
This paper presents a number of shoot-
look-shoot (SLS) tactics and evaluates their
efficiency in situations where the availabil-
ity of damage information is not certain.
The evaluations are performed with respect
to the expected number of kills criterion.
It is shown that certain SLS tactics are
superior to others and that a certain simple
tactic may be the best choice in terms of fire
efficiency and operational convenience.
Key Words: Damage Assessment, Shoot-Look-
Shoot, Fire Efficiency

INTRODUCTION

The advent of new technologies, and in
particular the development. of effective de-
tection sensors and efficient fire-control de-
vices, have resulted in advanced long-
range and accurate weapon systems.
HELLFIRE, MILAN, SLAM and GBU-15
(see, e.g. [7], [9] and [11]) are a few exam-
- ples which represent the wide range of
these types of weapon systems. In general,
these systems usually seek to engage clus-
ters of point targets such as tanks, artillery
pieces and missile launchers. Once such a
cluster has been detected, a single target is
then acquired out of this cluster and a round
of ammumition is delivered towards it. Such
munitions, which are usually referred to as
Precision Guided Munitions (PGM), are ac-
curate, lethal and very expensive.

In combat there are usually two assets
that are in short supply with respect to
these types of weapon systems: one is am-
munition and the other is time. Because of
the high cost of precision-guided munitions

1-Correspondence address: Moshe Kress, Center for
Military Analyses, 32 Leonard Bodwell Road, Narra-
gansett, RI 02882
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on one hand, and weight limitations on the
carrying platform (e.g. helicopters) on the
other, the number of munitions available to
a particular system, such as AT missiles,
may be limited. The shooter may have to
carefully consider the effectiveness or util-
ity of each delivered round.

Time is a major factor to consider in

situations where certain missions are con-
tingent on others or when the targets are
maneuverable and an extended engage-
ment may provide them time to hide. In
such cases the time frame allotted for com-
pleting a mission may be constrained. Fur-
thermore, staying at the same position for
an extended period of time may cause the
weapon system to become vulnerable to
the opponent’s fire, Therefore, the objective
in such instances is to complete the mission
as fast as possible.

To operate efficiently both in terms of
ammunition expenditure and time, one of
the important tasks of a shooter is to prop-
erly assess the damage that was inflicted on
the targets by previously delivered rounds.

Such an assessment may save both ammuni- -

tion and time by preventing the engagement
of previously killed targets. Hence, damage

assessment is a major issue to consider when -

evaluating the effectiveness of PGM systems.
The importance of damage assessment was
notable in the Gulf War ([3], [4], [5], [6])
where costly munitions were wasted because
of poor damage assessment that led to indi-
dences of multikill on one hand, and uncom-
pleted missions on the other.

Shoot-Look-Shoot (SLS) is a firing tactic
which comprises both fire and damage as-
sessment. In the presence of only a single
shooter, this tactic represents a sequential
engagement where the shooter may occa-
sionally assess the damage inflicted on a
certain target before acquiring and shoot-
ing at other targets. A deterministic analy-
sis of some general SLS tactics is given in
[1] and [2].

The purpose of this paper is to intro-
duce several SLS tactics for a single shooter.
We define effectiveness criteria for these

- ~tactics and construct probabilistic models

that represent them. These selected SLS tac-
tics are analyzed with respect to these
criteria and their relative effectiveness is
evaluated using typical scenarios.

It is shown that the performance of a
certain variant of the Persistent Shooting
tactic (which is discussed in detail in Sec-
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tion 4) appears to be very close to optimality.
According to this tactic, which is called HBPS,
once a shooter ceases to engage a certain target

4t will never return to engage it again. The

number of rounds expended at a certain target
is bounded by a number that is updated as the
engagement progresses. This tactic minimizes
the number of instances of fire redirection and
it is relatively simple to implement. Therefore it
is recommended as a practical and efficient tac-
tic even though it is not optimal in the mathe-

" matical sense [10].

.In the next section we describe the basic
combat situation, introduce notation and define
the criteria according to which the SLS tactics
are evaluated. In Section 3 the basic model with
no damage assessment provisions is discussed.
Section 4 describes and evaluates the four vari-
ants of the Persistent Shooting Tactic and the
operational advantages of this family of shoot-
ing strategies are discussed. The performance
of these tactics are compared fo the results of an
optimal strategy in Section 5. Section 6 contains
concluding remarks and summary.

2. Description, Notation and
Criteria

We consider a situation where a single shooter
is engaging a cluster of m homogeneous point-
targets. During the firing process we assume
that the targets do not fire back at the shooter
and therefore the latter is invulnerable. We also
assume that the cluster of targets remains un-
changed throughout the engagement, that is,
no targets disappear from the engagement area
and no new target enters into it.

