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ABSTRACT

This report describes improvements which have been
made in the Airborne Integrated Reconnaissance System (AIRS)
Performance Model. Specifically, the report includes:

. An algorithm for analyzing the observability
of target complexes.

. Methodology for evaluating the effectiveness
of slewing optical sensors.

. A technique for examining why sensors perform
as they do, on a micro-level.

. Improvements in the performance models of in-
dividual sensors by inclusion of additional
equipment, environmental, and operational
parameters.

iii . Improvements in the method of data presentation
to the AIRS user.
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In addition, the prospective AIRS user is provided
with instructions on the use of the several computer programs
which make up the overall model.
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SECTION I

INTRODUCTION

1.1 BACKGROUND

Under NAVAIRDEVCEN contract number N62269-68-C-0441,
Analytics developed a simulation model for studying the
performance of future tactical airborne reconnaissance systems.
This simulation model, called the AIRS Model (for Airborne
Integrated Reconnaissance System), was documented in the
following report to NAVAIRDEVCEN:

Analytics Incorporated, Final Report 1004-1,
Simulation of Advanced Integrated Reconnaissance
Systems (AIRS), Volumes I, II, and III. Submitted
to Naval Air Development Center, Johnsville,

under Contract N62269-68-C-0441, 4 April 1969.

Under a subsequent contract, Analytics was tasked

to make improvements in the AIRS Model. This report documents
these improvements.

It is assumed that the reader has a detailed knowledge
of the three AIRS report volumes, this report cannot be
effectively used unless this is the case. The AIRS report
will be cited frequently throughout this report, and will be
referred to simply as "AIRS", with, of course, the appropriate
volume and paragraph number.
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1)
2)
3)

4)

for each of

1)

2)

3)

4)

Thus the model user can analyze increased system performance

as a function of the type of data processing used by the Tt
. o,
reconnaissance system. >

iy ' PR I T o IO I P ™
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It would be good to redefine here certain key
concepts of the AIRS Model (see AIRS, Volume I, paragraph 1.1).
The four primary measures of performance for tactical air-
borne reconnaissance systems used by AIRS are:

Target detectability.

Target identifiability.

Localizability of the target (expressed as a
CEP).

Time-late statistics (defined as the time that
elapses between collection and processing of
reconnaissance.data).

Values of these performance parameters are computed

four data processing levels. The levels are:

Real-time and near-real-time processing of i&:
reconnaissance data on board the aircraft. b;;
Keying (flagging) of data which contains relevant i:;
target information and transmission of this Fﬁﬁ
keyed data to the ground support staticn for Eﬁf‘
early interpretation. &{,;
Keying of relevant data but no transmission of ﬁ;&t
this data to ground support station. gigr‘
Conventional processing (that is, no keying of ii;*
relcvant data and no transmission to ground é}ﬁ%
support station.) 5&?&
-
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1.2 OVERVIEW OF IMPROVEMENTS

.

<

Analytics was tasked to make improvements in the
AIRS Model in five major areas, as follows:

1) Develop mathematical techniques for measuring

R I T T A I ™™ e - —

R

the ability of a reconnaissance system to ﬁ%ﬁ
provide detectable, identifiable, and localizable ZE;?
information concerning target complexcs as bﬁi
well as individual targets. (Before this im- fé?f
provement, the model considered only targets, E:x
not target complexes.) Eﬁ%
o

2) Develop mathematical techniques which can be ;Ei
used to measure the effectiveness of slewing fjﬁ
optical sensors aboard reconnaissance aircraft. “’f

*
‘:‘-, ;
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—
234
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3) Improve the sensor models by inclusion of

.::_.\‘;
additional equipment, environmental, and E3
operational parameters. oo

ey
4) Develop algorithms that can be used to reduce ifx
the outputs of the AIRS performance simulation ot

-" -~
. ! B¢
to meaningful measures of system performance. N2

! -

o

5) Make such additions and changes as are necessary NN
to provide additional AIRS outputs which will e

o ot

enable the user to examine why sensors behave LN

. A

as they do on a micro-level,. &T
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Task (1) is the topic of Section T, task (2) is
considered in Section III.

Section IV. discusses work per-
formed under task (4).

