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report is the latest of several SRI studies on the subject of acoustic
countermeasures--a complete bibliography is included at the end of

the report.
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SUMMARY (U)

(U) This report describes the design and application of three
Markov-type models, The first model determines the basic interaction
of the most important acoustic deception parameters; the second model
extends the basic ideas to include the effects of antisubmarine warfare
(ASW); and the third model extends the second by including the effects

of attrition on submarine weapons and ASW units.

(C) All three models are based on a scenario similar to the Uptide
Two series of exercises. An autonomous cruise-missile submarine is
assumed to be searching for a high value unit (HVU) in a large operating
area, Several accustic deception units (ADUs) are deployed in the area
to lure the submarine into making an attack on a false target. (The
ADUs include an acoustic deception device which acousticaily mimics the
HVU.) Tne various units are assumed to be randomly distributed in a
uniform manner over the ¢perating area. The objective of the HVU is to
survive a given number of days without being detected and correctly

classified (and therefore attacked).

1. Basic Model (U)

(U) The basic model resulted in a closed form solution
relating the probability of HVU survival as a function of ten scenario
parameters., These parameters have to do with detection ranges, speeds,

submarine density, time in the area, and classification probabilities,

(U) The most significant methodological result was that the
final equation could be written as a function of just two nondimensional

variables. (See Figure 4 on page 11.)* These two variables were named

%

’(U) References to pages in the main body of the report are added to
this summary for the convenience of the veader. They may be ignored,
1f desired.

s-1
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the "blue deception factor" and the 'red coverage factor" and are the

basic measures for tactical doctrine in this "pure" acoustic deception
scenario. (We suspect, but have not shown, that estimates of these two
tactical measures would play an important role in making decisions in a

real acoustic deception envirooment.)

(U) The blue deception factor is a product of parameters
relating to ADUs divided by a product of parameters relating to the HVU:

the number of ADUs, times

the probability of misclassifying an ADU, times

the search width of the ADU, times
the average relative speed between the ADU and submarine;

divided by:

the probability of correctly classifying the HVU, times

the search width of the HVU, times

the average relative speed between the HVU and the submarine.

(U) The red coverage factor is a product of parameters
relating the HVU and submarine (the first three are the same as the
denominator of the deception factox):

the probability of correctly classifying the HVU, times

the search width of the HVU, times

the average relative speed between the HVU and submarine, times

the submarine density, times

the time in the operating area.

(U) The importance of reducing the input parameters into two
fact>yrs is that broad tactical principles can be reached by considering
just the value of the factors without assigning values to each of the
parameters. The various conclusions derived by this method are given
below.

(1) 1f the red coverage factor is less than 0.2,

then acoustic decoys are not nuaded.

(2) 1f the red coverage factor is between 0,2 and
2.0, then ADUs should be deployed, and emphasis
shiould simultaneously be placed on reducing the
HVU related parameters: the probability of
correctly clessifying the HVU, the HVU sweep
width, and the HVU/sub average relative speed.

§-2

CONFIDENTIAL

{This page Is UNCLASSIFIED)




UNCLASSIFIED
()

3) 1If the red coverage factor is betwe2n 0.2 and

2.0, then it is more important to make the HVU
sound like a nontarget than it is te make the
ADU sound like the HVU.

(4) 1f the red coverage factor is greater than 2.9,
then a reduction of the time in the operating
area has little effect,

(5) 1f the red coverage factor is greater than 2.0,
then increasing the probability of misclassifving
the ADU is of equal effect to decreasing the
probability of correctly classifying the HVU.
Likewice, increasing the dectection range of all
the AbUs 1is of equal effect to decreasing the
detection range of the HVJ. This symmetry of ADU
and HVU parameters holds only for a red coverage
factor greacer than 2.0; at lower values, the
HVU parameters are more important.

(6) If the blue deception factor is greater than 4.0,
then additional deception devices are not needed.

(7) Numerous short-range deception devices are more .
cost/effective than a few long-range devices. .
This result is independent of the submarine density
or the time spent in the operating area.

2. Acaso Model (U)

(U) The basic Markov medel was extended to model acoustic
countermeasures and antisubmarine warfare in the objective area (Acaso).
Two additional outcome states were added to the three states of the basic
model, making a total of five outcomrs that can occur during a given time
period in the operating area: (1) the submarine attacks the HVU, (2) the
submarine attacks an AUU, (3) the submarine is killed by the HVU's ASW
force, (4) the submarine is killed by the ADU's ASW force, and (5) the
submarine is in search at the end of the time period. (See Figure 6 on
page 22.) The Acaso model consists of equations to compute tne prob-
abilities of the five outcomes. All the necessary equations are given
in this report so that the model can be easily programmed and used by

others., (See Tables 1 through 7 on pages 24-27 and pages 39-41.)

(U) The novel feature of the Acaso model is the classification
aigorithm, Classification is represented by a Bayesian decision process

based on probability distributlons of a random feature that quantifies
s-3
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(V)

the information provided by the submarine's acoustic sensors. The input
parameters used in the classification algorithm are: (1) the submarine's
estimate of the probability that the next contact will be the HVU (equiv-
alent to estimating the number of ADUs); (2) the maximum allowed classi-
fication error, (3) and (4) the true and the estimated probabilities

that the 1IVU produces an "HVU-like" feature, and (5) and (6) the true

and estimated probabilities that the ADU produces an "ADU-like" feature.
The last four parameters represent the '"fidelity" of the HVU and ADU--
both the real unit's fidelity and the submarine's estimates of the real

unit's fidelity.

(U) The maximum classification error parameter is used to
derive two thresholds which are applied to the HVU and ADU submarine-
estimated distributions. These two thresholds relate to the submarine-
estimated probabilities of two kinds oi classification errors:

(1) identifying an ADU as a valid target, and (2) identifying an HVU as
a nontarget. The two thresholds are then applied to the true HVU and
ADU distributions to calculate the probabilities that the submarine will

close the HVU or ADU for a positive visual classification.

(U) The Acaso model can quantify, with the aid of the classi-
fication algorithm and the ASW kill probabilities, a basic tradeoff faced
by the submaiinae. The tradeoff is: (1) should the submarine acoustically
classify at long range, thus avoiding the ASW threat but with a risk of
making a nlavsification error? or (2) should the submarine close to a
short range for visual classification but with a risk of being detected
and attacked by the ASW force? The basic input parameter that represents
this tradeoff is tne maximum allowed classification error. (See Figure 18

on page 55.)

(U) A parameter sensitivity analysis was performed on the
Acaso model, (See Figure 12 on page 49.) 'Two base cases were examined:
(1) the submarine expects acoustic deception, and (II) the submarine does
not expect acoustic deception. Both cf these cases are run in a basic
scenario in which acoustic deception units are deployed. The probability
of HVU survival is lower in Case 1 because rhe submarine expects the

deception that is used. When the HVU does survive in Case 1, the reasons

5-4
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(U)

for survival are abouf 60 percent deception (submarine attack on an ADU

Tk

.{5%'0%-/%‘Lurces deployed with the HVU or ADUs). This is in contrast to

or suomar**'f aady searchlng) and 40 percent kill (submarine killed by

Case II: almost always the reascn for survival ic due to an attack om
« .. An ADU.  (See Figureg 3N »pA 2% <co “~i{féfl 47.)

,w »'f‘-" Y _" " "-.‘_‘:"Ly‘“.'
1&”"*"}"' v
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) ne major conclus;ons concerning the range and speed
parameters are:

(1) The HVU's detection range and speed are very
important parameters. (See Figure 13, page 50.)

(2) The ADU's detection range and speed are of less
importance--increasing the ADU's detection
range is more important when the submarine does
not expect deception than when he does. (See
Figure 14, page 51.)

(3) Submarine search speed becomes impcrtant when
the ADU detection range is small., (See
Figure 15, page 52.)

(U) The major conclusions concerning the cubizcine's classi-

fication parameters are:

(1) Massive ASW streagth is r=guircd balore the tradeoff
between visual versusg.grrugtie clacei¥fizgiion 18 -
reversed--the submarine is betrer oIff class)fring
yresrlly . Whedner or noet Lo capects deception.

(See Figures Z0 aud~21, pages 57 and 55.)

(2) The submarine's estimates of the HVU's and ADU's
fideiity are not important parameters. (See
\ Figures 22 and 23, pages 52 and 60.)

(U) The major conclusions concerning the acoustic deception
parameters are:
(1) When the submarine expects deception, the number
of ADUs is not important--in fact, the use of
4DUs does not help much at all., (See T'lgure 24,
(3) When the submarine can accurately estimate the

(2) Acoustic deception works well when the submarine
does not expect it.

page 62.)
fidelity of the HVU or ADU, the actual fidelity

is not too important.

S-5
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(4) Fairly high gains in survivability can be made by
making the HVU sound like & nontarget, providing
that (a) the submarine expects acoustic deception,
(b) the submarine expects the HVU to sound like an
HVU, and (c) deception is actually used.

(5) Higb gains in survivability can be made by making
the ADU into a high fidelity decoy, providing that
the submarine does not expect decoys. (See
Figures 25 and 26, pages 63 and 64, to supplement
the last four conclusions.)

(U) The major conclusions concerning the ASW related parameters

are:

(1) 1t is only slightly better to keep the total ASW
force with the HVU rather than dividing the ASW
forces among the ADUs., (See Figure 27, page 65.)

(2) 1t is more important to have a strong ASW force
with the HVU if the submarine expects deception.
(See Figure 29, page 67.)

(3) The strength of ASW is not nearly as important
when the submarine does not exject deception as
when it does.

(U} The major conclusions concerning the interaction of deception

and ASW parameters are:

(1) When the submarine expects deception, a strong ASW
force is needed to increase the HVU's survivability,
but when the submarine does not expect deception, a
strong deception effort (in terms of numbers of many
high fidelity devices) is needed more than a strong
ASW force. (See Figure 32, page 70.)

(2) For a given level of survival, a modest increase
in the ADU's fidelity is '"worth" a very large
increase in the ASW force --this effect is more
pronounced for the case when the submarine does not
expect deception. (See Figure 35, page 73.)

3. Event Step Simulation Model (U)

(U) The Acaso model was extended by adding two more states:
the subrarine depletes his missiles, and the ASW forces around the
acoustic decoy are attrited by missiles fired at the decoy. Therefore,

four events are allowed to occur after the submarine attacks an ADU:

S-6
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(1) the submarine is killed by the ADU's ASW forces, (2) the submarine
runs out of missiles, (3) the submarine escapes and begins searching
azain, and (4) the submarine's attack kills part or all of the ASW force
and then the submarine escapes and begins searching again. This model
was replicated many times to derive average answers; the simple Markov
methodology could not be used because the ASW kill probabilities and

submarine’'s missile load change each time an ADU is encountered.

(U) The model was exercised to investigate: (1) the effect
of the submerine's saving a portion of his missiles for a reattack czpa-
bility, and (2) the effect of the ASW forces being attrited during each
attack on an ADU. The scenario was similar to the bas~ case in the Acaso
model: there was one HVU protected by three ASW elements, and three ADUs
each consisting of one decoy and one ASW element. The basic measure of
effectiveness was the probability that the HVU remained unattacked for

seven days in a 400-nmi diameter operating area.
(U) The results were:

(1) The submarine's reattack carability is not very
importani when the submarire expects acoustic
deception; however, if no deception is expected,
then the submarine is better off not to launch
all his missiles in one attack.

(2) The HVU's survivability is not very sensitive to
whether or not attrition of the ADU's ASW forces
i3 assumed. The reasons for HVU survival can
change from ASW kills, when no attrition is assumed,
to missile depletion when attrition of the ADU's
ASW force is assumed. (See Tables 10 and 11 on
pages 78 and /9.)

4.  General Comnents (U)

(U) In an attempt to integrate the results of the three models,
there 1s one fundamental point that should be first brought into focus:
tactics that are effective in one situaiion are not necessarily effective
in another situatioc:.. Therefore, statements such as "employment of
acoustic decerzion dzvices will be effective in helping the HVU survive"
shorld be avoided uunless they are qualified by describing the scenario

in which the device: are to be employed.

S-7
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(U) The present study has highlighted two conditions under
which acoustic deception seems to lose its effectiveness: (1) when the
area is too large or the time too short for the submarine to find the
HVU, or (2) when the submarine expects deception and therefore closes
for visual classification. There is also a third case that is not
covered by the analyses: (3) when the submarine does not depend on

acoustic information to find and classify contacts.

(U) Do the above considerations mean that an active program
in acoustic deception has little potential? Definitely not! The
following reasons in favor of deception are founded on the idea of what
will happen if deception devices are not available. The first reason
for deception is that there will be situations in which the submarine
must use his own acoustic information; also there will be situations in
which the operating area is small and the time long enough for the sub-
marine to find the HVU. But more importantly, the second reason in
favor of deception is that only the existence and previous use of
deception devices will cause the submarine to expect deception tactics.
Thus, even though actual use of the devices may not increase survivability,
the potential for employment must exist before the submarine is driven
to visually classify., 1Is this desirable? Yes, because it is easier to
find the submarine in a relatively small visual zone (about a 10-mile
radius circle about the HVU or deceptidn device) than in @ much larger
acoustic zone. In summary, the bes  of worlds is to use the deception
devices without the submarine's expecting it; second best is to use (or
have the potential to use) deception but with the knowledge that the
defense burden falls on the ASW forces when the submarine closes to check
for deception; and wors: of all is not having deception devices available
at all, thus allowing th¢ submarine to make a standoff cruise-missile

attack without ever being subjected to a high ASW threat.