The engagement process comprises three
stages: acquisition, firing, and damage assess-
ment. When a specific target has been detected
by the weapon system and the conditions are
such that immediate shooting towards it is pos-
sible, then it is said that the target has been
acquired. The acquisition stage is usually time
consuming and therefore it is a major factor in
evaluating the effectiveness of the weapon. A
common phenomenon is that of false acquisi-
tion when either a non-target or a previously
killed target is mistakenly acquired. Through-
out the paper we will consider false acquisi-

tions of one type only, namely, acquiring killed
targets. Once a target has been acquired, a
round of ammunition is fired upon it. The re-
sult of the shooting can be either a hit or a miss.
If the round hits the target it may either kill it or
cause no damage. In other words, we assume
that the shooting process causes no cumulative
damage to targets.

A killed target may appear alive to the
shooter if there are not enough signs to indicate
otherwise. A killed target which also appears as
killed to the shooter is called an evidently
killed (EK) target. In the third stage of the
engagement process the damage that was
caused by the shooting is assessed. We assume
that a previously killed target that was not EK
at the time of kill may not appear to the shooter
as killed later on unless it is shot upon again
and is “killed” once more. In other words, there
is no “record” for previously killed targets and
therefore a necessary condition for detecting a
kill, following a round of fire, is that the par-
ticular round was potentially lethal.

The damage assessment is designed to
evaluate the impact of the engagement on one
hand, and to minimize the number of inci-
dences of false acquisitions on the other. Dam-
age assessment is performed by inspecting the
targets. We assume that there is no “type II”
error, that is, a live target will never appear to
the shooter as killed. This is a reasonable as-
sumption since a kill indication is usually ob-
tained under very rigid conditions.

In conclusion, following delivery of a
round, a target may be in one of the three
possible states (i) undamaged, (ii) killed with
no signs to that effect (K) and (iii) evidently
killed (EK).

Denote the single-round kill probability of
a target by py and let p,/y denote the condi-
tional probability that a killed target will be
recognized as such by the shooter. Thus, p, =
Ps/k Px is the probability that a target is evi-
dently killed by a single-shot. The random vari-
ables X, and Y,, represent the number of killed
(K) targets and evidently killed (EK) targets,
respectively, following the delivery of n
rounds. We define T, as the random variable
that counts the number of rounds needed to kill
i targets.

Military Operations Research, V3 N1 1997
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The basic criterion according to which the
various SLS tactics are evaluated is E(X,) - the
expected number of killed targets following the
delivery of n rounds.

However, the models that are presented in
this paper may be suitable also for evaluation of
other effectiveness measures such as: My(q) -
the number of munitions needed to obtain a kill
level of i targets with probability of at least q;
the probability for a minimum number (r) of
killed targets by a given number (n) of rounds
(Pr[X, = 1]); and the expected number of
rounds needed to obtain damage level r.

In this paper we focus on four SLS tactics:
(1) Basic Persistent Shooter (BPS), (2) Fixed
Bound Persistent Shooter (FBPS), (3) Dynamic
Bound Persistent Shooter (DBPS) and (4) Heu-
ristics for Bounded Persistent Shooter (HBPS).
These tactics, which are described in Section 4,
are compared to each other and are evaluated
against two benchnmarks: (a) the basic tactic
that takes into consideration no damage assess-
ment, a tactic that is usually described by Urn
Models [8], and (b) The Greedy Shooting (GS)
tactic - which is a globally optimal tactic under
some reasonable assumptions {10]. We start off,
in the next section, by describing the shooting
tactic without damage assessment.

3. The Basic Model - No Damage
Assessment |

We consider a situation where n rounds are
randomly and independently delivered to-
wards m targets. The result of each shot is
unknown to the shooter and therefore p, ;=0
In other words, for each round the shooter ran-
domly selects a target out of the cluster of m
targets. His choices are independent of each
other and in particular, the decision to engage a
certain target does not depend upon its state
(killed or alive).