Tasks (3) and (5) are covered in
Sections V and VI, respectively. Section VII provides the
AIRS user with instruction for the use of the m

ain computer
programs which comprise the AIRS Model.
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SECTION 11

ANALYSTIS OF TARGET COMPLEXES

2.1 INTRODUCTION

The "Target Complex'" problem is treated in re-
sponse to a question highly relevant to air reconnaissance.
The problem is to determine how additional information
about specific targets can be inferred from observed data
provided by the reconnaissance system on other targets in
the surrounding area. The approach pursued in this project
is logically analogous to the thought processes of the human
interpreter. Namely, if it is concluded that ecach element
of a group of targets is functionally rclated as a member
of a target complex to the other elements of that group
(on the basis of a priori knowledge of the nature of target

Ca Car o’ 1‘.‘4‘.."..' b M '._':
S AR T A
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complexes), inferences can be made about the identity of
more obscure targets which, by virtue of proximity, are also
members of the complex. The following example illustrates
this more clearly:
Suppose it is known that a given type of complex always
consists of targets arranged in the following geometric
pattern (a priori knowledge):

Location 1 Location 2 £
Target Type 1 Target Type 1 Eiﬁ?
' s
Location 3 . Location 4 Location § 5,}232
Target Type 3 Target Type 2 Target Type 3 iﬂv
i
Location 6 Location 7 E"E:f
Target Type 1 Target Type 1 ‘Sl

;

e

Now, suppose a photo-interpreter could identify as well
as detect targets at locations 1,2,3,5, and 6, but

could only detect (i.e., could not identify) targets at

‘:.:["
T
At

—
v

locations 4 and 7. Once he realized he was examining by
\.-

a known pattern (i.e., observes the complex) he can G

o o

make reasonable decisions about the types of targets ey

s

at locations 4 and 7 (i.e., make inferences about their
identities).
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Thus, the objectives of this project are necessarily
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two-fold. The first is to determine whether a target complex
is observed, and the second is to use this information to

upgrade the identifiability for each targct-member of the ?2
complex. R
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= 2.1.1 Definition of a Complex

A target complex is defined to consist of one or
more types of targets; however, there may be one or more
targets within a type. Three kinds of complexes have been
studied: (1) Anti-aircraft artillery (AAA) sites, (2)
Surface-to-Air Missile (SAM) sites, and (3) truck convoys.

AAA and SAM sites are modeled as consisting of
up to four target types (the sum of the number of targets
in the four types is constrained to be less than 21). For
example, an AAA site might. be modeled as consisting of
artillery, radar, power vans, and computer vans -- there

might be 4 artillery emplacements, 2 radars, 2 power vans,
and 1 computer van.

Convoys are modeled as consisting of only one

target type -- trucks. There may be up to 20 trucks in a
g convoy.
Co : .
AAA and SAM sites are modeled as being "compact"
complexes. This means that all targets comprising the complex
are considered close enough in geographical proximity that
at any time the probability that any target is obscured by
terrain or clouds is the same as the probability that any
other target in the complex is obscured by terrain or clouds.
On the other hand convoys are modeled as '"dispersed" v
L. ,'.
complexes. This means that the trucks which comprise the con- NS
voy are considered to be separated geographically to a degree Qﬁﬁ
N .
sufficient to allow each truck to be considered indcpendent ::é
of the other trucks with respect to clouds and terrain blocking. P
s
o
2.1.2 Definition of Complex Observability ?ﬁ;
e
A complex is considered obscrved when sufficient BT
data is developed by the system on the targets which uﬁ
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constitute the complex to verify that a complex really
exists. Since information is supplied in a probabilistic
sense (i.e., detectabilities and identifiabilities of the
individual targets), a complex can be observed only with
some probability; this probability is called the observ-
ability of the complex.

2.1.2.1 Compact Complexes. Surface-to-Air Missiles (SAM)

and anti-aircraft artillery (AAA) complexes are similar in
that they: (1) consist of several target types, (2) rnay con-
tain several targets of each type, (3) are arranged in
geographical areas. A complex of this category will contain
g (from one to four) target types, and there will be Nh
targets in type Th.* Ih,j is defined as the probability
(conjoined with, not conditional on, detection) of identifying
the jth target of type Th’ where j ranges from 1 to Nh
and h ranges from 1 to g.

A decision rule, shown in the following form, has
been established by the user for determining whether or not
the complex is observed.

TARGET TYPE

Decision
Function T2 e

¥1,2

1,2

Ve,g

2,2

is constrained to be no morc than 20 because
of practical limitations.
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decision function is satisfied. Decision function 1 is
satisfied if at least Vl’1 targets of type T1 and

V1,2 targets of type T2 and ... and Tl,g targets of
type Tg are identified; the other decision functions are

.