(U) There still remains a question as to the deployment of
deception devices and ASW forces in a situation where it is probable that
the submarine expects deception. The sftudy showed that the actual use
of the devices was not particularly helpful, and that it is somewhat

better to keep the total ASW force around the HVU. 1In the past, the idea

S-8
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was that the devices would be beneficial because they would cost the
submarine time. This contention has not been substantiated by the
precent study. It is also claimed that the devices confuse the subma-
rine because of multiple contacts and deny information to the submarine
because of masking effects. The present study cannot be used to judge
these ideas because the only aspect of acoustic countermeasures that
was modeled was the effect of luring a submarine into making an attack
on a decoy. Therefore, the limitation of this study (or any study)
should be kept in mind before categorically deciding for or against the

actual deployment of the devices.

(U) Even though the results of the study indicate the non-
deployment of the devices, we argue in favor of deployment of deception
devices with ASW forces near them, The first reason is that the sub-
marine might not be expecting the devices; if so, the devices will be
effective. Secondly, even if the submarine does expect deception, the
HVU survivability will not be particularly jeopardized by deploying the
devices, including ASW forces. Third, and most important, the engagement
between task group elements and the submarine, if it happens, will be
more likely to occur away from the HVU. Thus, the place and time of the
fighting should be taken into account, even though the measure of effec-
tiveness used in this study is not very sensitive to use of deception or

allocation of ASW.

(U) As a final comment, this study should not in any way be
interpreted as being in favor of trading ASW hard-kill potential for
deception devices. A strong ASW capability is mandatory, especially in
the case where the submarine expects deception. Therefore, in a way,
the use of acoustic deception requires an even stronger hard-kill capa-

bility, rather than replacing it.
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I A BASIC ACOUSTIC DECEPTION MODEL

The purpose of this section is to quantitatively describe a basic
acoustic deception process. Although acoustic deception has been the
subject of numerous studies in the past several years, we believe that
the basic relationships and interactions of parameters are still not
well understood. By simplifying the acoustic deception problem to the
bare essentials, we hope to describe the heart of the process. As the
ideas about acoustic deception have evolved, the attention has been
focused too strongly on the hardware of the deception devices themselves;
the objective of acoustic deception has become diminished due to a lack
of an overall perspective. It is hoped that this introduction will help

clarify the basic tradeoffs involved in acoustic deception.

A, The Problem

The problem we choose for modeling is the "objective area' scenario:
one high value unit (HVU) randomly cruises in a large fixed area and one
submarine randomly searches in this objective area for the HVU. When
the submarine makes contact, the target is claszified as to whether or
not it is worth attacking; if not, the submarine continues searching.
Acoustic deception units (ALUs) are also randomly deployed throughcut
the objective area; these units may be stationary or moving, as desired.
The ADUs acoustically simulate the HVU and may be attacked by the sub-
marine. The mission objective of the HVU is to survive for a given
period of time without being attacked. 1If the submarine attacks an
ADU, then the HVU is assumed to survive; this represents the case of
either: (1) total weapon expenditure so that no more weapons exist to
use against the HVU, or (2) immediate counterattack and submarine kill
by ASW forces after the submarine exposes his location by attacking the

ADU.

1
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The problem is designed so that it is interesting, but not so
detajled that it requires a complicated model. Acoustic deception is
limited entirely to luring the submarine into an attack on a false target.
Other aspects of acoustic deception, such as delaying the submarine and
masking the HVU, are not represented. Also, the search for and ASW
attrition of the submarine are not modeled. The submarine operates alone
and searches with passive sonar; there is no air surveillance support.
Both ship radiated noise and ASW sonar sources may be represented by the
magnitude of their detection ranges. Although only one submarine is
assumed for the problem, any number of submarines can be represen:ed by

a relatively simple manipulation of the model.

B. The Model

The type of problem outlined in the preceding section is couveniently
handled by a Markov model. Figure 1 depicts a five state Markov model of
the phases of the engagement: search, contact, and attack. The first
state on the left represents the submarine's searching for targets; an
average time between contacts of "T' hours is indicated. (The self-loop
arrow indicates that the submarine stays in the search state for a random
amount of time.) When a contact does occur, it can be either the HVU or
an ADU; the probability that the contact is the HVU is "P." The subma-
rine then classifies the contact: (1) if the contact is the HVU, the
probability of correctly classifying and attacking the HVU igc 'p";

(2) if the contact is an ADU, the probability of misclassifying and
attacking the ADU is "q." (Note that q is not l-p.; ‘The arrows that
return to the search state show that, if the submarine misclassifies the
HVU or correctly classifies the ADU, search starts again. Note that no
time is spent to classify the contact., (If self-loop arrows were on the
contact states, a classification duration would have bean indicated.)
The self-loop arrows or the attack states mean that once these states

are entered they cannot be left.

This simple Markov model can be solved in closed form. The solution
is an equation for the probability that the "attack HVU" state is entered

before a given period of time expires. Only the parameters shown on

2
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FIGURE 1 MARKOV MODEL OF A BASIC DECEPTION PROCESS

Figure 1 (T,P,p,q) are needed to derive the probability that the HVU is

attacked, but T and P are not in terms of tactically interestiag quantities,

Therefore, more basic input parameters are used.

c. Input Parameters

The parameters that replace T and P are speeds, sweep widths, sub-
The following is

marine density, and number of acoustic deception units,
a complete list of the input parameters,
1) a = sweep width against the HVU (nmi)
2) b = sweep width against an ADU (nmi)
8g = average speed of the submarine (kt)

3)
4) 8y = average speed of the HVU (kt)
5) sz = average speed of the ADU (kt)

6) n = number of ADUs

7) ¢ = submarine density (number/mmi®)

3
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8) t = time in the objective area (hr)
9) p = probubili'y of correctly classifying the HVU
10) q = probability of misclassifying the ADU.

Sweep width is defined in Naval Operations Analysis1 as the area
under the "lateral range curve.'" The lateral range curve is, in turn,
defined as the cumulative probability of detection as a function of the
closest point of approach. (The cumulative probability is found by
integrating along a straight line track relative to the target.) Sweep
width is not twice the "fifty percent" detection range, but is a consid-
erably more general concept. However, to facilitate intuition, sweep

width can be thought of as twice the 'cookie cutter' detection range.

The input parameters are not all independent. For example, the
sweep width depends on speed of both the target and submarine. 1If
detection is made on the target's radiated noise, and the noise level
increases with target speed, then the sweep width increases with target
speed. An increase in submarine speed will gen=rally decrease the sweep

width because the submarine's self-noise will increase.

Another effect of target and submarine speed works on the lateral
range curve, The faster either vehicle goes, the lower the cumulative
probability of detection because the time spent at any given range is
less. Therefore, increased target speed decreases the sweep width, As
to whether the sweep width actually grows or diminishes with target
speed will depend on the details of the individual case. However, it
is expected that, when radiated noise is the only contributing factor

to sweep width, increased target speed wi'l increase sweep width.

Another example of parameter intzrdependence is between the
probability of misclassifying the ADU and the speed of the ADU. ‘The
submarine may be able to discriminate on kinematic information if the
ADU is not actually moving at the speed that it sounds as though it is

moving.

The three speed parameters are basic tactical parameters but are

not directly useful in the model. 1t is the average relative speed

between the target and submarine that is of interest. 1{ the courses
4
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of tne HVU and submarine are uniformly distributed, then the average

relative speed is given by the integral:

2
(al ) -
u = = S Jso + 8% - 2s¢s1 cos 2 d&

where 8 is the angle between the two speed vectors, This integral can
be numerically integrated or tables of elliptical integrals may be used.
A simple equation that closely approximates the integral is shown on

Figure 2. (The largest error is about 1 percent.)
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FIGURE 2 AVERAGE RELATIVE SPEED FOR UNIFGRMLY RANDOM
COURSES OF SUBMARINE AND TARGET
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Two new parameters, u and v , are used in place of s;, s1, and

sz in the rest of the analysis:

average relative speed between the HVU and submarine

Il

1) u
2) v

[}

average relative speed between the ADU and submarine.

D. The Derivatiou

The derivation of the equations describing the model is straight-
forward and therefore is presented here instead of being relegated to
an appendix. Besides, a certain amount of insight into the model can

be geined at each stage of the derivation.

The rate at which the submarine encounters the HVU or ADUs is
needed, These rates are identical to the rates at which the HVU en-
counters the submarine and the ADUs encounter the submarine. The sweep
width times the relative speed produces area per unit time; this
multiplied by the submarine density (number per unit area) yields the

required search rates:
)\1 =  aul
A2 = nbvo ,

where }\; is the number of HVU contacts per hour, and Ay is the number of

ADU contacts per hour. (There are n ADUs and any one can be contacted,

therefore the factor n is included.)

Given that a contact is amade, what is the probability that it Is

the HVU? 1n one hour Ay HVUs are detected and a total of Xy + Az contacts
are made. Therefore,

S S
!“)\1'{")\2

is the probability that the HVU is contacted given that a contact is

made,

6
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With the above probability P and the classification probabilities,
the conditional probability that the HVU is attacked, given that an
acttack occurs, can be calculated. Referring to Figure 1, it is seen
that the number of cases ending in the "attack HVU" state is proportional
to pP, whereas the total number of cases ending in either ‘''attack state

is propovtional to pP + q(1-P). Therefore, the conditional probability is:

c - . ] S
pP + q(l-P)

.

This equation can be simplified by defining a new parameter, the "blue

deception factor':

q(1l-P) ngbv
X = .
pP pau
1
Therefore, Cc = T+ =

The adjective 'blue" is used to describe x because the friendly forces
benefit when x increases. The adjective "deception' is used to describe
x because this factor contains all the parameters that define the acoustic
deception units. When there are no deception devices (a=0), there is no
deception (x=0) and the conditional probability of attack on the HVU, given

an attack, is certain (C=1).

The average time between contacts is by definition the reciprocal of

the total contact rate:

L P

PP Ve
The average number of contacts before an attack occurs (including the

contact that is attacked) is given by:

L
pP + q(1-P)

The last equation can be deduced by an analogy to tossing a coin of
probability "h" »f coming up heads. The average number of tosses

(contacts) before heads (an attack) is one over h (one over pP + q(1-P)).

7
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The average time before an attack occurs is just:

C_
phy

The ratio t/7, which is needed later, can be written in terms of a new

parameter, the ''red coverage factor':
y = pMt = pauCt s
where t 1is the time spent in the objective area. Therefore,
o= )y .
The adjective ''red" is used to describe y because the enemy force (the
submarine) benefits when y increases. The adjective ''coverage" is

used because it represents the percent of the objective area that the

submarine can cover in a time t while looking for the HVU.

Now that the average time before an attack T is known, the
probabilities of ending in an attack state can be calculated as a
function of time. To do this, the five state model of Figure 1 is

replaced by the two state modzl of Figure 3.

ATTACK 1
ATTACK At
T

FIGURE 3 TWO STATE MODEL

8
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This figure shows that the probability of transitioning from the '"no
attack" state to the "attack" state is At/T, where At is a small incre-
ment of time that is much smaller than 7. The expression for the
transition probability is almost intuitive: if an attack is equally
likely anywhere in the interval of T, then the probability of attack in
an interval At is just At/T.

"no attack' state after "m"

The probability of being in the
transitions is (1 - At/7)®. Replacing At by t/m and letting m approach
infinity, the probability of being in the '"no attack" state at time ¢
approaches e-t/T. This result shows that the two state Markov process
reduces to a Poisson process as the time for one transition approaches
zero.

The probability that an attack has occurred by time ¢t is

1 - e-t/T

. The probability that the HVU is attacked by time t is the
conditional probability of attack, C, times the probability of an attack
occurring by time t . Finally, the probability of survival is defined
as the probability that the HVU is not attacked by time t ; therefore,

the probability of survival is:

P = 1-c( - et/

And this reduces immediately to the final solution:

P = 1 - 1o ey
5 1+ x ?
where x = gg%z , tlue deception factor
y = paucdt , red coverage factor ,
and where n = number of ADUs
q = probability of misclassifying the ADU
b = search width of the ADU (nmi)
v = relative speed between ADU and submarine (kt)
p = probability of correctly classi{ying the HVU
9
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a = sweep width of the HVU (nmi)

u = relative speed of HVU and submarine (kt)
¢ = submarine density (number/nmi®)

t = time in area (hr) .

E. The Results

The probability of HVU survival is plotted in Figure 4 as a
function of the deception and coverage factors, x and y. Note that the
effect of varying any parameter can be deduced from Figure 4; this is
due to the inclusion of all the parameters in just two nondimensional
factors. This factorization isvery important to analyzing the model
because it allows parameter comparisons by inspection only, rather than
by a cumbersome numerical sensitivity analysis. Also notice that, for
the case in which there is no deception (x=0), the model reduces to the
common random search model (except that the usual search rate, auo, is

vultiplied by the probatility of correctly classifying the HVU).

Several important results and interactions can be discerned from

Figure 4. TFirst, there are cases in which deception devices should not

be used. *“hen the red coverage factor is less than about y = 0.2, HVU
survival dces not change as deception increases; therefore, it is
pointless to deploy deception devices in a low coverage situation. The
reason for this statement is that the submarine will have a difficult
time finding the HVU in the allotted time, regardless of the number of

decoys.