Let X = {X;n=123,.} be a stochastic pro-
cess with a state space {0,1,..m}. X;, indicates the
number of killed targets following the shooting
of n rounds. Clearly, this process is a Markov
Chain with an initial state X = 0. Note that
since no provisions for damage assessment are
made, the random variable Y, which represents
the EK targets, has no meaning here.
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The transition probabilities for the M.
Chain are given by arkov

m—i s
[ — #j=itlo=i<py
= m—l v e .
Py=1 - P Hi=i0=si=m
0 otherwise

_ (3.1)
The probability, P,(x), that x targets are kijeq
by n rounds satisfies: €

Po(x) = Prs(2) (1 -
m—x+1
m -+ (32)

It is easily seen [8] that the expected nump,
killed targets is: Tber of

E[Xa] = m[l B (1 - %)] (3.3)

Table 3.1 presents the expected values E[X]
a function of the number of rounds n ang fgs
the case where the number of targets m=10r
The expected number of kills is computed for 3
representative values of the kil probability:
px = 0.2, 0.5, 0.8 and 1. The effect of my)4 l‘{'
kills is best noted for the case where p, =1 Ex})ee
though the kill is certain for each roung thn
expected number of kills, for n=1p rOuncis oy
only about 6.5. That is, there arein this case ’ 01s
average, 3.5 incidences of multiple kills, »on
Next consider the number of round
needed to obtain a certain level of damage :
Let M, i=0,.,m-1, be a random vari;abl
which represents the number of rounds needeg

+Pn-—1(x_1).Pl€

Table 3.1 Expected Number of Killed Tar
Basic Model m = 10 ete—

n p=02 p=05 p=08 p =19

5 0% 226 341 410
10 183 401 5.6 651
20 332 642 8.11 8.78
30 455 7.85 918  gsg
0 554 8.72 964 95
50 636 9.23 985 9o
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to kill the (i+1)-th target, given that i targets
have already been killed. Clearly,

/

E[M;] = (34)

m
Pk(m - i)’
The expected number, E[Tj], of rounds needed
to kill i targets is given by

E[T,-] = E[Mo] + E[M1] +eeet E[Mi-l]/
. (3.5)

or

- i1

m 1
E[T]= o E w7 (3.6)

Since E[M;] is monotone increasing in i, it fol-
lows that E[T;] is 2 convex function of i. The
operational interpretation of this property is
that the marginal expected number of muni-
tions needed is increasing as the damage level
requirement (number of killed targets, i) gets
higher.

The simple Urn Model presented in this
section represents a situation where the entire
engagement is random and no decisions are
made throughout it. Such shooting tactics may
result in incidences of multiple kills, a phenom-
enon which may cause waste in both munitions
and time. This elementary shooting tactic has
been described as a back-drop for the SLS tac-
tics which are discussed in detail in the next
sections. These tactics incorporate damage as-
sessment and decision making.

4. The “Persistent Shooter”

4.1 The Basic Persistent Model (BPS). The
persistent shooter selects the first target to en-
gage out of a cluster of m targets at random and
keeps engaging this target (delivering rounds
on it) as long as the target is not evidently killed
(EK). Once the target is EK, the shooter selects,
at random, a new live target to engage. Evi-
dently, the efficiency of this shooting tactic
strongly depends on the conditional probability
Ps/« that a kill is evident. For example, if p, /. =
0 then the maximum possible number of killed
targets, under this tactic, is 1.

As in Section 3, let X, be a random variable

that counts the number of killed targets by n
rounds. Define Y,, as the number of EK targets
after shooting n rounds. Under the assumption
that p,/ is constant throughout the engage-
ment, Y, is a Markov Chain. Clearly, the num-
ber of EK targets Y, can never exceed the num-
ber of killed (K) targets X,. For the Persistent
Shooter tactic, X, can exceed Y,, by at most one
target. Hence

X, -1=Y.=X,

It can be easily shown that the random variable
Y,, has a truncated binomial distribution. That
is,

P(Y,=1)

(?)pj(l —-p)"t ifn=mor
_ f(n>mandi=<m)
n .
S} Jpict - 0
fn>mandi=m,
@1)

where p, = puPs/ic
However, the parameter that is most rele-
vant to the shooter is the number of killed

targets, X,. Here, the process {X,} is not a.

Markov Chain; the transition probability from i
killed targets to i+1 kills depends on the status
(K or EK) of the i-th killed target. The probabil-
ity distribution function of X, is derived di-
rectly in the following way.

There are three possible states out of which
one can arrive at the situation where X, =x.

State a: Y, ; = x-1 and X, ; = x-1, in which
case the transition to X,, = x is with probability

1273 .

State b: Y, ; = x-1 and X, ; = x, in which
case the transition is with probability 1.