N

E €§§ Under the decision rule, a complex is observed if any
; analogous.

A‘

Let Dk,h be the probability of identifying at
least k targets of type Th (k ranges from 0 to Nh) for a
given decision function. The method for computing the
Dk,h's is given in Paragraph 2.2.2.1. The general expres-
sion for satisfying decision function £ is:

g
hEIDk,h (2.1)

where k 1is VL h* The method used for computing whether
’

v the complex is observed, that is, whether any decision

(g’ function is met, is presented in Paragraph 2.3.

Bedelod Dispersed Complexes. In a convoy (the only dis-

persed complex modeled) there is only one target type,
namely, trucks. Therefore, the decision rule for the complex
consists of a single decision function, and that function

has only one element, Vl,l' That is, if at least Vl,l
trucks are identified, the complex is considered to be
observed. The value of Vl,l is a user established
parameter.

2.2 TREATMENT OF COMPACT COMPLEXES

The EXECUTIVE program of AIRS treats each target
independently; in particular, each target at a given time
has a probability of being masked by terrain and a proba-

bility of being obscurcd by clouds which is independent of
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any other target, no matter how close they may be geograph-

-1
J'.

P

ically. As alrecady pointed out, compact complexes assume

I
ol
dependence of terrain and clouds for all targets within :?HF
the complex. Hence, a method was devised which allows 25?

recomputing the identifiabilities of each target in the
complex assuming dependence and using as input only the
independent identifiabilities as computed by EXECUTIVE.
Paragraph 2.2.1 shows how this is accomplished.

Once these new identifiabilities are computed,
the observability of the complex can be computed by using
the decision function for that complex. The exact methods
used to compute the observability are given in Paragraph 2.2.2.

Once the observability of the complex is known,
the identifiabilities of each of the targets that comprise
the complex can be upgraded. This is discussed in detail in
Paragraph 2.2.3.
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t.2.1 Recomputation of Target Identifiabilities
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¥y
(%]

)
2

For each target and each processing level, EXECUTIVE
produces the probability of detection given that there is no
terrain shadowing, weather is perfect, and the equipment is
functioning properly. Let this probability be denoted by s
BDETi’j, where 1 1is the processing level and j is an ; ;—aq
index for all targets in the complex. EXECUTIVE also com- e
putes a total probability of detection which takes terrain,

weather, and equipment into consideration. This quantity, s

for the jthtargets in the complex, at processing level i

is noted as TDETi i For target J, level i, the ratioc
’
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| o is a degrading factor which is the fraction of times that -
' terrain, weather and cquipment parameters do not interfere N A
o
| with detection. o
i N
| For compact complexes it is assumed that there is \‘9
i dependence among thesec parameters for each target in a given i‘b‘
.A
' complex. Consequently, an average degrading factor appli- iﬁg
» . :_
i cable over all levels and targets is needed. This average, iﬂ\l
§ denoted as DF, is found as the average of the individual e
ratios: =
l T
P | 4 M 7pET, | Yo
R Z i’ 1 | e
po | oo
g S i=1 j=1 BDET; 5 R
'l } DF = Ei 3
; Wi
P o | 2.2) i
B ] ‘ ’ e
. where NT is the total number of targets in the complex. EEQ
i (é The quantity DF is now used to calculate the e
g modified total identifiability TIDENT; , for target j, ity
. ’ '
~ level i (i =1, ..., 4 ;j =1, ..., Ng) in the following OO
h. . . . . - . - .\ By
2 manner. EXECUTIVE computes the conditional identifiability pESAS
! CIDENT, L the probability of identification given R
) ’ X
s detection, not taking into account terrain, weather, and k
b equipment conditions. Clearly, PN
s: N\ {
5 LS
1 CIDENT. .) (BDET, . o)
2 s T e X N
: R
ﬁ gives the probability of identification conjoined with gkﬁ:
: : ’ ’ ko
S detection and assuming no terrain blocking, adverse weather 2
y e ; . sl g
r conditions or equipment failure. The overall probability of AT
o RO
) identification, conjoined with detection and degraded by DF -ﬁh;
T
- is expressed by: :bﬁj
o S
h P
‘ SIDENT: . = {CIDENT; . DT BDET. . Lo o
N e i,5) (OF) (BDET; ) (2.3) o
;*‘ .:- ". I'\'. ...
I s Fd
)" NN
s N
e /A\ M
b "\\' ¢
) 2-7 4 R
¢ ol
- R R R AT L A b RS S e S e T R b |
o o o L e e o L e et e e e il lolied




Piw St w8 e Ra S B T Rl s

i;ﬁﬁlarly, TDL’Ti j is modified by the following equation
(the modified valuec of TDETi j being denoted by TDET'. .):

i,]
T, . = (DF BT, . 2.4
TDETY 5 = (DF) (BDET; J) (2.4)
B Computation of Complex Observability

The first step in computing the complex observ-
ability is to compute, for each target typc, the probability
that at least k

targets of that type arc identified, where
k

ranges from zero to the number of targets of that type.