When the red coverage factor is between y = 0.2 and y =2, deception

devices will have a beneficial effect; however, the biggest payoff will

be from reducing the three parameteis, pau. The probabilities of

correctly classifying the HVU (p), the HVU sweep width (a), and the
HVU/submarine relative speed (u), are the most important parameters
because they occur in boch the coverage factor and in the deception
factor. To illustrate this let us determine which is better: to
double the number of ADUs or to cut the HVU sweep width in half£?
Assume that the initial operating point is at x = 1 and y = 1; then




UNCLASSIFIED

1.0
{ | ] }
Yy =01
y - 02
08 |— y=03 ~
o
]
<«
>
S 06 -]
19
2
)
)
>
I
t
[e]
t 0.4 RED COVERAGE FACTOR: .
a3 Y "pawgt
@Q
<
o
Q
14
a
PROBABILITY OF SURVIvVAL:
0.2 _ o4 x)y
Ps = 1 . (l—-L~_ ) j
T+ x
00 : [ f [
0 i 2 3 4 5
ngbv
BLUE DECEPTION FACTOR: x » _2__
pau

FIGURE 4  EfFFgcT OF COVERAGE AND DECEPTION ON SURVIVAL

from Figure 4, the probability of nvy survival is PS = 0.57. If the
number of devices is doubled, x = 2, y=1, and PS = 0.68. 1f, instead,

the HVU Sweep width is cut ip half, x = 2, Yy = 0.5, and PS =0.74, A

The RvVy sweep width is largely under control of the Hyy. Radiated
noise can be reduced by going slower, This, in turn, reduces the

relative speed, which alseo decreases the "pau" factor, An active sonar

11
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may be deployed with the HVU; if it were turned off, the survivability

of the HVU would increase because the sweep width is smaller. However,
there may be a way to keep the active sonar on to enhance ASW protection.
1f the parameter 'p" can be lowered the same amount that "a'" is increased,
then the probability of survival will remain the same. This might be
accomplished by equipping ail of the ADUs with ASW sonar simulators so
that all the units will look alike and therefore the submarine will have
a difficult time correctly classifying the HVU. It is expected, however,

that only modest increases in ""a' could be allowed because of both the

difficulty of lowering "p', and because of the uncertainty of its value.

For very large coverage factors, greater than about y = 2, the

use of deception devices will be most beneficial. For this coverage

region the importance of the 'pau' factor is reduced because the payoff
from reducing the coverage factor is not nearly so great as is the payoff
from increasing the deception factor. Therefore, all seven parameters

in the blue deception factor (ngbv/pau) are of equal importance when the
red coverage factor is large. Also, the submarine density (o) and the
time in area (t) are of less importance since they do not affect the

deception factor.

An implication of the above statements is that for y > 2, the
reduction of p (the probability of correctly classifying the HVU) is
equally important tc increasing q (the probability of misclassifying
the ADU). This is not true when y < 2: in this case it is more impor-
tant to decrease p than it is to increase q . 1In other words, it is

more important to make the HVU look like some other target than it is

to make the ADU look like the HVU, when the coverage factor is less than

y = 2,

Another kind of constraint region on Figure 4 is when the daception

factor is large. The addition of more deception devices 1s not needed

if the deception factor is greater than about x = 4. The reason is that
the change in the probability of survival is very small for a unit change

in deception, regardless of the coverage factor.

12
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The fact that only the ADU parameters are included in the deception
factor allows for simple tradeoffs to be investigated by fixing the
value of x . A good value to choose is x = 4, since it is a kind of

maximum deception valuz. An interes%ing tradeoff is between numbers of
decoys and their detection range.
Figure 5 shows the number of decoys needed to make % = 4 as a

function of the ratio of ADU-over-HVYJ sweep width. Three curves are

shown for the likely range of values for the remaining four parameters

(qvpu). Note that these tradevff curves do not depend on the submarine

density nor the time in the area.

10 v ! I
'y
— b qv
el EQUATYION: n -A/(- --.)
/7 a pu
/7
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0 1 ] | )
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FIGURE 5 TRADEOFF BETWEEN NUMBER OF DECEPTION UNITS AND
DETECTION RANGE
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Since there is a tradeoff between numbers of devices and detection
range, is it better to have numerous small devices or a few large devices?
The operational value of the deception is fixed (x = 4); therefore, the
choice should be made on the cost of the deception. Assume that the cost
is proportional to: (1) the number of devices, and (2) the power re-
quired for each device. Assume further that the required powver is

proportional to: (1) the detection range-squared for nonconvergence

zone environment, and (2) tha detection range for convergence zone

environments. (This assumes that the transmission loss is approximately

spherical spreading for nonconvergence zones and cylindrical spreading
for coavergence zones.) With these simplifying assumptions, the cost of

deception is proportional to nb® or nb. But from Figure 5, the detection

range is inversely proportional to the number of devices for a fixed

deception value. Therefore, the conclusion is that, for a given level

of deception: (1) the cost of deception is inversely proportional to
the number of devices in a nonconvergence zone environment, and (2) the
cost of deceptiorn is independent of the number of devices in a convergence

zone environment. This means that the cost goes down if more devices are

used in the nonconvergence zone environment, but that there is no cost

tradeoff for the convergence zone environment., However, the convergence

zone environments do not always exist, therefore it is better to have

numerous small devices than a few large devices,

F. More Submarines

The model of the simple acoustic deception process was developed
with one submarine as the threat. More sutrarines can ke included in
the mode! in two basically different ways, depending on the scenario.
First, if the submarines operate independently in the area, then the
probabilities of surviving each submarine are independent, and they can
be multiplied together to give a final probability of surviving all
submarines. ‘Jhe submarine density (0) 1or this case is calculated as

though there were only one submarine.

14
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If instead, the submarines divide the arez into zones, one sub-

marine to a zone, then the probability of surviving all submarines
depends on what the HVU does if a submarine is neutralized by attacking |
an ADU. 1If the HVU stays in the neutralized zone, then the probability
of survival is given by the present model, but with the submarine

density calculated as the total number of submarines divided by the i

operating area. In other worxds, the HVU must survive only one zone,. :

If however, the HVU moves to zones in which submarines are still
a threat (or if the submarines divide the area anew after an unsuccessful |
attack on an ADU), then the calculation of the probability of survival ;
is more complicated., Assume that two submarines divide the area into ]
two equal zones. If one of the submarines is neutralized by attacking
an ADU, assume that the engagement continues with just one submarine.
The probability of survival can be written as one minus the total prob-
ability of attacking the HVU. The probability of attacking the HVU is !
composed of two parts: when both submarines are present (P;), and when

only one submarine is present (P):

-t/T
Pg e t/ 2

c(l - )

e't/Tl)

P C(L -

where T; is calculated with a density of two submarines in the area, and
Ty with one submarine in the area. The probability that one or the sub-
marines attacks an ADU is:
- T '
A = (1-0)( - e /T2y

Therefore, the probability of survival is:

Ps = 1 - (P2 +AP)

G. An Example Calculation

As an example, assume that one submarine is randemly searching in
a circular area 400 nmi in diameter and that the HVU must survivie for

seven days. The input parameters are as follows:

15
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1) = 60 nmi

2) = 60 nmi

3) so = 10 kt

4) s = 10 kt

5) sz = 0kt

6) = 3 ADUs

7) o = 1/(7 200°) number/nmi®
8) t=17@4) hr

9) p = 0.8

10) q = 0.6.

The relative speeds are calculated as:

1) u= 12,7 kt
2) v =10.0 kt.

If contact is made, the probability that it is the EVY is:

N _ 60 12.7 _
P = 5 +% " s012.7+36010 - 93

The conditional probability that the HVU is attacked, given that an

attack occurs is:

= pP - .8 .30 _
C = ZPrqa® - 8.30+.6.70 - 036
The average time between contacts is:
L 1 _ 3.14 200 200
T = )\1 + )\2 - 60 12.7 + 3 60 10C 49.0 hours

The average number of contacts before an attack occurs is:

= 1 = 1 =
o= P A qm 8 .30+ .6.70 - %

The average time before an attack is:
T3 = NT = 1,52 49.0 = 74.5 hours

16

UNCLASSIFIED

A




Y

UNCLASSIFIED

The blue deception factor is:

ngbv _ 3 .6 60 10.0

pau .3 60 12.7 .77

The red coverage factor is:

.8 60 12.7 7 24
¥y T paust = TIHLT200 200 0.81 .
The probability that the HVU is attacked is:
p, = c(l -e Ty = g.a6 (1 - e 1O8/TASy L g4y

The probability of surviving the one-submarine threat is:

P = 1~-P = 0.68
S

1f two submarines operate independently, the probability of surviving

the two-submarine threat is:
P, = (0.68)° = 0.46

The probability of an attack on the HVU when two submarines operate in

zones is:

-168/37.3
e

_t/12
P = C(1 -e ) = 0.36 (1 - )y = 0.36

If che HVU must survive only one zone, then the probability of surviving

the ctwo-submarine threat is:

P, = 1-P = 0.64

The probability that one of the submarines attacks an ADU is:

-168/37.3
e

>
]

a-c) @ -e %y < o064 1 - Yy = 0.64

17
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If the HVU must survive both zones, then the probability of surviving

the two-submarine threat is:

Ps = 1~ (P +AP) = 1~ (.36 + .64 .32) = 0.44 .
Of the various ways to calculate the two-submarine threat, the best for
the HVU is the one-zone survival (0.64), the next is the random-submarine
survival (0.46), and the worst is the two-zone survival (0.44). All of

these probabilities can be compared with the one-submarine threat

survival (0.68).

H. Limitations

Although a good deal of information can be gleaned from this simple
deception model, its limitations should be kept in mind. First, the
scenario is limited: an objective area engagement with one autonomous
submarine and two kinds of friendly units, one high value unit, and

several acoustic deception units,

Second, the definition of "survival' includes the neutralization
of the submarine if it attacks a decoy. No ASW protection, missile
defeuse, or missile reliability is included in the survival probability.

"Survival," as used in the model, is not "real" survival.

Third, the only kind of deception represented in the model is the
"luring" type, in which the submarine attacks the decoy and is nentralized,
Degradation of the submarine threat by the confusion induced by multiple

contacts is not modeled.

Fourth, the complicated aspects of classification are igrored and
replaced with two input parameters. Also, the classification, approach,

and attack phases of the engagement are assumed to take no time at all.

Fifth, the model is a continuous time Markov process; this means
that the time in-state is exponentially distributed. These kinds of
models are very similar to random search models, so the assumptions of
randomness must be obeyed. The positions of the friendly units cannot

be in a pattern. The randomness requirement is broken when the search

18

UNCLASSIFIED

R it i T Tt (b i o e s S

+

I T TR T




UNCLASSIFIED

width is about equal to the dimensions of the operating area. Then the

boundaries in which the participants must stay induce a kind of pattern.

The model assumed no boundary conditions.

The model investigated in the next section is designed to reduce
some of the above limitations. It includes ASW attrition of the sub-

marine and a much closer look at the classification problem.
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IT ACASO MODEL DESCRIPTION

To study the basic tradeoffs between acoustic countermeasures (ACM)
and ASW in the objective area, a nine state Markov model was developed
that relates ACM effectiveness and ASW capabilities to high value unit
survival, This model is an expansion of the basic model described in
the previous section., There is one high value unit (HVU) and a number
of acoustic deception units (ADU) moving randomly and independently in
an objective area., Associated with each unit is a designated level of
ASW protection against a submarine that is searching for the HVU. Five
mutually exclusive outcomes can occur for a given duration in the

operating area:

Submarine attacks the HVU
Submarine attacks an ADU
Submarine is killed by the 4VU

Submarine is killed by an ADU

.

Submarine is in search at end of the time period.

The measure of effectiveness calculated by the Acaso™ model is the

probability that the HVU survives for a given time period.

The state diagram for the model is shown in Figure 6. The submarine
is assumed to be initially in the search state and then encounters the
HVU or an ADU. Then the submarine decides to close the target for an
acoustic »r visual classification. If the submarine successfully pene-
trates the target's ASW defenses, « classification decision is made and
the submarine either attacks th target or resumes search for the HVU.

Tt is asrumad that the submarine launches ail of his weapons on an attack;

therefore, if the submarine misti:l.enly attacks an ADU, the HVU will survive.

¥*
Acaso: acoustic countermeasures and antisubmarine warfare in the
objective area.
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The diagram of Figure 6 <in be collapsed into 3 nine state Markov
model as shown in Figuxe 7. For the ease of calculation, the equations
developed by Operations Research Incorporated (OR1)? are used for the
final caiculations in the model. These equations are shown in Appendix A

to be nearly equivalent to the Markov model of Figure 7.