State ¢: Y, ; = X,.q = X, in which case the
transition is with probability (1-py)-

Therefore,

PX,=x)=pp PKy1=x-1,Yy=x-1)
+PXpe1 =% Yy =x—1)
£ =p) PKo =% Yoy =2).
‘ (4.2)
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Equation (4.2) applies for the case where X =
m-1. Since x = m is an absorbing state a slight
modification of (4.2) is needed to account for
that property. For the sake of brevity, this mod-
ification is omitted here. -

We can obtain now a recursive formula for
the probability distribution of the number of
killed targets X, following the firing of n
rounds.

P(X,=x)

!(1 - Pk)"
(1 - p) " PXp-1=X)
+ pk-P(Yy-1 =%~ 1)
= ifls=x=s=m-—1
(1 - po)  P(Xp-1 = %)

+ g [P(Ypor=m—1) + P(Yp1 = m)]
L ifx =m. '

ifx=0

(4.3)

Since the probability distribution function (pdf)
of Y,, is known from (4.1), the pdf of X in (4.3)
can now be easily computed.

In particular, the expected number of killed
targets is given by

E[Xn] = (1 - Pk) ° E[Xn-l] + Pr* E[Yn—I]
+ P [1=P(Ypa= m)]. (4.4)

¥ n < m (in which case E[Y,,]=(n-1)p, and
P[Y,.;=m]=0), then it can be shown that,
E[Xn] = nps + (1 - ps/'k) ¢ [1 - (1 - Pk)"]-
(4.5)
Table 4.1 shows the expected number of targets
killed, in a cluster of m=10 targets, by a persis-
tent shooter. The ranges of kill probabilities and

kill-recognition probabilities are px= 02, 05
and 0.8 and p, /i = 0.1, 0.5 and 0.9, respectively.

" Notice the tradeoffs between P and Ps/k-
From the practical point of view, the realistic
range of py in actual combat is 0.2 - 0.8. Kill
detection however may have a larger range of
probabilities; an advanced sensor may have a
kill detection rate as high as 90% while the
unassisted eye of a shooter may detect no more
than 10% of the killed targets. Under these
bounding assumptions, the advantage of high
Ps/k - oW Py Over the reverse is evident as n
increases. For example, if n=50 then the ex-
pected number of killed targets is 8.41 if px =
0.2 and py/i = 0.9 This value is only 4.89 if py
= 0.8 and Psix ™ 0.1.

Table 4.2 shows the number of rounds to be
delivered in order to obtain a 90% chance for a
specified minimum level of damage. Here,
pi=0.5 while py assumes two values 0.5 and
1.0. For example, if the mission’s objective dam-
age level is to kill 5 out of the 10 targets in the
cdluster, then if p;/=0.5, the number of rounds
required is M5(0.9) = 27, while if p/=1.0, then
M,(0.9) = 14.

These two values are compared with the
number of rounds, Ms(0.9) = 19, needed in the
Urn Model for this damage level objective and
the same kill probability px=0.5.

From Table 4.2 it can be seen that, for the
case discussed here, the choice between the
random Urn Model and the Basic Persistent
Shooting tactic depends on the required dam-
age level and on the effectiveness of the dam-
age assessment process (measured by Ps/x) for
small values of required damage level the Um
Model is superior even for relatively high ca-
pabilities of damage assessment. However, if

\

i
p
?.

Table 41 Expected Number of Killed Targets for BPS Tactics m = 10

». pe =02 P =05 p. =08

: n

' Ps/k =01 PSIk = 0.5 Ps/k = 0.9 Pslk =01 PS/k =05 PS/k = 0.9 Ps/k = 0-1 Ps/x =05 Ps/k =09

5 071 0.84 0.97 112 1.73 235 1.30 2.50 3.70

10 1.00 145 1.89 1.40 3.00 4.60 170 450 730

20 1.29 249 3.70 1.90 5.49 8.61 2.50 8.20 9.9

E 30 1.50 3.50 5.48 240 774 9.89 3.30 9.77 10.00

¥ 40 1.70 4.50 7.12 2.90 9.17 10.00 4.10 9.99 10.00

% . 50 1.90 5.48 841 340 9.77 10.00 4.89 10.00 10.00
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Table 42 Number of Rounds Required for BPS to
Obtain a Certain Damage Level with 90%

Confidence

Pamage  py =05 p,, =10 Umn
level Model
1 4 4 4
2 11 7 7
3 .17 9 11
4 22 12 15
5 27 14 19
6 32 17 25
7 37 19 32
8 - 42 21 41
9 - 47 24 56
10

52 26 89

the required damage level is high (9 or 10 tar-
gets) then the Persistent Shooter tactic is supe-
rior, even for less than moderate damage as-
sessment capabilities. In the latter case the
effect of the “random” multi-kills in the Urn
Model overrides the effect of the “single target”
multi-kill that may occur in a persistent shoot-
ing.