This is accomplished in the manner described in Paragraph

2.2.2.1. Paragraph 2.2.2.2 then gives the method for

computing the probability that at least one of the decision )

functions for the complex is met, i.e., the observability
of the complex.

2.2-2.1 Computation of the Probability of Identifying

nt\Least k Targets out of a Total of N for a Given
£

arget Type. This problem can be reworded as:

Compute

The probability of realizing at least k out of N,, events

" §iven that the events do not occur with the same probabilities.

"See the discussion in:

%

-

TR

This cannot be computed in a straightforward manner#
because the computations are exceedingly long and many
Al . . .
intermediate computations are required, thus the accuracy
¢ .
ts lost when they are combined.

In order to accurately calculate by computer the

frobability of realizing k of N, cvents, a short

4
Feller, William, An Introduction to Probability

Theory and Its Applications, Volume I, 2nd Edition,

1965, Wiley and Sons, New York, New York,pp. 88-100.
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algorithm was developed. This algorithm may be represented

by the two general equations shown below. The calculations

are performed iterati

j =
k =
P(E;)

LR

i Lo

Nh =

p (EO, j+1)

P (B, 5u)

vely, where:

the iteration index

the number of targets identified

the probability of occurrence of
the jth event

the probability that the jth event
does not occur

the jth iteration of the probability
that exactly k events occur

the maximum number of events possible.

= P (Bgsy) Q-P (B, 1)) (2.5)
=P (EJ.+1) P(Ek-l,j)+(1'P(Ej+1))P(Ek,j)

(2.6)

k ranges from 0 to j+1

j ranges from 0 to N

and P (Ek,O) is set to {

h-l

1 when k = 0

0 when k > 0

A formal proof of this algorithm is given in

Appendix A.

Applying this technique to each target type in
the complex leads to a set of probabilities:
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where
Pk,h .
Nh =
g -
Another

a straightforward
that at least k
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the probability that k
type h are identified

the number of targets of type h
the number of target types

targets of

useful statistic can now be computed in
manner; namely, Dk he the probability
’

targets of type h are identified. It

can easily be seen that:

k,h

2.2.2.2

N

=gy

(k

1}

o
-
=
-

.
-
=

p
Tl,h (h

=3
L}
P
1}
=
oo
-
Nt

(2.7)

Probability That at Least One of the General

Criteria Sets is Satisfied.

Suppose for a given complex,

the following decision rule is given:

Decision
Function

where Vﬁ,h

decision function
Fl and V1,2
target type Tg
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is as defined in Paragraph 2.1.2.1.

of target type T

TARGET TYPE
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dﬁ? observed under that decision function. The other decision

functions are analogous. The complex cbservability then
becomes the probability that the complex is observed under
g oAty decision function 1, or decision function 2, ... or
- decision function &.

Suppose the probability of observing the complex
under each rule is known, how does one compute the overall
observability? The answer is not clear. Let W2 be the
probability that the complex is observed under decision
function &. At first glance, it would seem that the

observability, denoted by OB would simply be

%
0B = 1 —TT(I - W.)

i=1 (2.8)

However, closer inspection reveals that this is not the case,
the reason being that the rules are not independent. An
example might show this dramatically; consider a two-target
type, two-decision-function rule:

TARGET TYPE

Decision
Function 'l‘1 T2
1 4 g
= 3 :
Further, assume that wl = 0.6 and Wz = 0.9. The formula

given above would give OB as 0.96. But notice, decision
function 1 is subsumed in decision function 2; i.e., if
decision function 1 is met, decision 2 must also be met.

In this example, the observability is clearly only 0.9,

-
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the probability that the lcast stringent decision function
is met.

Another approach would be to let OB be found as:

0B = MAX [ W), W,, ... W, ] (2.9)
Though this does not have the problem discussed above, it
tends to understate the observability by not taking into
account the fact that the complex could be observed under a

AR Y WA e R T AT AT B AT

chosen was an iterative technique developed by Analytics
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