. At
(i - GO)T

sus
ATTACKS
Hu1t

CONTACT
AND CLO3E
HVU

SUB IN
SEARCH

At At sus
1 -(1 ¢ p) "F; o KILLED 1
\ 1-9 BY ADU

AND CLOSE
ADU

suB
ATTACKS
ADU

CLASSIFY
ADU

at

1 - ——

FIGURE 7 NINE-STATE MARKOV MODEL

The transition probabilities shown next to the arrows on Figure 7

are censtructed from the ORL parameters as defined in Table 1. 1In order
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Table 1

ORI's PARAMETERS

T Average time required to detect the HVU in the absence
° of any ADUs
0 Ratio of ADU-over-HVU search rates (the HVU search

rate is 1/To)

o] Probability that the submarine can penetrate the
HVU's ASW defense

(o] Probability that the submarine can penetrate the
ADU's ASW defense

) Probability that the submarine will correctly classify
the HVU, given that it survives the local ASW defense

) Probability that the submarine will correctly classify
an ADU, given that it survives the local ASW defense

ho Mean time to classify the HVU
h Mean time to classif:r the ADU
t Total time in the operating area

to use the ORI equations tc calculate the probability of HVU survival for

various tactical situations, it is necessary to convert a tactical
description of the scenario to these nine ORI parameters. The Acaso

model determines these parameters from a more basic set of 17 tactical

parameters,

Tables 2, 3, and 4 list the input parameters to the model, the
intermediate parameters used within the model, and the output parameters,
As shown in Table 2, the input parameters can be classified into four
groups: the parameters which define the scenario, submarine, ACM

capabilities, and ASW effectiveness. The model converts these input
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Table 2

INPUT PARAMETERS

Srenario
r, HVU' detection range (nmi)
r ADU detection range (nmi)
v, HVU speed (kt)
v ADU speed (xt)
u Submarine speed (kt)
t Time in the operating area (hr)
A Operating area (nmil)
Submarine
ﬁ; The submafine's estimate of the probability that the next
contact will be the HWU
§h The submarine's estimate of the probability that the HVU
will produce an "HVU-like" feature
53 The submarine's estimate of the probability that the ADU
will produce an "ADU-like" feature
PE The maximum allowed expecred classification error

(PE is set by the submarine)

Ac ustic Countermeasures

ir  he area)

Antisubmarine Warfare

Fo Fraction of ASW forces remaining with the HVW
if the submarine closes to ac istically classify

if the submarine closes to visually classify

N Numhbe * ¢” ADUs in the operating ares (there is one HVU

PH Probability that tiie HVU produces an "HVU-like" feature

PA Probability that the ADU produces an "ADU-l1ike" feature

PKA Probability that the total A3W force can kill the submariue

PKV Probability chat the total ASW force can kill the submarine

28
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Table 3

INTERMEDIATE PARAMETEKRS

Speed Parameters

<
&

s

Average re ative speed between the HVE and submarine

Average relative speed between the ADU and subrarine

Classiiication Parametars

M

PV
[+
PV

PHA
[

PHA

Probability of a "missed detection” becauce the HVU s classified "ADU"
Probability of “false alarm” beczuse an ADU is classffied "HVU" (these
interpretations of PV and PF arce good under the tase 1 threshold
condit.on only, see discussion)

Separar:ion of tne estimated Hvit and ADU distributions

Misscd detection threshold

False alarm threstiold

True separation of the RVE and ADU distributions

Displacement of the estimated ADU distribution from the tiue one

Lower visual threshold in standavrd deviations from the mean of true
ADY distribution

Upper visual chreshold in standard deviations from the mean of true ADY
distribation

Probability that the submarine chooses to visually classify the HVE
Probability that the submarine chocses to visually classify the ADU

Probability that the HVU is called "HVU", given that acoustic
classif{ication is used

Probability that the ADU is called "HVU", given that acoustic
classification is used

Penetration Parameters

Fraction of the total ASW force that {s assigned to one APU
Probability that the submarine penetrates to visaally . lassify the HVU
Probabiliry that the submarine penetrates to visually classity the ADL

Probabj ity that the submarine penetrates te acoustically classify
the HVU

Probubility that the submarine penctrates to acoustically classify
the ADU

Probability that the submarine classiffes acoustivnlly, given that tt
has penetrated the HVU's defenses

Protabil{ty that the submarine classifics awoustically, given that it
has penetrated the ADU'S defenses
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Table 4

OUTPUT PARAMETERS

T Average time of HVU survival, given that the HVU
is eventually attacked

Ao Asymptotic probability that the HVU is attacked
A Asymptotic probability that an ADU 1s attacked
Ko Asymptotic probability that the submarine is killed

by the HVU's ASW forces

K Asymptotic probability that the submarine is killed
by the ADU's ASW fornces

Ps Probability that the HVU survives for a given duration

P1 Probebility that the submarine was killed by the HVU's
ASY forces, given that the HVU survived

P2 Probability that the submarine was killed by the ADU's
ASY forces, given that the HVU survived

P3 Probability that the submarine attacked an ADU, given

that the HVU survived

P4 Probability that the submarine was in search or was
attempting to classify a contact at the time of HVU
survival

: + P +P +P =1
(Note Pl 2 3 4 )

parameters into the intermediate perameters, and then ORI's parameters
are derived and used to calculate the output parameters. (Note: the
nymbols used in this section for the Acaso model are not the sawe as

used in the previous section for the basic model.)
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A, Intermediate Equations

1. Speed Submodel

The average relative speed (sy) between the HVU and the

submarine is:

S¢ -g; wdo s

O

where w is the relative speed for a particular track angle ©. 1The

exact solution requires numerical integraticn; however, in che model sg

is approximated by the formula:
S = max(vo,u) + .273 min® \vo,u)/max (Vo ,u)

The value of s is computed by a similar equation with vy replaced by
v . 1his relative speed model assumes that the submarine's track

directicn is uniformly distributed from O to 360 degrees.

2. Clagsification Submodel

The classification submodel is a Bayesian decision process
based on probability distributions of the random variable X, the value
of a hypothetical feature. This feature is a one-dimensional composite
measure of the information provided by the submarine's acoustic sensors.
In the model it is assumed that the features generated by the ADUs and
HVU are normally distributed with equal variance, The calculations in

the classification model require the use of two functions of the Normal

distribution:™

p = G(x)
where p = Prob(- ® < Z £ x) where Z is the standard
normal variable

x = AG(p), the inverse Normal function
(if p = G(x), then x = AG(p)).

*These functions were approximated by using the formulae on pages 932 and
933 of the "Handbook of Mathematical Functions,' APS-55, National Bureau
of Standards, U.S. Department of Commerce, uinth printing, November 1970.
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In order to position the ADU and HVU distributlons for further
calculations, it is assumed that there is an arbitrary value of the
feature, Xy, which is a preliminary classification threshold set by the
submarine. Values of the feature to the right of X; are assumed to be
decignated by the submarine as "HVU-like'" and values to the left of X;
are assumed to be designated by the submarines as “ADU-like." Figure 8
shows the construction of the true A7 and HVU feature distributions.
The input parameter PA specifies the amount of area of the ADU feature
distribution that is to the left of X;, and, likewise, PH specifies the

amount of area of the HVU feature distribution that is to the right

of XT.

TARGET
IS ADU

TARGET

FIGURE 8 TRUE ADU AND HVU FEATURE
DISTRIBUTIONS

If the submarine were constrained to acoustic sensor information

only, X; would be the classification deci.ien threshold, and the submarine

would have to accept the large errors associated with such a criteria.
However, the submarine has more information available to utilize in his

classification decision making:
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Estimate of the ADU feature distribution
Estimate of the HVU feature distribution

Estimate of the probability that the next contact
will be the HVU

cted misclassification error the submarine

Total expec cl
ng to accept,

is willi
To limit his misclassification errors, the submarine has the
choice of closing the target for visual identification (perfect classi-
fication). The value of the input parameter PE carries an implicit
sutmarine estimate of the ASW threat. Although the submarine can achieve

perfect classification by closing the target for visual identification,

he does so at a greater risk than with acoustic classification. There-
fore, the submarine should want to close the target for visual classi-
fication only when the acoustic information is not sufficient to make a
decision (that is, when the expected error is greater than PE). The
maximum expected misclassification error, PE, consists of two types of

errnrs:

Classifying the HVU as "ADU" ('"missed detection")

Classifying the ADU as "HVU" ("false alarm").

It is assumed that the submarine constrains the ratio of these
two types of errors in proportion to his estimate of the probability of

A
encountering the HVU (Py ), therefore:

A
M _ l-P
Pr A ’
Py

and the submarine constrains his total expected error by:
A A
PE 2 PoPM + (1-P )PF

)

where PM is the probabilicy of "missed detection" and PF is the prob-

ability of '"false alarm."
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Solving for PM and PF:

(RPB/PO SPES B <1
PM =
i i 1 otherwise
(-5 PE/(1- o) C<P <1-.5BE
and PF =
) 1 otherwvise .

To relate these errors to the received feature, the submarine
constructs estimated feature distributions for the ADU and HVU. These
distributions are constructed in a similar manner to the real distri-
bution, utilizing the input parameters 52 and §ﬁ, and the previously
discussed threshold, X;. Also, these estimated distributions are assumed
to be normally distributed with equal variance. For calculation purposes,

the mean of the estimated ADU feature distribution is defined as zero.

Referring to Figure 9a, the submarine can now set his decision

thresholds:

<
n

AG(1 - PF)

X

A
X + AG(PM) ,
m (o]

where ﬁ is the difference of the means of the estimated ADU and HVU
o

feature distributions:
N N\ ol
X0 = AG(PA) - AG(1 - PH)

If in a particular encounter the received feature X is less
than X , then the submarine can acoustically classify the target "ADU"
. and hi: estimated error will be less than PM, given the HVU was encoun-
tered, Similarly, if the received feature is greater than Xf, then the
submarine can acoustically classify the target "HVU" and the estimated

error will be less than PF, given the ADU was encountered,

1f the received feature X is in the interval:

<X <
Xm X Xf s
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X X 0 X
ESTIMATED DISTRIBUTIONS

A

FIGURE 9

TRUE DISTRIBUTIONS

ESTIMATED AND TRUE FEATURE
DISTRIBUTIONS SHOWING
THRESHOLD VALUES
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then the submarine must close visuairly for perfect classification in

order to maintain the total expected error less than PE.

Under certain conditions, depending on the difference in the
means of the estimated HVU and ADU distribution and ﬁo, Xf will be less
than Xm. In this case there is nro need for the submarine to close for
visual classification (at greater risk) in order to maintain his expected

A
error less than PE. The value of Xm is changed to equal X_ if P, is less

£
A
than 0.5. On the other hand, if P, is greater than 0.5, the value X_ is

changed to equal X In other words, both decision thresholds are igen-
tical and set to the false alarm value, if the submarine estimates it is
more likely to encounter an ADU. Conversely, the thresholds are set to
the "missed detection' value, if the submarine estimates it is more

likely to encounter the HVU.

In order to compute the true classification probabilitier, as
shown in Figure 9b, the decision thresholds, which are relative to the
mean of the estimated ADU feature distribution, must be translated into
standard deviations from the mean of the true ADU distribution. Also,
as required for the probability calculations, the difference of the means

between the true ADU and HVU feature distribution is calculated:
Xo = AG(PA) - AG(l-PH) .

The signed difference between the means of the real and

egstimated ADU distributions is calculated as:
oy
Y = AG(PA) - AG(PA) .

Then the decision threshold in standard deviations from the mean of the

real ADU distribution can be written:

X = X +Y
m

X, + Y .

i

%o £

The probar Lty of visually classifying, given that the submarine

encountered the HVU, is then calculated as the area under the true HVU
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feature distribution between the thresholds X and X_.. Therefore:
PV = G(-X) - 6Ch-%) ,

and similarly the proktability of visually classifying, given the sub-

marine encounter.d an ADU is:
PV = ((X2) - G&y) .

The conditional probability of acoustically classifying the target "HVU,"
given the submarine encountered the HVU, is calculated as the ratio of

area of the HVU distribution to the right of X_ divided by the total

£
"acoustic area" of the HVU distribution:

PHA: = [1 - 6(Xe-X0))/(1-PW0] .

Similarly, the probability of acoustically classifying the target "HVU,"

given the submarine encountered an ADU, is:

pia = [1 - c@e)d/[1-pPV]

3. Penetration Submodel

The penetration parameters are calculated from the three
remaining input parameters Fy, PKA, and PKV; and the previously developed
probabilities of visually closing, PV and PV, are also used in the

calculation.

The total ASW force is assumed to have two capabilities--
(1) when the submarine closes to the acoustic classification zone, and

(2) when the submarine closes to the visual classification zome.

For the acoustic zone case, the probability of penetrating

the total ASW force can be written:

Pt o= 1 - kA

where M is the total ASW level and F is the probability of penetrating

a unit lgvel of ASW.
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Since the total ASW force is usually divided among the HVU and
ADUs, it is desired to find the probability of penetrating the HVU's ASW

force in the acoustic zone. 7Iner:
Fo
PPAc = P = (1-PKA) ,

where m is the ASW level with the HVU. The ratio m/M (i.e., ratio of
HVU defenses over the total defenses) is defined as the input parameter
Fo. In a similar manner, the probability of the submarine's penetrating

the HVU defenses in the visual zone is:
Fa
PPVy = (1l-PKRV)™"

The equations for the ADU penetration probabilities are

similar. It is assumed in the model that the portiun of the total ASW

force that is not with the HVU is equally divided among the ADUs; there-

fore F, the propertion of the ASW force with each ADU, is defined as:

i

F (1-Fo }/N

Then the penetration probabilities for an ADU can be written directly:

PPA (1-prA)f

]

and PPV (1-PKV)F .

Due to submarine attrition prior to the clessification decis.'on,
two additional probabilitier are required for the model's calculations.
Upon contact, the submarine decides if he is going to close the target for
a visval or acoustic classification. Since each tactic ylelds a different
probability of penetrating the target, the probability of the submarine's
completing each tactic is required. The prcbability of acoustically clas-

sifying the HVU, given successful penetration can be written:
Wo = (1-PVo)PPAo/[(1-PVo)PPA, + PVoPPV]
and similarty for the ADU:

W = (1-pv)PPA/[ (1-PV)PPA + PV PPV] .
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B. OR]1 Parameters

In order to calculate the probability of ;IVU survival, the ORI
parameters must be desived from the previously developed intermediate

parameters.