4.2 Fixed Bound on the Number of Munitions
(FBPS). A notable operational property of the
Persistent Shooting tactic is the relatively small
number of instances where fire is to be redi-

rected between targets; there are at most m-1

such instances. This property is important in
cases where the transition from engaging one
target to engaging another is demanding both
in terms of time (e.g. acquisition time) and re-
sources (e.g. wasted ammunition in the fire ad-
justment process). However, as was shown in

Table 4.1 above, this tactic may be of little use if

the damage assessment effectiveness, p,y, is
low, or even moderate. One way to reduce the
possibility of wasting ammunition due to poor
damage assessment is to limit the number of
rounds per target. This may be done by setting
an upper bound onthé number of rounds shot
at each target. The problem of determining this
bound is an optimization problem where the
tradeoff is between possible high rates of multi-
kills - in the case where the bound is high - and
terminating the engagement of a certain target
prematurely, while it is still alive - in the case
where the bound is low.

Letn and v be the number of rounds avail-
able and the number of targets that have not
been engaged yet, respectively. Define R, (v,n)
as the expected number of targets killed by a
persistent shooter with an upper bound u, and
denote by u’(v,n) the optimal upper bound
which maximizes R, (v,n). Clearly, for the case
of a single target we have:

w(li,m)=n; R(l,n)=1-(1-p)"
(4.6)

Define: .
A; - The target is declared EK right after the
i-th shot, i = 1,..u,

A° - The target is not EK after firing upon it
all of its u rounds, where the upper bound u is
a number between 1 and n.

Let P(K/A®) denote the probability that a
target is killed (K) after being shot upon by u
rounds, even though it is not evidently killed
(EK). It can be shown that: ’

P(A,) = (1 - Ps)iPy (47)

P(A=(1-p), (4.8)

P(K|A) =1 — (i - g :) 4.9)

The expected kill R, (v,n) can now be derived

. recursively by:

Ru(vr 71)'2(1 - p)si-lps[l + Ru(v - 11 n— i)]

=1

Y
+(1- ps)ﬁ[l - i — z:) +R(w—1,n—-a),
- (4.10)

where 4 = min(n, u)
The optimal value of u, denoted by u’, may be
obtained by solving

max {R,(m, n)} (4.11)
u=l,...,n
The following two properties are fairly obvi-
ous:
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Property 4.1 -

n
u*(v, n) = [5],

7 (4.12)

where [x] is the largest integer not greater than
X.

Proof  Clearly the upper bound u cannot
be smaller than [n/v] since otherwise at least v
rounds are redundant and therefore the en-
gagement is not executed in its maximal possi-
ble effectiveness. However, this bound may be
equal to [n/v] (with a possible “waste” of n -
v{n/v] rounds) When, for instance, py is high
but Ps/x is low.

Property 4.2. The FBPS tactic is superior to
the BPS tactic.

Proof. This follows directly from the ob-
servation that

max {R,(m, n)} = Ry(m, n).
u=l,...,n (413)
Table 4.3 presents optimal upper bounds for
the FBPS tactic when both the kill probability ps
and the kill-detection probability p,/y are equal
to 0.5. Next to each such bound u we indicate,
in parentheses, the expected number of killed
targets, R, (m,n)
It can be seen, in the above example, that

for large values of n, the optimal upper bound

may be strictly larger than the average (# of
rounds)/(# of targets). Also notice that when
comparing the expected number of kills using
FBPS to those using BPS (as presented in Table
4.4 below), an improvement is evident. For ex-
ample, in the case of n=20 and p;= ps/x = 0.5
these expected values are 5.49 and 7.68 for the
BPS and the FBPS tactics, respectively, which
represents a 40% improvement. For low values

Table 43 Optimal Upper Bounds for the FBPS
Tactic (px = Ps/x = 0.5)

m 1 3 5 10

n

5 5(097) 2(212) 1(250) 1 (2.50)
10 10(1.00) 4(279) 2(3.85) 1(5.00)
15 15(1.00) 6(295) 4 4.57) 2(6.46)
20 20(1.00) 9299 5 (4.84) 2(7.68)

filitary Operations Research, V3 N1 1997

of ps/x the improvement is much higher. For
example, if n=40, py= 0.5 and ps;= 0.1 the
expected values are 2.90 and 9.41 for BPS and
FBPS, respectively (225% improvement!).

Table 4.4, which is similar to Table 4.1,
presents the expected values for FBPS.