1. Search Rate

The first two parameters are functions of the input parametcrs

rc, r, A, and N; and the relative speed parameters sy and s:

2
(A - 5 - W'Y/ (2rosc )

Te

k=4
n

(Nrs)/ (ros0)

The first equation, To, is the reciprocal of the product of: (1) twice
detection tange on the HVU, (2) the average relative rspeed between the

HVU and submarine, and (3) <he submarine density.

The submarine density is the reciprocal of the total area minus
the area covered by the HVU and ADUs. 1u.c mod:l assumes that: (1) the
submarine is not in contact with the HVU or ADUs at the beginning of the
engagement, and (2) the HVU and ADU circless do not overlap. The second
assumption is necessary because the sub.avine always returns to search
before detecting a new target. Also. thie parameters r, rg, A, N are
mutually constrained so that all the detection circles fit into the area

without overlapping.

2. Penetration

The penetration propabilities Op and ¢ are composed of two

parts--ASW actions in the visual zone and ASW action in the acoustic zone,.

By taking the nroduct of the previously developed conditional
penetration probabilities and their respective unconditional probabil-
ities of visually clozing (or not), the total probability of submarine

penetration for each type of unit can be written:
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G PUoPPVo + (1-PVy )PPAo

(o]
[}

PV PPV + (1-PV)PPA

3. Classification

The correct classification probabilities also consist of two
components--ability of the submarine to classify acoustically and tne

ability to classify visually (assumec perfect),

The previously developed classification probabilities, PHAp
and PHA, are conditioned on the submarine's penetrating the ASW defenses.
Since the classification tactics of closing for acoustic or visual clas-
sification yield different risks to the submarine (penetration probabil-

ities), the conditional classification probability must be unconditioned

by the probability that the submarine completes his intended tactic.

Thus the correct classification probability can be written:

bo

WoPHA, + (1-W) - 1

o
[}

1 -W-. PHA .

4, Delay Time

The submarine time delay to reach a classification decision
upon encountering a target is based on the tactic of the submarine to
visually or acoustically classify. I. is assumed the submarine closes
to half the detection range for acoustic classification, and all the way
for visual classification. The time delay is calculated as half the
detection range divided by the average relative speed for the acoustic
case, and twice this value for the visual case. The average time delay
is composed of the weighted average of both the acoustic and visual

cases:

ho (1-Wo/2)1r0 /50

=
]

(1-W/2)x/s .
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C. Qutput Equations

The equations discussed in the previous two sections are summarized
in Tables 5 and 6; the output equations are listed in Table 7. The time
constant and asymptotic value equations and the probability of HVU sur-
vival expression of Table 7 are simplified forms of the ORI equations

and their derivation as shown in Appendix A.

Four secondary measures of effectiveness for the model were derived
from the asymptotic value equations. These conditional probabilities are
used in the analysis to show the relative importance ASW or ACM factors
had on the HVU survival. P; and P2, the conditional probabilities that
the submarine was killed by the ASW force, measure the relative effec-

tiveness of ASW. Pz and P4 measure the effectiveness ~f ACM; Pz shows

the relative importance of the ADU as an alternate target (i.e., causing
the submarine to misclassify and launch), and P, is composite measure of
the importance of the time delay of the submarine from encountering the
ADUs and the search effort required to find and correctly classify the

HVU.

A computer program listing of the Acaso model is provided in

Appendix B.
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Table 6

EQUATIONS TO CONVERT TO ORI's PARAMETERS

1. Search Rate

T
o

P (Nrs)/(r s )
[s 3N e

2. Penetration

g = PV PPV 4+ (1-PV )PPA
o o o o o

o} PV PPV + (1-PV)PPA

Classification

W

&
o

b

W PHA + (1-W)
o o )

1 - W PHA

4. Time Delay

2 2
(A -7mr_ =Nrr )/(2r s )
o o o

h = (1-W /2)r /s
o o o o
h = (1-W/2)r/s
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Table 7

QUTPUT EQUATIONS

Time constant and asymptotic values

B = o8& =+ (1-6) + p(1-08)
O O (o}

T = [To + pooh + oo(l-éo)ho]/n
A = o5 /B

(o] o 0

A = po(1-8)/B

K = (l1-0)/B

[o] (o]

K = p(l-0)/B

Probability of HVU survival

-t/T
P = 1-A (1-e )
s o

Given HVU Survival ...

® Probability that the submarine was killed

by the HVU's ASW forces:
-t/T
p. = k (e Tysp

1 o] S

® Probability that the submarine was killed
by the ADU's ASW forces:

-t/T

P = K(l-e y/P
2 s

¢ Probability that the submarine attacked an ADU:

-t/T
P = A(l- /P
3 (1-e ) s
e Probability that the submarine was still

searching:

-t
P = e /T/P
4 S
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IIT ACASO MODEL ANALYSIS

The Acaso model was exercised to study the basic tradeoffs between
Acoustic Countermeasures (ACM) and ASW in the objective area. The input
parametars for the model can be classified into four groups (their formal

definitions are listed in Table 2 of the model's description).

Scenario:

The scenario parameters basically determine the search rate and
time constraints of the submarine against the high value unit (HVU) and
acoustic deception units (ADU). The parameters ro, r, N, andi A are all
mutually constrained so that the sum of the detection circle areas is

less than A.

Submarine:

The submarine parameters describe the submarine's estimate of
the tactical situation. ﬁ; is related to the submarine's estimate of his
search rate against the HVU. §ﬁ and 63 describe the submarine's estimate
of the acoustic signatures generated by the HVU and ADUs. The maximum
allowed estimated misclassification error, PE, carries an implicit esti-
mate of the ASW threat, By reducing PE, the submarine would have to close
more targets for visual classification at a greater risk (the ASW force is

assumed to be more effective in the visual zone).

AcH:

The ACM parameters describe the acoustic countermeasures used
by the task force. N is the number of deployed ADUs, and PA describes
their fidelity, The parameter PH describes the ACM capabilities of the
HVU. A lower value of PH represents a case where turn-count masking,

reduced speed, or related tactics were being employed.
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ASW:

The ASW parameters describe the distribution and effectiveness
of the ASW force. Fo is the proportion of the force in company with the
HVU, and the balance of the ASW force is evenly divided among the ADUs.
PKA and PKV describe the ASW effectiveness in the acoustic and visual

zones.

A, Base Case

In order to have a standard of comparison for the study of the
interaction between the input parameters and the probability of HVU
survival, a nominal set of base case parameters was developed. The base
case parameter values and the resulting measures of effectiveness are
shown in Table 8. The computer program used in the following analysis

is reproduced in Appendix B.

In the base case there is one HVU and three ADUs moving randomly
and independently in an operating area (200-nmi radius circle). Accom-
panying each unit is a designated level of ASW protection. There is one

submarine, also confined to the operating area, searching for the HVU.

One of the basic questions of ACM effectiveness is--what effect
does the submarine's prior knowledge of the use of ADUs have on HVU sur-
vivabiiity? ﬁ;, the submarine's estimate of the probability that the
next contact will be the HVU, is the parameter related to this question.
If the submarine was perfect in his estimate, §B would equal T%E , wWwhere
p is the ratio of ADU to HVU search rates. In the analysis, values of
ﬁ; greater than 0.5 indicate the submarine estimates that he is more
likely to encounter the HVU next; and, likewise, values of ﬁ; less than
0.5 indicate the submarine estimates that he is more likely to encounter

an ADU next.
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TABLE 8
BASE CASE RESULTS

INPUT PARAMETERS

SCENARIO
2 .2
o ® 30 nm Vo " 10 knots A = g 200° nmi
r = 60 nmi v = 5 knots t = 7 days

u = 10 knots

ASW ACM sus
= 0.50 ? .
Fo 0. N = 3.00 Py * 4
PKA = 0.10 PH = 0.95 it = 095
PKV = 0.40 PA = 0.20 A = 0.20
PE = 0.10
RESULTS
* BASE MEASURES (I)F EFFEIECTIVE:\!ESS
CASE P P | P | Ps | Ps
l? = 0.3 0.60 0.14 ! 0.24 ' 0.34 | 0.28
o~ O ) 4 02 0 o
1 90 -09 | 076 | 003 l 0.06 l 090 | 0.01
1
y
|
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Figure 10 shows the effects on the probability of HVU survival (Ps)
by varying f; from zero to one.

cases were established. For Case I, ﬁ% = 0.3. This value was chosen

UNCLASSIFIED

Due to the significance of §B, two base

because it yields the minimum Ps for the base case parameters., Note

Y
that the submarine does better by overestimating Py from the true value

1
140

sidered to determine if the lack of the submarine's prior knowledge of

A .
. For Case 11, Py was set at 0.9. This second base case was con-

the use of ADUs had any significant effects in the other parameter

studies

1.0

Ps

0.8

0.6

04

PROBABILITY OF HVU SURVIVING SEVEN DAYS

0.2

0.0

.

| l I ]
: BASE 1l
| s
TRUE VALUE | Py, =09
1 BASE | |
— — = 0.15 * } —
3, - 03 |
Po = 0. |
sus | 5Ul
EXPECTS | DOES NOT
ACOUSTIC EXPLCT
DECEPTION I ACOUSTIC
DECEPTION |
| | | ]
0.0 0.2 0.4 0.6 08 1.0

SUBMARINE'S ESTIMATED PROBABILITY THAT THE NEXT CONTACT
WILL BE THE HVU — o

FIGURE 10 CHOICE OF TWO BASE CASES
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Figure 11 shows the relative importarr 2 of ACM and ASW as a function

~
of Pp.

are plotted cumulatively.

plus P, show the importance of ACM irn helping the HVU survive.

The secondary measures of effectiveness for the model (Pr,P>,P3,P;)

P. plus P> show the importance of ASW, and P;
It is

interesting to note that, as fo is increased, the probability that the

submarine mistakenly attacks an ADU is predominant.

This is due to the

A\
fact that, for values of Py close to one, the submarine tends to attack

the first target he encounters.

1.0 —
I | P ] "",,
SUBMARINE ’,;"’
p IN SEARCH -
4 P
//
08— - —
s ~
s 7~
5 7
2 / ACM
& // SUBMARINE
——]
g— 08— / p ATTACKS
v>-: 3 ADU
= /
g |/
: ¥ |
0.4
-t
<
z
o
[
8 SUBMARINE
5 Pa KILLED
© BY ADU
0.2
Ty T T ——
SUBIMARINE
e Py KILLED
y i BY HVU
0.0 ! N |
0.0 0.2 0.4 0.6 0.8 1.0
SUBMARINE'S ESTIMATED PROBABILITY THAT THE NEXT CONTACT
WILL BE THE HVU — ¥
FIGURE 11 FOUR WAYS OF SURVIVING AS A FUNCTION OF THE SUBMARINE'S

EXPECTATIONS ABOUT CONTACTS
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B. Parameter Analysis

To give an overview of the sensitivity of each parameter, a summary
of the parameter variations and the resulting change of Ps is shown in
Table 9 and Figure 12, This summary was constructed by varying each
parameter, while holding all other parameters constant at theixr base

value. Figure 12 presents a graphical comparison between the base cases,

In general, Ps is more sensitive to the ACM parameters in Case II (sub-
marine does not expect ADUs), and PS is more sensitive to the ASW parameters

in Case I (submarine expects acoustic deception).

TABLE 9

PARAMETER VARIATION AROUND BASE CASES !

BASE PARAMETER l

PARAMETER VALUE RANGE
SCENARIO.

o 30 nmu 15, 30 nem

r 60 nmi i35, 80 ami

Yo 10 knots 5, 25 knots

v 5 knots 0, 20 knots

u 10 knots 5, 20 knots

t 7 days 3, 15 days }

I3 n 2002 nml2 n 1502, 400‘2 nmi2 1

SUBMARINE: «‘
A i

PO 03,09 00, 10

A

PH 0.95 08, 1.0

A

PA 0.20 0.0, 05

PE 0.10 0.0, 0.5

ACM:

N 3 0,6

PH 0.9% 08, 1.0

PA 020 00, 0.5

ASW:

FO 0.50 0.0, 1.0

PKA 0.10 00, 04

PKV 0.40 0.1, 1.0 i
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i. Scenario Parameters

The scenario parameters determine the search constraints for

the submarine. As ro and uy increase, the NVU becomes more detectable,

and Ps decreases., As shown in Figure 13, the probability of HVU survival
is higher in Case II than in Case I, This effect is due to the submarine's
attacking more ADUs in Case 11, which reduces the effects of increased HVU

detectability.

1o I | | I l I
N
&
X
"\"‘I%p-:\;:‘
XN
D, BASE VALUES
s F
i
< o8- ]
w
>.
q
o
Ex VO = § knots
>
u —1
» 06 }—
V)
<
z
>
ool
o
[72)
2
7 i
I 04f~
w
6]
>
e
bl
@ V.. = 20 knots
< 0
o
8 —
L o2~ I
|
HVU SPFEDS
00 1 | 2l | | | j
0 15 30 a5 60 75 90 105

HVU DETECTINN RANGE ho) —

FIGURE 13 EFFECT OF HVU DETECTABILITY AND MOTION ON SURVIVAL (V)
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Conversely, increasing ADU detection range and speed (r and v)
makas the ADUs more detectable, and this improves the chances of HVU
survival. As illustrated in Figure 14, Case II is superior because the
submarine tends to attuck ADUs when encountered (increasing the detect-

ability of the ADUs increases the chances of the submarine's making this

mistake). For Case I the increase in Ps is predominantly due to ASW,
since the submarine has better classification capability. Case II1
crosses below Case I at R € 15 nmi. This effect is from the lower
effect.veness of ASW in Case 11, since the submarine tends to make his

classification decisions in the acoustic region.

10 I T I | | |

BASE VALUES ADU SPEED — knots

04— ]

PROBABILITY OF HVU SURVIVING SEVEN DAYS — Ps

0.0 ] | | | ] l
0 15 30 45 60 75 90 105
ADU DETECTION RANGE iri — nmi

FIGURE 14  EFFECT OF ADU DETECTABILITY AND MOTION ON SURVIVAL
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Figure 15 shows the effects of ADU detection range (r) and
submarine speed (u) for Cases ' and II. An increase in submarine speed
increases the submarine searci rate against both the HVU and ADUs. For

Case 1, the increase in submaiine speed decreases PS, since the submarine

can detect the HVU sooner. But ‘or Case 11, the opposite is true. By
incressing his speed the submarine encounters more ADU; the increase
in ADU attacks overrides the incre:sed HVU e¢ncounter rate. Both sets
of curves show a cross-over point. This point is where the tradeoff

between ADU and HYU encounter rate occurs.

u =20
0.8 u=5 |

u=12
0.6 u=65 —i

BASE VALUES

SUB SPEED - knots

—

PROBABILITY OF HVU SURVIVING SEVEN DAYS — Ps
o
S

-

o
1

ool 0 V) ! l I N
0 15 30 a5 60 75 90 105
ADU DETECTION RANGE (1) — nm

FIGURE 15 EFFECTS OF ADU DE(ECIABILITY AND SUBMARINE MOTION ON
SURVIVAL
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Figure 16 illustrates the effectc of survival time and
operating area size for Case I. In general, the larger the operating

area, and the shorter the time, provide the highest probabilities of

HVU survival.

1.6 T T T l | | I

08— AR = 400 ]

CASE 1
BASE VALUE AR = 300
0.6 |—

= 200

AR = 150

04 OPERATING AREA RADIUS — nmi

PROBABILITY OF HVU SURVIVAL — Ps

0.2 —]

0.0 | | { | | | |

0 2 4 6 8 10 12 14 16
TIME IN OPERATING AREA — days

FIGURE 16 FFECT OF OPERATION DURATION AND SIZE OF AREA ON
[n]

E
SURVIVAL (CASE 1}
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Figure 17 shows the relative importance of ACM and ASW growth
as a function of time. For short time periods, HV survival is due
primarily to the submarine's inability to find the HVU. But as time
increases ACM (submarine's attacking ADUs) and ASW (submarine's being

killed) become che primary reasons for HVU survival.

1o l | ] I | | |
} — — -
SUB IN —
SEARCH —
P
CASE | yd
0.3 }— AR = 200 // _
-
s /
2 /
3 /
z sus
S o / ATTACKS -
o // ADU
c )
5 /
2 /
<
)
g 04+ / -
z /
8
o // sus
a KILLED
3 gY ADU
Q
0.2 |— e e~
s S—
— T
—" \
SUB
KILLED
Y Hvy!
- 8 '
0.0 ! { { | ] I 1
0 2 4 6 8 10 12 14 16
TIMF IN OPERATING AREA — days
FIGURE 17 TIME DEVELOPMENT OF HVU SURVIVAL (CASE )
2, Submarine Parameters

The overall purpose of the study is to investigate the effec :s

of ACM and ASW; therefore, the submarine parameters were analyzed so

that reasonable submarine parameters would be used, but not to study

submarine tactics.
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The submarine parameters are primarily input to the classifi-
cation submodel (see model description). The submarine's estimated
probability that the next contact will be the HVU, ﬁ%, strongly affects
the submarine's classification decision process. Figure 18 shows the
effecis of this parameter on the submarine'’s decision to close for visual
classification, given that the HVU was encountered. In general, the more
certain the submarine is that he will enccunter one type of target
(ﬁ% close to 0 or 1), the less it is necessary to close the target for
visual classification. Also, the parameter PE determines the visual
classification probability. As PE is decreased, the more the submarine
will have to ciose for visual (perfect) classification to maintain his

estimated classification errcrs less than PE.

MAXIMUM CLASSIFICATION ERROR — PE

BASE VALUES

o
0
i

°
D
I

PROBABILITY OF CLOSING TO VISUALLY CLASSIFY,
GIVEN THAT THE HVU IS ENCOUNTERED -— PVO

04—
PE = 0.20
0.2
CASE I
001l l ] I
00 02 0.4 06 0.8 1.0

SUBMARINE'S ESTIMATED PROBABILITY THA’E' Thie NEXT CONTACT

WILL BE THE HVU — Po

FIGURE 18 EFFECT OF SUBMARINE'S EXPECTATIONS ABOUT CONTACTS AND

CLASSIFICATION ERROR THRESHOLDS ON THE PROBABILITY OF
VISUAL CLASSIFICATION
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The acoustic classification decision is also affected by ﬁa.
Figure 19 illustrates an acoustic classification "operating character-
istic, "which is constructed by parameterizing ﬁ;. In Case II, the
submarine is willing to accept a higher probability of misclassifying an
ADU (PHA) in order to improve the probability of correctly classifying
the HVU (PHA;). This is because he does not expect to encounter ADU,
The combination of the lower visual classification probability and higher
ADU acoustic misclacsification probability accounts for the increased

ACM effectiveness for Case II.
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The effects of the parameter PE are shown in Figures 20 and 21
for Cases I and II, respectively. As PE tends to 0, the submarine must
close visually for perfect classification. It is assumed in the model
that the ASW force is more effective in the visual zone (PKV > PKA), so
that by reducing PE the submarine faces a greater ASW threat. As shown
in Figures 12 and 13, as PKV is increased the probability of HVU survival
develops local minimums for values of PE close to 10 percent., Therefore,

PE = 0.10 is a reasonsble value for the submarine to choose.

1.0
] | ] |
PROBABILITY THAT THE TOTAL ASW FORCE CAN KILL THE SUBMARINE
§F 1T CLOSES TO VISUALLY CLASSIFY — PKV
o
<08 / ]
| PKV = 0.8
[72]
>
S PKV = 08
z
W
>
:}," 06 PKV = 04 —
0 CASE 1
S BASE VALUE
S
[« 4
5
7]
3
Z 04— —
1'S
o
>
[
<
[--]
L4
W
o
€02 —
0.0 L | | |
0.0 01 0.2 0.3 04 05

MAXIMUM CLASSIFICATION ERROR —— FE

FIGURE 20 EFFECT OF CLASSIFICATION ERROR LIMITS AND CLOSE-IN ASW
CAPABILITY ON SURVIVAL {CASE 1)
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10 l | T [

PKV = 0.8

o
©

CASE I
BASE VALUE

o
o

0.4 PROBABILITY THAT THE TOTAL ASW FORCE CAN 1
KILL THE SUBMARINE iF IT CLOSES TO
VISUALLY CLASSIFY
0.2 e —
0.0 | l l |
0.0 0.1 0.2 0.3 0.4 0.5

MAXIMUM CLASSIFICATION ERROR — PE

FIGURE 21 EFFECT OF CLASSIFICATION ERRGCR LIMITS AND CLOSE-IN ASW
EFFECTIVENESS ON SURVIVAL (CASE i)
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The effects of the last two submarine parameters, fﬁ and §R,
are illustrated in Figures 22 and 23. Since submarine tactics were not
the purpose of this study, the parameters 6% and §R were set equal to
the real values (FH and PA) for most of the parameter studies., As shown
in Figure 23, §ﬁ has a small effect on Ps in the range of interest.

(The sharp rise of Ps for fﬁ > 0.99 is due to the classification sub-~

model design (feature distribution assumption) and not a real effect.)

1.0 < ¢ I I
d 08—
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©
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<02}~ -
0.0 3 l l
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SUBMARINE'S ESTIMATE OF THE PROBABILITY THAT THE HVU
PHRUUUCES AN “HVU LIKE” FEATURE — PH

FIGURE 22 EFFECT OF THE SUBMARINE'S EXPECTATIONS ABOUT THE HVU'S
FIDELITY ON SURVIVAL
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N
The parameter PA, as illustrated in Figure 23, has a stronger
effect on Ps' This effect is greater for Case II since, as discussed
previously, the submarine tends to acoustically classify when he does

not expect ADUs to be present.

"o l ! i n
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FIGURE 23 EFFECT OF THE SUBMARINE'S EXPECTATIONS ABOUT THE ADU'S
FIDELITY ON SURVIVAL
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3. ACM Parameters

The acoustic countermeasures parameters determine the extent the
task force can confuse or deny information to the submarine's classification
process. The deployment of ADUs has potentially these effects on HVU
survivability:

Alternate target (submarine attacks ADUs)

Delay submarine's search for the VU

Submarine attrition (by ASW forces in company

with an ADU).

The first effect (alternate target) was the most predominant effect of
the ADUs for the base case parameters used in the model. The second
effect (delay time) was negligible due to the small durations, relative
to HVU search time, that were calculated in the model. (A discussion of
the delay time assumptions and calculations is presented in the model
descriptions.) The third effect (submarine attrition) will be discussed

with the ASW parameters.

The probability of HVU survival as a function of the number
of deployed ADUs (N) is shown in Figure 24, TFor Case I the deployment
of additional ADUs had a small effect on Ps. Under the base case
parameter assumptions, Ps decreased with the deplovment of the first ADU.
This was due tc the dilution of the ASW force. When no ADUs are deployed,
the total ASW force is with the HVU, but with the deployment of the first
ADU, 50 percent (Fo) of the ASW force is with the HVU., (In general, as
the number of ADUs is increased the ASW effectiveness of each ADU is
reduced.) The lack of sensitivity of survival to the number of ADUs is
because the submarine visually classifies often enough to negate their

influence.

For Case 11 the deployment of ADUs significantly increased Ps.
Under the Case II assumptions, the submarine tends to misclassify and
attack the ADUs because he believes there are no acoustic deception
devices. Due to saturation of the operating area with ADUs, the mar-

ginal effect of each additional ADU is seen to decrease.
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FIGURE 24 EFFECT OF NUMBERS OF ADU'S ON HVU SURVIVAL

The effect of the HVU's fidelity is shown in Figure 25 for
Cases I and 1I. A high value of PH indicates that the received feature
from the HVU closely matches the submarine's concept of an HVU feature.
Similarly, a high value of §ﬁ (the submarine's estimate of PH) indicates
that the submarine expects to receive a close match vhen the HVU is in

contact,

The HVU employment of turn-count masking, or other tactics to
alter the HVU's acoustic signal, would be indicated in the model by a

lower value of PH. 1If the submarine thought that the HVU was employing

/N
these tactics, then a lower value of PH would also be used in the model.
62

UNCLASSIFIED




UNCLASSIFIED

As shown in Figure 25, if the submarine is perfect in his
estimate of PH (5& = PH), then there is only a very small increase in
Ps when/EH is lowered. However, if the submarine's estimate of PH is
fixed (PH = 0.95), then the reduction of PH improves HVU survivatility.
The increase in Ps is stronger in Case I because the submarine expects
to encounter ADUs. Therefore, by lowering PH the submarine will tend to
misclassify the HVU and not attack. (The sharp decrease in PS for

PH > 0.99 is due to the model design and is not a real effect.)
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Figure 26 illustrates a similar analysis for PA and 53. A
low value of PA indicates an ADU of good fidelity (sounds like an HVU).
Similarly, a lew value of §R indicates that the submarine expects ADUs
to have good fidelity. (§R should not be confused with i%. §R is

related to the expected ADU fidelity, given encounter, and ﬁg is related

to the expected ADU encounter rate.)

As shown in Figure 26, there is a strong increase in PS for
Case I, when the ADU is better than expected (PA = gk). For Case II,
there are strong decreases in Ps when the ADUs are worse than expected.
However, if the submarine is perfect in his estimate (fR = PA £ 0.5),

then the fidelity of the ADU is not as important for HVU survival.
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4. ASW Parameters

The ASW parameters describe the ASW effectiveness of the task

force. TFo, the proportion of the total ASH

I L 2
W O LOToe L

oty ' . .
SWw force. In the model ir ig

®
ot3

HVU, determines the discribution of ti
assumad that the ASW force which is not with the HVU is evenly distrib-

uted among the ADUs.

Ilnder the Base (ase parameter assumptions. as shown in
Figure 27, the distribution of the ASW force is not very important for
either Case I or Case II. The r2asons for this effect can be seen in

H AR

Figure 28, As Fo is increased, HVU kil

()

s go uvp and ADU kills go down.
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Although PS does not change significantly, the reascn

H

wn
Fy

,
or the HVU sur-

vival change. When Fg = 0, 45 percent of HVU survival is due to the

ASW force, but when Fp = L, only 28 percent HVU survival is due to ASW.
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The significance of the ASW force distribution (Fo) can be

increased wiitn higher ASW kill probabilities {(PKA and PXV). As shown

in Figure 29, increased ASW effectiveness significantly improves HVU

- - -~ o~ ~ - - -~ ~a 2o 4 i
survival for Case I, but not for Case L{I. This is because the probabil-

ity of visually classifying are higher for Case 1 than for Case IL. The

conci

usinn is thar, for Case T as
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tections, it would Le better, in terms of survival, to concentrste the

be desirable to distribute part of the ASW force among the ADUs.