4.3 Dynamic Bound on the Number of Rounds
(DBPS). Suppose now that the upper bound
on the number of rounds allocated to a given
target may be updated and changed as the
shooter proceeds from one target to another.
Clearly, this relaxed condition can only improve
the performance of the shooter, as compared to
the FBPS tactics where this upper bound remains
fixed. This improvement is due to the ability to
respond to actual outcomes in the engagement
process and to optimize accordingly.

Determining the upper bound is a multi-
stage problem which is once again solved by
means of dynamic programming. As before, let
R'(v,n) denote the expected number of kills under
the optimal DBPS tactics when the shooter hasn
rounds and v targets have not been engaged yet.

The dynamic programming problem is
stated as follows

R*(v, n)

= max {2(1 -p)y pll+R@-1n~— ]

u=l,. .. 1}l

+(1- ps)'{l - (—11—-___—?) +Rw—-1,n- u)]}

(4.14)

with R’(1n) = 1 - (1-p)™

Table 4.3 presents the optimal (dynamic)
upper bounds on the number of rounds to be
allocated to the first out of v remaining targets.
The figures in parenthesis, next to the upper
bound values, are the optimal expected number
of kills - R'(v,n). To interpret the figures in
Table 4.3 suppose that the shooter has yet to
engage n=10 targets with n=20 remaining
rounds. To the first of these 10 targets it should
allocate at most 3 rounds. Suppose that it de-
livered these 3 rounds with no EK indication
(or a kill was evident only by the third round).
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Table 44 Expected Number of Killed Targets for FBPS Tacticm = 10 :

Px = 0.2 P = 0.5 P = 0.8 H

n
Ps/k =01 PS/k =05 Ps/k = 0.9 ps/k = (0.1 :Ps/]< = 0.5 Ps/k =09 Ps/ix = 0.1 Ps/k =05 Ps/k =09 5

5 1.00 1.00 1.00 2.50 2.50 2.50 4.00 4.00 4.00
10 2.00 2.00 2.00 5.00 5.00 5.00 8.00 8.00 8.00
20 3.62 371 3.91 7.55 7.68 8.71 9.62 9.64 9.99 J
30 4.93 5.15 5.70 8.80 9.25 9.90 9.93 9.98 10.00 f
40 5.97 641 7.26 9.41 9.78 10.00 9.99 10.00 10.00
50 6.81 7.36 8.47 9.71 9.94 10.00 10.00 10.00 10.00 i

Table 4.5 Optimal Upper Bounds for DBPS Tactic (p, = Ps/x = 0.5)

n m=25 m=6 m=7 m=§ m=29 m =10

10 3(3.93) 2 (4.28) 2 (4.50) 2 (4.67) 2(483)  1(5.00)

11 3 (4.12) 2 (4.52) 2 (4.81) 2 (5.00) 2(5.17) 2 (5.33)

12 3 (4.28) 3 (4.74) 2 (5.09) 2(5.32) 2 (5.50) 2 (5.67)

13 3 (4.41) 3 (4.93) - 2 (5.33) 2 (5.63) 2(5.83). 2 (6.00)
14 4(452) 3 (5.10) 3 (5.54) 2 (5.90) 2 (6.15) 2 (6.13) i
15 4 (4.62) 3 (5.24) 3(5.74) 2 (6.13) 2 (6.45) 2 (6.66)

16 5 (4.69) 4(5.37) 3(5.91) 3 (6.34) 2 (6.71) 2 (6.98)

17 5 (4.75) 4 (5.47) 3 (6.07) 3 (6.54) 2(693) = 2(7.26)

18 5 (4.80) 4 (5.56) 4(6.20) 3 (6.73) 3 (7.15) 2(7.51)

19 6 (4.84) 5 (5.64) 4(6.32) 3 (6.89) 3 (7.35) 2 (7.74)

20 6 (4.88) 5 (5.70) 4(6.42) 3 (7.03) 3 (7.54) 3 (7.95)

The shooter is now to engage n=9 targets with Note that the improvement of the Fixed

n=17 rounds. The number of rounds to be de- Bound PS (FBPS) tactic over the Basic PS (BPS)
livered to the first of these 9 targets should not tactic is much more significant than the improve-
exceed 2 (8th row, 5th column). Suppose that ment of the Dynamic Bound PS (DBPS) tactic
this target has become EK by the first round. over the FBPS tactic. For example, if n=20, m=10
There are now 16 rounds to engage 8 targets, so and py = Ps/x = 0.5 then the BPS tactic resultsin
the next target should be engaged by at most 3 expected kills of 5.49, where FBPS results in 7.68

rounds, and so on. .. ~ and DBPS results in 7.95. For values of p, and
Table 4.6 shows expected kills for the DBPS Ps/x further to the extreme, the difference be-
tactic. tween FBPS and DBPS is even less notable.

Table 4.6 Expected Number of Killed Targets for DBPS Tactic m = 10

Px = 02 P = 0.5 Px = 0.8
Perte = 0.1 Py =05 P, =09 p,p = 0.1 p,y =05 Pe/x =09 pyi =01 p,y =05 p,,, =09

5 1.00 1.00 1.00 2.50 250 2.50 4.00 4.00 4.00
10 2.00 2.00 2.00 5.00 5.00 5.00 8.00 8.00 8.00
20 3.62 3.74 3.93 7.56 7.95 8.80 9.63 9.81 9.99
30 494 5.24 5.75 8.84 9.37 9.91 9.94 9.99 10.00
40 6.00 6.49 7.33 9.46 9.85 10.00 9.99 10.00 10.00
50 6.84 7.49 8.53 9.76 9.97 10.00 10.00 10.00 10.00
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We can condlude that by imposing upper
bounds on the PS tactic, one can considerably
improve its effectiveness. However, in many
cases it may be impractical to rely on an algorith-
mic procedure to determine the upper bounds.

Next we present a simple and straightfor-
ward heuristic for DBPS which can be used for
determining the upper bounds. Using the real-
istic examples in this section, it is shown that its
effectiveness may be almost as good as that of
the DBPS tactics.

4.4 Heuristics for Determining Upper Bounds for
the PS Tactics (HBPS). A simple rule for deter-
mining the upper bound on the number of
rounds to be allocated to the next target is to
divide the number of rounds available by the
number of targets yet to be engaged and take
the smallest integer greater than or equal to that
number. In other words, when v targets are to
be shot upon by n munitions, then the upper
bound on the first target to be engaged is [n/
v]*, where [x]* is the smallest integer not
smaller than x. This tactic represents an “aver-
age” principle in allocating munitions. Hence,
after terminating the engagement of a certain
target - either by evidently killing it or by ex-
pending all the rounds that were allocated to it,
the shooter recalculates the updated “average”
and sets it as the new upper bound.

The expected number of killed targets un-
der this tactics is given recursively by

Ru(o,m)
(nful*

= S A-p) pll+Rw-1,n—]

il

1—Pk [n/o}*
o\t 1 —
+i-pd [1 (1 —ps)

+Rv—-1,n—[n/ v]*)] (4.15)

Table 4.7 shows the expected kills when the
HBPS tactic is applied.

Table 4.8 summarizes the analysis so far. It
compares the performance of the four afore-
mentioned Persistent Shooting tactics and the
shooting tactic with no damage assessment
(Urn Model). The comparison is applied to the
case of m=10 targets, n=10, 20, 50 rounds and
five representative pairs of py and p, /i
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From Table 4.8 we can draw the following
operational conclusions:

- (a) If the number of available rounds (n) is
not greater than the number of targets (m), then
each round should be directed towards a dif-
ferent target. It can be shown [10] that this tactic
is optimal. Evidently, the expected number of
killed targets is independent of py/x and it is
equal to npy.

(b) Compared to the no-damage Urn model
and the basic PS tactic, each one of the three
bounded PS tactics improve the effectiveness of
the engagement considerably.

(c) Although DBPS is mathematically supe-
rior to FBPS, and HBPS is just a heuristic which
is independent of the probability parameters of
the engagement, these three bounded PS tactics
perform similarly.

(d) Considering the relatively ease by
which HBPS can be implemented, we conclude
that it is the most efficient bounding tactic if
one chooses to adopt a “persistent” strategy in
engaging the targets - a strategy that has sev-
eral operational advantages in terms of target
acquisition and fire control.

Clearly, the HBPS tactic is not optimal.
Thus, in view of the above, a practical question
that may be asked is: how close is HBPS to an
optimal strategy?