PROBABILITY OF HVL SURVIVING SEVEN OAYS — Ps

e PN _
° For 1o ONNSST e !

)

SR——

0.4 i~ ; BASE VALUTS ]
FRACTION OF ASW
FORCES WITH HVU
0.2~ PKA = 0.25 PKV —
ool | | | |
6.0 0.2 0.4 0.6 0.8 1.0

PROBABILITY THAT THE TOTAL ASW FORCC CAN KILL THE SUBMARINE
IF IT CLOSES TO VISUALLY CLASSIFY ~— PKV

FIGURE 29 EFFECTS OF ASW EFFECTIVENESS AND DISTRIBUTION ON
SURVIVAL
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Figure 30 shows that, with increased ASW effectiveness, the largest
component of HVU survival is ADU kills on the submarine for F, = 0.5.

In summary, the basic tradeoff in the ASW distribution decision is that the
ASW force is more effective when deployed with the ADUs because ADUs

are encountered move often than the HVU, but the cverall probability of

HVU survival is less.
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FIGURE 3¢ FOUR REASONS FOR SURVIVING AS A FUNCTION OF ASW
EFFECTIVENGSS (CASE |)
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C. ACM/ASW Interactions

Throughout the analysis, two base cases have been counsidered, and,
in general, ACM has been more effective for Case TT, (submarive does
not expect ADUs) than for Case I (submarine expects ADUs). Figure 31
illustrates the interaction of N (number of ADUs) and f; (submarine
estimate of the ADUs in terms of HVU survivability). The ADUs are most

effective when the submarine does not expect them.
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FIGURE 31 LCFFECT OF SUBMARINE’'S EXPECTATICNS ABOUT CONTACTS AND
NUMBERS OF ADUS ON SHRVIVAL

Four of the curves contain minima. This effect is due to the
vigual classificacrion probabilities, which are highest when the sub-

marine is unsure of which type of target to exvec (P close to 0.5),
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The reason the N = 0 rurve continues to decrease when the other cu-ves
”
climb as Py increases is because the submarine guessed correctly (he

did not expect any ADUs and <“here a e none).
Figure 32 illustrates the importance of ACM and ASW for Cases I

and II. Tor Case T there is a small difference between 0 and 3 ADUs,

and the slope of the sheded area is duz to increasing ASW effects.

However, for Case TI, the numbexr of ADUs is the primary factor for HVU

Tviva igure also illustrates the importance of cthe submaviac's

Q .
SULvVivads. i1

=
rr 00
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prior estimate of the use nf{ ADU: (Po). Under the base case parameter

assumptijons, it requires abo.t twice the level of ASW (0.8 vs 0.4) for
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PROBABILITY THAT THE TOTAL ASW FORCE CAN KILL THE SU3SMARINE
IF IT CLOSES TO VISUALLY CLASSIFY -~ PKV

FIGURE 32 EFFECT OF ASW EFFECTIVENESS AND NUMBER OF ADU'S ON
SURVIVAL
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Case T (submarine expects ADU) to achieve the same probability of

survival as for Casa II (submarinc does not expect ADUs).

the reason for HVU survival. It is seen that in Case I ASW plays a
larger reiative toie thawr in Casc IT7. The submarine expects ADUs to

be used in Case I and therefore must close to visually classify; thus

L Af a3
din oL the two

[}

oA \ . ] . . »
the Asl¥ forces can te more cffactrive, Alen notice the wi

cases; Case I is insensitive to the number of ADUs as was seen on the

-
|
|

PKA = 0.25 PKV

CONDITIONAL FROBABILITY GIVEN SURVIVAL

!
0.4 06 0.8 1.0
PROBABILITY THAT THE TOTAL ASW FORCE CAN KILL THE SUBMARINE

IF 1T CLGSES TO VISUALLY CLASSIFY ~— PV

FIGURE 33 ACM AND ASW REASONS FOR SURVIVING AS A FYNCTION OF
ASW EFFCCTIVENESS AND NUMBERS OF ADUS
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previous figure. Case 1T is, however, sensitive to the number of ADUs;

small role in

4

vhen a large number of ADUs is used, ASW plays only

helping the HVU survive.

S ey

perameters, PH and PA, with ASW effectiveness. Again for Case TT, ASUW

makes only a small effect on survival; but for Case I, ASW is more

H - - % . .
oLl cases the oflf v& almnet consrani (width

P

LmpoOrtanc. 1In

of Case I and Case II bands). Figure 26 is similar analysis for PA.
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FIGURE 34 EFFECT OF ASW EFFECTIVENESS AND HVU FIDELITY ON
SURVIVAL
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Case 11 is insensitive to ASW, while Case 1 shows improved HVU surviv-
ability with increased ASW. The effects of ACpM are also constant,

vy high levels of ASW effectiveness .,
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UNCLASSIFIED

TV EVENT STEP SIMULATION MODEL

A. General Description

Y

An event step simulative wadel wau developed ¢~ examine the sensi-
tivity of a major assumption of the Acaso model: the HVU is assumed to
survive if an ADU 1is attacked, The scenario behind the assumption is
that, for a given attack, thc submarine would launch all his weapons and
then retire from ithe objective area. Recognizing the somewhat unrealistic
nature o

simulation model.

The expanded wodel retains the basic sivucture ¢f Lhe Acaso model.
However, as shown in Figure 36, to allow the submarine a reattack capa-

M L LI =~ 3 ¢ ! ~ e 1 PR, | ] "
bility sevceral “fourcomes" from the MAttack ADU" state have been added:

1) Weapon depletion--this outcome is analegous to the
crmey V'Arrack ADUY state., However, additional
arameters in the model (salvo size, weapon load)
determine how many attacks the submarlne can complete

before all of the weapons are expended.

2) ASW attrition--there is a specified number of ASW units
in an AbY,  When an ADU is attracked. it jis assumed that
the acoustic deception device itself is not destroyed;
however, the weapons may acquire and destroy the ASW
units., If at a later time the same ADU is contactzd by
the submarine, there will be a lower ASW threat to the
submarine durlne the contact prosecution,

LFy)
N

Submarine altrition--when the submarine attacks an
DU ic is assumed thai ils position can be iocaiized
by the surviving ASW units, Therefore, the submarine

must successfully break contact before he can resume

search for the HVU.

The event step simulation model uses an event scheduling methodology

that utilizes the probability and delay time functions derived for the
Acasoc model. Due to the similarity of the two models., a summary of the

mudel differences will be presented in lieu of a couplete model description.

QZA P?Eaﬁnmn PAﬂ:BLJh . - .
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FIGURE 36 EVENT STEP SIMULATION MODEL FLOW

ot
T

ASW Parameters

In the expanded model a specific number of ASW units are
assigned tc the HVU and each of the ADUs, All ASW units are assumed Lo
be identical, but unlike the Acaso model, the numerical distribution of
the ASW units between the HVU and each ADU is at the discretion of the
model user. Three input parameters describe the ASW capability of an

(A

ASW unit,

Pko = probability of one ASW unit killing the
submarine, given the submarine closes to
acoustic classification range
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probability of one ASW unit killing the
submarine, given the submarine closes to
visual classification range

w
Tii

proubability of one ASW unit killing
submarine, after the submarine's position
is revealed by attacking the ADU.

[t

112
L
1

An additional parameter, ASW;, describes how many ASW units ave in

company with the
2.
.
Several
reattack potentia

NMX

NML
PRn

ASW act

number of missiles launched per attack
probability of one missile des
ASW unit, given that i
was under attack,

troying one

A S DN
the acousiic ueécuy

riition

cm d dem
UltL Lo

in company with the ADU under attack (ASW;) in proportion to the number

of

Analvsis

missiles launched (NMML) and the missiles probability of kill (PK,

).

In order to compare the results of the expanded model to the Acaso

model, identical

ubmari

The Case I resuits are summarized in Table 10.

where
seen,
model

Run 2

the submarine

base cases were used.

ne in search

the area are three ADUs. To approximate the
1, a distribution of threc ASW units with the

closely approximate those obtained from the Acaso model.

is allowed one reattack of four missiles.
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The general scenario is the

This is the case
the submarine expects to encounter ADUs (ﬁ; = 0.3). As can be

the measures 1 effectiveness for the basc case of the expanded

For

poe

Run 3

of an HVU in an operating area of 200-nmi

o
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TABLE 10

EVENT STEP SIMULATION MODEL RESULTS SUMMARY (CASE 1)

MEASUIRES OF
INPUT :
RUN EFFECTIVENESS
it = D o
NML/NVX P PK2 Ps P 2, P3 Py
ACASO BASE CASE - - neo } 0151 024 | 034 | 0.28
i. BASE CASE 8/8 0.0 0.0 062 ; 0.20 | 0.27 ] 030 | 027
2. MULTI-ATTACK
WITHOUT ASW
ATTRITION 4/8 0.0 0.6 ¢57 1 018 | 037 | 004 | 0.a1
3. MULTI-ATTACK
WITH ASW
ATTRITION 418 1.0 0.6 055 | 019 } 030 | 006 | 045
4. MULTI-ATTACK
WITH ASW
ATTRITION 2/8 10 0.6 055 [ 0.17 y 031 | c.00 | 051

identical to Run 2, excepi when & !

ADU is attacked all of the ADU's

o
3

-

ASW protection is destroyed. For Run 4 the submarine is allowed a

maximum of four attacks of two missiles apiece, but this tactic does not
change the probability of HVU survival. 1In general, when the submarine
is careful in his classification, the reattack capability does not sig-

nificantly help the submarine.

The primary sensitivity to the submarine's reattack capability of
Case 1 can be scen ir the changes of P; (out of mistliles) and P; (out
of time). As more reattacks arc allowed, the primary 1eason for HVU
survival changes from weapon depletion (P;) to the submarire's being

unable to find and correctly classify the HVU (P;).

The ASW capability of the ADUs maintains its importance even whea
ASW attrition is assumed. P, does not drop below 30% because for Case I
the submarine tends to close for visual classification and face the
stronzer ASW threat prior to attack, Since the submarine bas goou clas-

sification capability (does not attack AbUs), and the chances are small
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that the submariise will encounter an

allowance for ASW acirition for Case

ADU it has already attacked, the

1 does not significantly reduce the

importance of ASW.

The results for runs under Case 11 assumptions (submarine does not
d in Teble 11 As with Case I, the

N
expect ADUs, Py = 0.9) are presentt

Case 1T base case closely agrees with the Acaso base case,

TABLE 11
EVENT STEP SIMULATION MODEL RESULTS SUMMAR

U MEASURES OF
b
RUN vl EFFECTIVENESS
nmNmx | P[Pk, foRo [ R P, Py | Py

ACASO BASE CASE - - ~ 0.76 0.03 007 0.90 [$X0)
1. BASE CASE 8/8 0.0 0.0 0.77 0.03 0.06 0.91 001
2. MULTI-ATTACK

WITHQUT ASW

ATTRITION 4/8 [s)0) 0.6 0.65 0.06 034 083 007
3 MULTI aTTACY,

WITH ASwW

ATTRITION 4/8 1.0 0.6 0.63 007 on 075 008
4 MULTIL-ATTACK

WITH ASW

AT IITION 3/8 Kt GU G 48 212 D16 037 035

Since the submarine does not expect ADUs for Case II, the submarine
cends to attack each contact irom the acoustic classification zone. Thus
the submarine faces the minimum ASW threat, but tends to expend his weap-
ons rapidly. For Case 1I the reattack capability was very important for

the submarine, especially for Run 4, where [our attacks were possible.

Again, the allowance of ASW attrition was not too important for HVU
survival. 1In Run 2 (without ASW attrition) the ASW was more important
due to killing the submarine after AbU attacks, but there was a corre-

sponding decrease in P;. Comparing Run 2 with Run 3, where ASW attrition
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is allowed, Ps (HVU survival) is about the same, but the reasons for
HVU survival change--the submarine runs out of missiles (P3) instead of

being killed by the ASW units (P;).

In conclusion, the reattack capability is not too impertant under
Case I because the submarine has good classification and tends to use
his weapens judiciously. However, for Case II the reattack capability
is important because by attacking each contact from the acoustic zone,
the submarine faces the minimum ASW threat and can survive until the

HVU is eventuallv found and attacked.
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Appendix A

MARKOV REPRESENTATION OF THE HVT/LVT MODEL
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Appendix A

MARKOV REPRESENTATION OF THE HVT/LVT MODEL

This appendix develops a Markov representation of ORI's HVT/LVT*
model. The purpose of representing this model as a Markov process was
to make an independent check of the closed form equations developed by
ORI°. The two different ways of calculating the MOE*¥ yield very similar,

but not identical results.

Figure A-1 shows the state diagram for the Markov representation.
The symbols near the arrows are the transition probabilities from state

to state. The definition of some of the symbols are quoted from the

ORI report:

g: "Probability that a submarine, on encountering an LVT,
will not be destroyed by its local ASW defense before
the target is classified."

§: '"Probability that a submarine will correctly classify an
LVT on encounter, given that it survives the local ASW
defense at the LVT. With probability 1 - ¢, the subma-
rine mistakenly attacks the LVT and is removed as an HVT
threat."

h: '™ean time {days) needed by a submarine that encounters
and survives the iocal ASW defense at the LVT, to maxke
a target classification decision (which will be correct
with probability 6)."

(Note: the symbols with subscript zeros are the parvamei=rs for the case

of contacting the HVT.)

To: '"The time required for one submarine to completely
explore the deployment area at the search rate
consistent with detecting the quiet HVT.,"

k{
‘Operations Research Incorporated. MHigh value target/low value target.

Jede
Measure of effectiveness.
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1 - At/ho

CLASSIFY
HVT
{1 -~ oo) Az/ho

1 -(1+<p)AUT0

[+

ENCOUNTER
LVT

§ at/h

LoD

(1 - 8) at/h

1 -
g

1 - At/h

FIGURE A-1 MARKOV REPRESENTATION OF ORI'S HVT/LVT MODEL

p: Ratio of LVI-to-HVT search rates (HVI search rate
is 1/%).

At: Time increment of the Markov process (At << h, hy, To).

V: Probability that the HVT has not been encountered and

correctly classified (and thus attacked) by one sub-
marine at the end of "t'" days.

The MOE V s computed by multiplying the transition matrix P by
itself n = t/At vimes. At the beginning of the process (t=0) the
probability that the submarine is in the search state is assumed to

be 1.0. Therefore, the MOE is just:
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Vo= 1 - (F")e

where (P")la is the probability that the gubmarine has transitioaned from

state #1 to state #8 by the time t days.

The discrete-step Markov process of Figure A-1 is an approximation
to the continuous time process. For small At, the probabilities vary
only the third decimal place when At is varied from 1/32 day to 1/64 day.
This is accurate enough for use as an MOE and comparison with ORI's

closed form equation,
ORI's closed form equation for the one-submarine case is:
PK + Ko 5000

Vs e e o

- t(PK + E) )
To + hp(1-K) + hy (1-Eo) ’

where
K = 1-%0
B = 1 - (1-80)0
K = 1-06 .

The equation can be rewritten in a sarewhat simpler form by substituting:

and noting that

LA o BKTK
PX + Eo
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The equation then becomes:

V o= 1-AQ-et/Ty |

where
A = §000/B
T = (Lo +9p 8 0h+ (1-8)oph)/B
B = p(1-80) + (1-05) + S

The probability V approaches the probability 1 - A in an average time T.

Figure A-2 shows the comparison between the Markov and closed form
calculations for various parameter combinations. The Markov calculation
is higher than the equation by a very small amount (usually less than

0.01).
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o
0.2 — — mm e = MARKOV CALCULATION —
CLOSED-FORM SQUATION
00 ] ] | i | J
0 2 4 6 8 10 12 14

TIME IN AREA -— days

CURVE NUMBER
PARAMETER
1 2 3 4
To 10.00 1€.00 1280 12.80
I3 5.00 5.00 10.30 0.00
he 0.10 0.10 021 21
h 0.10 0.10 o 0.21
9 0.80 0.80 1.00 1.00
0 0.90 0.90 100 1.00
80 0.75 0.76 1.00 100
s 0.65 095 1.00 100

FIGURE A-2 COMPARISON OF CLOSED-FORM EQUATION AND MARKOV

CALCULATION
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ACASO MODEL COMPUTEK PROGRAM
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Appendix B

ACASO MODEL COMPUTER PROGRAM

The Acaso model was programmed in FORTRAN for a CDC 6000 series
time snaring system. Table B-1 is a comparisor. listing of the model
parameters and their corresponding program variable names., Table B-2

is the program listing of the Acaso model.

;' PRECEDING PAGE BLANK-NGT FIIMiD
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Table B-1

PROGRAM VARIABLES

Moded
Parametor

Program
Variabh

Mode }

Parameter

Progrean

Variatije

Input:

A
P
"

Py

"y

RO
R

10

U
Tt 21 T
AR(AR - -
PO
PHE

PL}

PRA

PKV

A)

ITntermedrato:

S
]

<
s

Pas

WO

PM

P

A&

.

PHao

PHA

PVO
PPy
PPAO
ppaA
wAQ

VA

hwse -
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Table B~1 {Concluded)

Model Program Model Program
Parameter Variable Parameter Variable
ORI: Output:

T TO T T

o
) RHO A AH
o
o} SO A AL
o
o] S K SKO
[e]
5 DO K SK
o
S D P PS
s

hn HO P, PKO

1 H P PK

! 2

t T P PA

3
P PT
4
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Table B-2

ACASO COMPUTER PROGLAM LISTING

oo o0 PROGRAM HUURNLICOQUTFUT

00110 DIMENSION PRCCZ2)

U120 DIMENSION PSC2)  PEOCZ2Y PRI JPROZ2,PTCZ)
N0130 DIMEHSION C1C2) L2028, 03020

aoui4l DATH RO < 30.0 ~

00130 OATR R« &0.0 &

aotel OATAR W0 .~ 10,0

0170 DATA U« S.0 »
aots0 DRTR U~ 1,0~
noYan DRTAR T« 7.0 -
oRz00 DATA AR ~200.0 »
pozto ORTRAR N~ 3 -
o220 DATA FHE-, 0,95«
noz20 DATA PLE. .20
naz40 DATR PH » 0,95~
no2s0 DATAH PL 0 0,207
pozen DATR FO » 0.5 »
anz2sn DATA PEAS oot -~
nozat DATA FPEU, 0.4 »
Quz9n ORATR FE » 0.t~
00200 OARTR POCy 0.3 4 0.9 ~
?

Qnz10 PI = 3. 141592,

QO30 SPE = Y.0.FPT-1.0
w330 IHY = 10H FRREAM
Q0340 IHZ = 10H Fs
O3S0 IH3 = 10H FEQ
00360 IHY = 10H PK FA
no370 IHS = 10H FT
0330 IHe = 10HCH ce
00390 IHZ = 10H C3

OOUO0CEEE$ INSERT PREAMZ LOOP #¥:#%

goM1D P2 = K

podzn K¥ = P2

00430 PRINT 400 ,P2

Q0440 400 FORMATC/ /% FPARAM2¥/F 10, 3)

Q0450 PRINT S00,ROCC1D,FOCC2D

00460 SO0 FOPMRTC(IYXK#CASE 1 PO =#%,F4,.2,38X,%CASE 2 PO =%,F4.2,/
Q0470 PRINT 600 ,IH1 4 CIHZ IH3 IHY sIHS, IHG W IHZ y I=1 4,20
no420 00 FORMATCEATO ,AY,3A10 4AYD

DOHSOCH*®¥ INSERT PARAMT LOOP #¥#¥

anson Pt I

0US10 KA = P

00320 A = RAR#AR¥PI

00330 SM = AMINICUO,UD

0o0S40 SX = AMAX1CUO,U)

T T e ettt Yl el v+ e At pevop o ¢ G - _

. e m am a . - L A
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Table B-2 (Continued)

nO330 Wo SR+ SPESSM#SMoSH

noSed SM AMIMNT L

NOS20 S RMAKT (L, U0

00530 W o= 35X + ZPHKESMEEM. 3

GOS20 TH = (A-PISFOAPO-HEFI#R&R) - (Y42, OFROENO )
QOEQD IFCTOLLE.O.OY G0 TO z00

00610 RHG = (H¥R#WIACRO#END)

oue2n a0 o0 I o= 1,2

00e30 PO = POCCID

DOEH) IFCPD.GTOVLO-FE<2.03 50 TO 10
N0e30 PF = D.5%PE<CL,B-FOY

poeel IFCPOLLT.PE~2.00 G TO 20
QiesD PM = 0.3%PE-SFD

Qoesl G0 TO 20

aose0 10 PM = 0.3%FE/FD

goFoa PF o= 1,0

Q0210 G TO 30

nGr20 20 FM t.a

o730 20 Ko AGCFLEY-AGCT . 0-FHE
no740 A1 = K0 + AGCPMY

00750 ¥2 = AGOYL0-FF

DOFE0 IFCHTLLT XEY GO TO 4O

0720 IFCFOLLE 0.5 W1 = w2

po780 Kz = K1

BOZ90 40 RO = AGCPLY - RGO 0-FHX
noE0n ¥ = AGCPLY-AGCFLED

noEtn =i ®ro+ Y

noe2d W2 we + M

goes3s F o= 0.0

nos40 JFCH.HE.OY F = (1. 0-FOo-H
00336 PPUD = o] 0-PFUYE$FQ

noged PFRRO C1.0-PEA$$FQ

gogr0 IFCHLME. D) GO TG 30

fogen PPUL = 1,0-FKU

00890 PPARO = 1.0-PER

0o200 S0 PPU = (1.0=-PEUYHSF

00910 PPR = C(1.0-PKRY¥%F

00920 PUO PROBCH2-X0> - PROBUA1-¥0D
00930 PU PROBCXZY -~ PROBCXID
0094 S = PUSPRPY + (1.0-FUX¥FPA
00950 SO FUORPPUD + (1.0-PUL%PPAQ
00960 WAG ¢(1.0-PUD>$¥PFAL~SU

00970 WA C1.0-PUY $FPPA ¢S

ao9en PHAROD = 0.9

00990 IFZPUOLLT. 1.0 PHAG = (1.0-FROBCKE-X0D>/C1,0-FUOD

nnu

nn

n
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Table B-2 (Continued)

01ang. PHA = 0.0
01010 IFCPULLT. 1.0 FHA = (1 0-FRCEBCKZ) )/ 01 . 0-PU)

gtozo 00 HRO¥PHAG + (1.0-WARD

01030 0O = 1.0 - HA%FHA

p1oMg HO = (1L 0-MAG/Z2. 02RO/ CHOF2Y. 00

1050 H = (1, 0-WA #2,008%F <0l ¥24.0>

01060 BE = RHO#C1,0-D#S5> + (1.0-300 + DO¥S0
01a70 TT = ¢TO0 + RHO#D¥S#H + <1,0-002%30%H0 2/BE
01030 AH = DO$SO-BB

RHO#S#C1, 0-05 /BB
01100 SKO C1.0-20)5-BB

n1iin SK FEHO#{1,0-2) 'BE
01120 EX = 1.0 - EKPC-T-/TT?

01020 AL

01120 PSCIY = 1.0 - AH¥EX
Q1140 PRCID = RAL®EX/PSCID
01150 PEOCI) = SKO$EXAPSCLS

SEEEHAPS(I
1 O-ER2~PSCIL2
PEOCT)

01160 FPECID
01170 PTCID
01180 C1¢ID
G190 C2dly C191) + PECID

01200 C3<¢1» 201y o+ PARCIY

01210 100 COMTINUE

01220 PRINT 1000,P1,(PSCIYPEOCT Y JPKCTI Y JPRCTIYZFPTCLY,

01230+ CHCIY 0212 0310 s I=t 20

D1240 1000 FORMATCEI0.D,2¢F10.3,F2,32,6F6.3))

D1230 200 CONMTINUE

01260 END

01220 FUHCTION AGCPY

01za0c

0129aC CALCULRTES ¥ SUCH THAT PROBC-INF.¥) = P

¢t300C HATL BUPERL OF STAMDRRDS, HAMDBOOK OF MATH FUNCTIONS
N1310C P. 9332 ERA., 26.2.27

i n

ft

g1320C

61330 P = P

01340 CO = 2,515517
01350 Ct = (.802353
01360 C2 = 0.010328
01370 b1 = 1.432788
01360 02 = 0.1-9269
01330 D3 = (,001308

61400 I“NITff = 0

01410 IFCPD.EQ.1.0> GO TO 20
01420 IF(PD.EQ.0,.0) GO TG 20
01430 IFCPD.LLE.0.S5) GO TO 10
Q1440 PD = 1.0 - PO
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Table B-2 (Concluded)

p14s0 ISMITCH = 1

o14a0 10 COMTIMUE

P40 T = SORTCALOGET .0/ CPO%FDN 50

ni4a0 T2 T#T

01420 AG CCO + C1ET + C2ET2as01.0 + DT + D2%T2 + GIsT2%T)
MIS00 ARG = AG - T

01310 IFCISHMITCH.ER. 1Y AG = -AG

01520 EETURH

G1520 20 AG = -999,

01340 RETURH

01350 30 AGE = 999,

13560 FETURN

01570 END

1580 FUNCTION FROECHY

n1s30c

Menoc CALCULATES FPEOBREILITY OF Y BEIMG BETWEEN -IHFIMNITY AMD ¥
RR-R RN HATL EURERU OF STAMDARDS, HANDBOOK OF MATH FUMCTIOMS

[¥x]

gisz20C F. 932 EA. 26.2.14%
t1e3nc

Dfedd = =Y

G1ES0 D1 = 0,0492367°2470
H1eel D2 = 0. 0211410061
B1e70 03 = 0,0032776263
01e80 DY = 0.0000320036
1630 0% = 0.0000488906
01700 0O = 0.,.0000053330

HI 1 ISMITCH = 0

piF2n IFCH.GE. 939,05 G0 TO 30
01720 IF¢X.LE.-99%.) GO TO 20
017240 1IFCK.GE. .00 G0 TO 10
01750 ISWITCH = 1
017e0 A = =X
01770 10 M2 =
p1ran K3 o= EE*%
01720 PROB = 1,0+01#X+02#X2+D3#KT+DUFKZHK2+00R KT EKZ2+DEEXIER3
n1200 FPROB = 1.0 - 0,5/PROB¥%16
01810 IFCISHITCH.ER. 1) PROB = 1.0 - FROB
ni1820 RETURN

21830 20 PROB = 0.0
01840 PETURN
01850 30 PROB = 1.0

01860 RETURN
01870 ENHD
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