5. Comparing the HBPS tactic to an
Optimal Tactic.

In [10] it is shown that the Greedy Shooting (GS)
tactic - a tactic in which each round is shot upon
the least previously engaged, non-EK target - is
optimal with respect to the expected kills crite-
rion. This tactic however is very impractical in
actual combat since it requires excessive control
measures. Specifically, a shooter must label the
targets and then maintain and update a list of
these labels, according to the status of the cor-
responding targets. Moreover, the GS tactic re-
quires frequent redirection of fire which im-
poses additional constraint on the shooter in
terms of acquiring the targets and setting up
the weapon system for the new target. Note
that the HBPS tactic requires some effort of
target labeling too, however it is considerably
less demanding than the optimal GS tactic. In
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Table 4.7. Expected Number of Killed Targets for HBPS Tactic m = 10 g

Px = 02 Px = 0.5 Px = 0.8
Ps/x = 0.1 Ps/x = 0.5 Ps/x = 0.9 Pslk =01 Ps/k =05 Ps/k = (0.9 Ps/ix = 0.1 Ps/x = 05 Ps/x & 0.9
5 1.00 1.00 1.00 250 2.50 2.50 4.00 4.00 4,00
10 2.00 2.00 2.00 5.00 5.00 5.00 8.00 8.00 8.00
20 3.62 3.74 3.89 7.56 792 8.39 9.63 9.79 9.89
30 494 521 5.53 8.84 924 9.47 9.94 998 - 9.99
40 6.00 6.41 6.82 9.46 9.72 9.79 9.99 10.00 10.00
50 6.84 7.34 7.75 9.75 9.89 9.91 10.00 10.00 10.00

Table 4.8. A Comparison of Expected Number of particular, if n > m, then there are only m-1

Killed Targets m = 10 . incidents of redirection of fire in the HBPS tac-

- tic. This number is at least m-1 for the GS tactic.

n pu/psx BPS FBPS DBPS HBPS URN Table 5.1 shows the expected killed targets
10 02/01 100 200 200 200 1s3  ‘orboth FIBPS and the optimal GS tactics.

02/09 189 200 200 200 183 It is evident from Table 4.8 that for the

05/05 300 500 500 500 401 spectrum of real-world cases analyzed here, the

08/01 17 800 800 800 566 HBPS tactic performs, in terms of expected

08/09 73 800 800 800 5.66 kills, very close to the optimal GS tactic.
20 02/01 129 362 362 362 332
02/09 370 391 393 389 332

05/05 549 768 79 792 642 6. Summary and Conclusions
08/0.1 250 962 963 963 811

0.8/09 999 999 999 9.9 811 As advanced, precise and expensive weapon
50 02/01 190 681 684 684 636  systems (e.g. Precision Guided Munitions -
02/09 84 847 853 775 6.36 PGM) are introduced into the battle field, ques-
05/05 977 994 997 989 923 tions of their operational efficiency and optimal

0.8/0.1 4.89 10.00 10.00 10.00 9.85

: utilization become more prevalent. Moreover,
0.8/0.9 10.00 10.00.,10.00 10.00 9.85

as the range of weapon systems increases, the
problem of fire control, and in particular the

Table 5.1. A HBPS-GS Comparison of Expected effect of damage assessment capabilities, be-
Number of Killed Targets m = 10 comes Cn}ﬂ&L :

- In this paper we presented several Shoot-

n pi/Psx HBPS GS |n pi/p,x HBPS GS Look-Shoot tactics that may apply to PGM sys-

tems in situations where damage information is
0.2/01 100 1.00 02/01 494 495

not necessarily complete.
02/09 100 1.00] 02/09 553 580 : ! . .
5 05/05 25 25 |30 05/05 924 949 The Basic Persistent Shooting (BPS) tactic

08/01 400 400} 08/01 994 994 simply instructs the shooter to stick to a certain
0.8/0.9 400 4.00 0.8/0.9 9.99 10.00 target an.d engage it as long as the tal'get is not
02/01 200 200] 02/01 600 601 evidently killed. Two variations of this tactic
02/09 200 2.00{ 02/09 682 743 (FBPS and DBPS) were introduced and were
10 05/05 500 5.00/40 05/05 9.72 991 shown to perform better than the basic one. Qut
0.8/0.1 800 800/ 08/01 9.99 999 of these two tactics emerges a simple tactic - the
0.8/09 800 8.00| 08/09 10.00 10.00 HBPS - that can be easily implemented in com-
02/01 362 3631 02/01 684 686 bat. This tactic appear to perform close to opti-
02/09 389 394| 02/09 775 864  mality in a range of realistic scenarios.
20 05/05 792 804|50 05/05 9.89 9.99 Recall that a number of simplifying as-
82;8; gg‘g lggg gg;g; }ggg iggg - sumptions were made in the construction of the
R . : N ; : models. Specifically, we assumed no cumula-
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tive damage in the shooting Process, ignored
“Type II” errors (that is, declaring & live target
as killed) and required that the event “kill” K)

is necessary, at each

round, for the event “evi-

dent kill” (EK). A natural extension of the anal-
ysis presented in this paper may be obtained by
considering situations where these assump-

tions are relaxed.
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